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Highly Stretchable Polymer Composite with Strain-Enhanced
Electromagnetic Interference Shielding Effectiveness

Bin Yao, Wei Hong, Tianwu Chen, Zhubing Han, Xinwei Xu, Renchao Hu, Jianyu Hao,
Changhao Li, He Li, Steven E. Perini, Michael T. Lanagan, Sulin Zhang,* Qing Wang,*

and Hong Wang*

Polymer composites with electrically conductive fillers have been developed

as mechanically flexible, easily processable electromagnetic interference (EMI)
shielding materials. Although there are a few elastomeric composites with
nanostructured silvers and carbon nanotubes showing moderate stretchability,
their EMI shielding effectiveness (SE) deteriorates consistently with stretching.
Here, a highly stretchable polymer composite embedded with a three-dimen-
sional (3D) liquid-metal (LM) network exhibiting substantial increases of EMI
SE when stretched is reported, which matches the EMI SE of metallic plates
over an exceptionally broad frequency range of 2.65—40 GHz. The electrical
conductivities achieved in the 3D LM composite are among the state-of-the-art
in stretchable conductors under large mechanical deformations. With skin-like
elastic compliance and toughness, the material provides a route to meet the

mechanisms of EMI shielding, which arise
from direct interaction of mobile charge
carriers and electric/magnetic dipoles in
shielding materials with the EM fields,
respectively.'¥l The electrical conductivity
of the materials is regarded as the most
critical parameter in governing the EMI
shielding characteristics.[!l

Recently, a variety of electrically con-
ductive fillers including metallic nano-
wires and nanoparticles,>>7! liquid-metal
(LM) droplets,®1% carbon-based materials
(e.g., graphene, carbon fibers, and carbon
nanotubes)1112l and 2D transition-metal
carbides!>~1 have been incorporated into

demands for emerging soft and human-friendly electronics.

Electromagnetic interference (EMI) is becoming ubiquitous
due to widespread use of personal electronic devices and rising
demands for increasingly powerful devices with improved func-
tionality.2 EMI can compromise performance of electronic
devices by causing information leakage, false operations, or even
complete failure.'=l There is also growing concern about detri-
mental effects of electromagnetic (EM) radiation, in particular
from forthcoming 5th generation (5G) communications, on
human health.!l Typical materials used for mitigating EM trans-
mission include sheet metals, metal screens, and metal foams.!
Reflection and absorption of EM radiation represent two primary

polymer matrix to yield EMI shielding

polymer composites. While these com-

posites are easily processable, lightweight,
and mechanically flexible, their EMI shielding effectiveness
(SE) is inevitably plagued by the reduction in electrical conduc-
tivity with the applied stretch,[6-8121516] 3 common phenom-
enon in the current stretchable conductors.’-'% For example,
the EMI SE of the LM based-composites decreases from =70 dB
at 0% strain to =60 dB at 75% strain, and further to =35 dB at
300% strain.®l A more than 60% drop in EMI SE is observed
in the carbon nanotube-doped thermoplastic polyurethane
under 200% strain.l'?l Therefore, the development of highly
stretchable EMI shielding materials with uncompromised per-
formance are urgently needed in order to meet the emerging
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demands for soft and human-friendly electronic devices, such
as soft robotics, wearable electronics, flexible displays, and
stretchable sensors.[20-27]

Here, we report that the EMI SE of the three-dimensional
(3D) LM-skeleton-based polymer composite increases to more
than double at 400% strain, which reaches the shielding
levels of metallic plates measured under the same conditions.
The increase of EMI SE originates from the greatly improved
reflectivity and absorption of EM waves as a result of the
stretch-induced enhancement of electrical conductivity and the
increased surface-to-volume ratio, respectively, enabled by the
3D LM architecture. We demonstrate that the 3D LM composite
displays a record electrical conductivity of 1.1 x 10° S m™ at
400% strainl?®-35 and robust electrical and EMI shielding per-
formance under large repeated deformations. We investigate
the EMI shielding properties of the composite over an unprec-
edented frequency range from 2.65-40 GHz that is relevant to
5G technology, in contrast to the relatively limited frequency
region, that is, X-band (8.2-12.4 GHz), evaluated by the current
EMI shielding materials.[!

The preparation of the 3D LM composite begins with the syn-
thesis of the eutectic gallium—indium alloy (EGaln, 74.5% Ga
and 25.5% In, by weight) microfoam using sugar cubes as the
template and subsequent impregnation of porous EGaln with
silicone (Ecoflex 00-30, Smooth-On) (Figure 1a and Figures S1
and S2, Supporting Information). The composite can be scaled
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into different sizes and shaped into a variety of 3D geometries
(Figure 1b,c and Figure S3, Supporting Information). Although
the stretchable conductors were previously obtained by encapsu-
lating LM into lithographically fabricated poly(dimethylsiloxane)
(PDMS) nanonetworks, it required tediously repeated steps
of photolithography to prepare 3D PDMS.B% The computed
micro-X-ray tomography (micro-CT, Figure 1d), scanning elec-
tron microscopy (SEM, Figure 1e) and optical microscopy (OM,
Figure 1f) show that the 3D LM composite with 30 vol% LM
consists of an interconnected LM skeleton with a typical diam-
eter of 100 um and continuous porous channels with an average
pore size of 200 um. Micro-CT confirms no obvious degrada-
tion in the 3D LM structure after stretching repeatedly to 200%
strain for 10 000 cycles, indicative of its mechanical robustness
and durability. (Figure 1g and Movie S1, Supporting Informa-
tion). For comparison purpose, we also prepared the 0-3 LM
composite with 30 vol% LM particles (15 um in diameter), the
1-3 LM composite with 30 vol% LM fibers (12 um in diameter
and 70 um in length),?® and the composites with 5 vol% solid
conductive fillers including graphene nanoplates (GNs), carbon
nanotubes (CNTs), and Ti;C,T, (Supporting Information
Section 2).

Tensile tests reveal that the 3D LM composite maintains
a low elastic modulus of =30-60 kPa at a strain in the range
of 0-400% and a fracture toughness of 2170 ] m™2, which
are comparable to those of human skin (Figures S9 and S10,

Figure 1. a) Schematic of the 3D LM composite. b) Photograph of the 3D LM composite shaped in a robot man solidified by iced-water. c) Photo-
graphs of a highly stretchable 3D LM composite film with patterns. Scale bar, 2 mm. d) The 3D reconstructed morphologies of the 3D LM composite
by micro-CT at 0%, 100%, 200%, and 400% strain, respectively. Scale bar, 500 um. e) SEM image of the 3D LM network before impregnation of
silicone elastomer. Scale bar, 500 um. f) Optical microscopy image of the 3D LM composite, in which the elastomer matrix is semitransparent. Scale
bar, 500 um. g) The 3D reconstructed structure of the 3D LM composite under 0% strain by micro-CT after 10 000 stretch-release cycles at 200%
strain. Scale bar, 500 um.
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Supporting Information). We observed that the LM network can
redistribute the applied load and dissipate energy by adapting
their configurations through elongation and reorientation, pre-
senting a large-scale, multimodal toughening mechanism sim-
ilar to animal skins composed of fibril networks (Figure S10,
Supporting Information).’”-38 The improved softness, stretch-
ability (Figure S9, Supporting Information), and toughness of
the composite by the LM network are in stark contrast to the
composites with rigid fillers, which stiffen the composites and
impair their stretchability.'”:182%3% Notably, the 3D LM com-
posite exhibits considerably lower inelastic strain and superior
recoverability to the 0-3 and 1-3 LM composites (Figures S11
and S12, Supporting Information). As shown in Figure 2a, after
the first cycle at 400% strain, the inelastic strain in the 3-D LM
composite is only 6.3%, in contrast to 33.9% and 24.5% ine-
lastic strains of the 0-3 and 1-3 LM composites, respectively.
The inelastic strain in the 3D LM composite changes negli-
gibly over 50 cycles of loading-unloading under 300% strain,
whereas it keeps increasing by 10.7% and 9.1%, respectively, in
the 0-3 and 1-3 LM composites (Figure 2b).

The differences in the mechanical properties of the LM com-
posites are attributable to the thin oxide layer (1-3 nm) natively
grown on the LM surface upon exposure to air (Figure S13,
Supporting Information).**#2l First, the larger feature size
and higher connectivity of the LM inclusions in the 3D com-
posite correspond to a lower surface-to-volume ratio of the LM
than those in the 0-3 and 1-3 composites. With the same LM
volume fraction, the surface-to-volume ratio of the oxide layer in
the 0-3 and 1-3 LM composites are =10 and =8.5 times greater,
respectively, than that in the 3D LM composite, giving rise to
higher elastic moduli of the 0-3 and 1-3 composites because
of the relatively high stiffness of the oxide layer (Figure S9,
Supporting Information). Second, the oxide layer is much
more fragile than the elastomer matrix. Upon stretching, the
oxide layer fractures, exposing fresh surface on which new
oxide layer spontaneously forms; upon unloading, the restoring
force again breaks the oxide layer, and the excess oxide frag-
ments slide with each other. Both the processes involve energy
dissipation and contribute to the inelastic strains in the com-
posites. Because of the larger surface area of the oxide layer,
the inelastic strains in the 0-3 and 1-3 LM composites are sig-
nificantly higher than that in the 3D LM composite. We develop
a comprehensive mechanics model to simulate the mechanical
properties of the LM composites at large, cyclic stretch (Sup-
porting Information, Section 5). The model invokes the Yeoh—
Ogden—Roxburgh constitutive relations to capture the hyper-
elastic behavior and the damage evolution of the elastomer
matrix. The LM inclusion is modeled as a nearly incompress-
ible fluid with vanishing modulus, while the oxide layer as
an elasto-plastic solid to mimic its inelastic deformation and
energy dissipation upon cyclic loading. Indeed, the model pre-
dicts that the lower elastic modulus and inelastic strain of the
3D LM composite stem from its much less surface area of the
oxide layer.

The electrical conductivity (o) of the 3D LM composite in
the loading direction increases monotonically with applied ten-
sile strain, from 5.3 x 10° S m™ under stretch-free condition
to 1.1 x 10° S m™" at 400% strain (Figure 2c). As compared in
Figure 2e and Figure S16, Supporting Information, the 3D LM
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composite clearly outperforms most of the current stretchable
conductors under large strains (>250%).2834 Upon stretching,
the LM network elongates and rotates to align along the
stretch direction, which is evidenced in the micro-CT images
(Figure 1d, Figure S17, Supporting Information) and the projec-
tion analysis (Figure S18, Supporting Information). The rapid
increase of the electrical conductivity along the stretch direction
is ascribed to both stretch-induced alignment and elongation of
LMs.B! Our theoretical consideration reveals that for a repre-
sentative LM wire with a tilt angle 6 with respect to the stretch
direction, stretch reduces its resistivity in the stretch direction
by a factor or = A*sin20 + cos?6, where A = 1 + ¢ is the stretch
This single factor also characterizes the stretch-induced align-
ment of the LM wire such that a'/? = cos/cos®’, where 6’ is
the tilt angle of the wire after stretch (Supporting Informa-
tion, Section 9). It is apparent that the larger the stretch A, the
higher level of the alignment, and the larger decrease in the
resistivity. We further develop a computational model coupling
large stretch with the electrical field to simulate stretch induced
changes in conductivity, as shown in Figure 2d. The mechano—
electrical model shows that the electric current takes a highly
tortuous pathway between the two electrodes due to the highly
spatial network of LM, as shown by the streamlines in Figure 2d.
When stretched along the electric field direction, the segments
of LM network are prone to rotation, reorientation, and elonga-
tion owing to their extreme flexibility, giving rise to alignment of
the 3D LM skeleton in the stretching direction (Figure S21 and
Movie S2, Supporting Information). The aligned and stretched
segments form much straight pathways for the electric current,
resulting in a higher effective conductivity.

On the other hand, the unstretched 0-3 and 1-3 LM compos-
ites are essentially electrical insulators, owing to the isolation of
the low dimensional LM inclusions in the polymer matrix and
the presence of insulation Ga,0s layer on the surface of LMs.[*443]
Our mechano—electrical modeling shows that the electrical cur-
rent concentrates at the tips of the stretched LM inclusions and
thus enhances the conductivity of the adjacent polymer matrix,
offering an additional mechanism of strain-enhanced conduc-
tivity in the 0-3 and 1-3 LM composites besides alignment and
elongation of the LM inclusions (Figure S22, Supporting Infor-
mation). Nevertheless, the ¢ of the stretched 0-3 and 1-3 LM
composites, that is, 6 x 1071% and 2.7 x 10 S m™! measured at
10 kV m~t and 1.5 kV m™, respectively, are 14-15 orders of mag-
nitude lower than weak-field o of the stretched 3D LM composite
(Figures S19, Supporting Information). Opposite to the LM com-
posites, the composites with solid fillers suffer from a steady
decay in ¢ upon elongation, for example, from 3 x 103 S m™!
at the unstretched state to 1 X 10 S m™! at 300% strain for the
Ti;C,T,-composite, owing to increased distance between con-
ductive fillers (Figure 2c).l"”18] In addition, the composites with
solid fillers are prone to interfacial decohesion because of large
deformation incompatibility of the solid fillers and the polymer
matrix, which breaks the electrically conductive path and yields
reduced o (Figure S23, Supporting Information).

We characterize the EMI SE of the composites in the fre-
quency ranges of 2.65-5.95 GHz and 8.2-40 GHz within a
waveguide method using a vector network analyzer. As pre-
sented in Figure 3a and Figures S25-S30, Supporting Informa-
tion, a large enhancement in the average EMI SE is observed for
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Figure 2. a) Inelastic strain after each was subjected to a cycle of varied maximum strain. b) Inelastic strain during multiple loading-unloading cycles.
After the first cycle of loading—unloading at 400%, each was further stretched and released at 300% strain for 50 cycles. c) Electrical conductivity as
a function of strain of the composites. d) The simulated 3D LM composite structure and the electric current (computed in the deformed geometry)
when subject to a DC voltage under 0% and 200% strain, respectively. The red curves are the streamlines of the electric current density. The field of
electric current density is much more aligned as indicated by the red streamlines. e) Electrical conductivity versus strain of the 3D LM composite
and previous reported stretchable conductors. Each symbol indicates a set of materials as follows: liquid metal (pink diamond), silver (blue circle),
CNT (green square), graphene (black up triangle), and conductive polymer (orange down triangle)-based composites. Detailed data of each point is
presented in Table S1, Supporting Information. The error bars in (a) and (c) represent standard deviations obtained from at least three measurements
using different samples.

the 3D LM composite when loading strains on the sample, for  a thickness of 1.0 mm. In comparison, the current stretchable
example, from 41.5 dB of 2.0 mm thick pristine film to 81.6 dB  EMI shielding materials not only present limited stretchability
(highest value: 87 dB at 26.5 GHz) of 400% stretched film with  (i.e., <300% strain) but also suffer from a dramatic decrease or
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Figure 3. a) Average EMI SE versus strain of the composites in the frequency ranges of 2.65— 5.95 GHz and 8.2-40 GHz. Detailed data are presented
in Table S2, Supporting Information. b) Electrical conductivity and EMI SE of 3D LM composite after 10 000 rigorous cycles of loading-unloading at
250% strain. c) Average reflection (R), absorption (A), transmission (T) and d) average SEy, SEa, SEg of the 3D LM composite at different strains in the
frequency ranges of 2.65-5.95 GHz and 8.2-40.0 GHz. e) Frequency dependence of SE, and SEg of the 3D LM composite at various strains. f) Comparison
of EMI SE and Young's modulus of the EMI shielding materials. Each symbol indicates a set of materials as follows: 3D LM composite (red solid
stars), 1-3 LM and 0-3 LM composites (red open stars), conductive polymer (orange solid diamonds), bulk metals (purple solid squares), MXenes
(black open squares), CNTs (pink open circles), and graphenes (blue open triangles). Detailed data of each point are presented in Table S4, Supporting
Information. The error bars from (a—e) represent standard deviations obtained from at least three measurements using independent samples.

an invariant in EMI SE when stretched (Figure 3a, and Table S2,
Supporting information).[>81215161 We also measure Al and
Cu plates with a thickness of 1 mm under the same condi-
tions and conclude that their EMI SE values are around 88 dB
(Figure S31, Supporting Information). This indicates that the
highly stretched 3D LM composite reaches the shielding effi-
ciency (>99.999999%, Table S3, Supporting Information) of
traditional metal plates with the same thickness. This finding
is striking because the stretching process is accompanied with
a continuous decrease of film thickness, which is known to
reduce EMI SE.I"] Indeed, as shown in Figure $32, Supporting
Information, the EMI SE of the composites shows a strong
positive correlation with film thickness regardless of filler struc-
tures. For instance, the average EMI SE of the unstretched 3D
LM composite is reduced from 55.7 to 29.8 dB at 8.2-12.4 GHz
by decreasing film thickness from 3.0 to 1.2 mm. To better
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illustrate the influence of strain on EMI SE, we assess the EMI
SE of the composites with the same film thickness. As shown
in Figure S33, Supporting Information, for the 1.6 mm thick
3D LM composite film, the average EMI SE increases progres-
sively with strain, for example, from 34.5 dB at 0% strain to
86.2 dB (highest value: 88.3 dB) at 400% strain measured at
8.2-12.4 GHz. Apparently, the contribution of strain-induced
changes of electrical properties and composite microstructure
outweighs the loss derived from the decreased thickness and
thus improves the overall EMI SE. Notably, the 3D LM com-
posite gives highly stable o and EMI SE even after 10 000 rig-
orous stretch-release cycles at 250% strain, further manifesting
its high mechanical and electrical durability under repeated
strain (Figure 3b and Figure S34, Supporting Information).

By contrast, no obvious change in the EMI SE of the 0-3 and
1-3 LM composite is observed, which remains around 5 and
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10 dB, respectively, with increasing strain. As a result of rapidly
reduced o with strain, the composites filled with GNs, CNT5,
and Ti;C,T, present dramatic decreases in EMI SE, for example,
from 17.4, 25.9, and 21.9 dB to 7, 9.8, and 8 dB, respectively,
when the strain increases from 0% to 300%, which are in
agreement with previously reported results (Figures S25-S30,
Supporting Information).[®12

We analyze the contributions from absorption (SE,) and
reflection (SEg) to the total EMI SE to elucidate the shielding
mechanism of the 3D LM composite. As shown in Figure 3c,
the reflection of EM wave is increased from 0.916 under
stretch-free condition to 0.960 under 400% strain, indicating
that 8.4% of incident EM waves are attenuated to 4.0% as the
composite is stretched. Accordingly, SEy is increased from
11.6 to 17.5 dB. The strong reflection is ascribed to the strain-
enhanced ¢ and the aligned LM skeletons in the plane per-
pendicular to the incident EM wave direction. As presented
in Figure 3d, a systematic increase is observed in SE, during
extension, for example, from 29.7 dB of pristine sample at 0%
strain to 63.9 dB under 400% strain. This rise in SE, is related
to the stretch-increased surface-to-volume ratio of the 3D LM
composite. As characterized by micro-CT and confirmed by
theoretical calculation (Figure S35, Supporting Information),
the average diameter of the LM skeletons decreases from 100 to
55 um when the sample is stretched to 400% strain, which
leads to an 82% increment in the surface-to-volume ratio of the
composite. The 3D LM architecture introduces abundant con-
ductive surfaces and facilitates multiple reflection/scattering
and subsequent absorption of the EM waves inside the LM net-
work. Since EM absorption mainly occurs on the surface of the
LM as suggested by the skin depth effect, the stretch-increased
surface-volume fraction ratio results in much more multiple
reflections of the EM waves, and consequently, gives rise to an
improvement in the absorption of EM waves.>*] While the total
EMI SE of the 3D LM composite shows little variation with fre-
quency, a trend of decrease in SEy and increase in SE, with
increasing frequency, especially above 18 GHz, is observed
(Figure 3e and Figure S36, Supporting Information). The
penetration of EM wave is known to increase with decreasing
wavelength, especially when the dimension of the material
approaches 0.014 (A: wavelength of EM radiation).’! For the
3D LM composite, the characteristic dimension of the elas-
tomer region is around 200 um, which corresponds to 0.01 4
of 15 GHz. Therefore, we observe a rapid drop in the reflection
at =18 GHz. The increase of SE, with frequency arises from
the continuous decrease of the skin depth of LM, for example,
from 5.4 um at 2.65 GHz to 2.7 um at 10 GHz and 1.3 um at
40 GHz, at high frequencies.[*8]

We further demonstrate proof-of-concept applications of the
3D LM composite used as stretchable conductors (Figure S37,
Supporting Information) and EMI shields in wireless power
transmission systems at 27 MHz, 2.4 GHz, 10.5 GHz, and
60 GHz (Figures S38-S41, Movies S3-S6, Supporting Infor-
mation). As shown in Figure 3f, the 3D LM composite exhibits
unique EMI SE and Young's modulus when compared to
currently available EMI shielding materials. With an unprec-
edented combination of metal-like EMI shielding capability,
unusual strain-enhanced electrical conductivity, outstanding
stretchability, skin-compatible mechanical properties, and
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facile preparation, our material can fill an important gap in the
stretchable materials that are indispensable to soft electronics.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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