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Tailorable, Lightweight and Superelastic 
Liquid Metal Monoliths for Multifunctional 
Electromagnetic Interference Shielding
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HIGHLIGHTS

• A confined thermal expansion strategy to fabricate liquid metal (LM)‑based monoliths with continuous LM network at ultra‑low 
content.

• The results show a strong integration advantage of LM‑based monoliths in density, mechanical strength, electromagnetic interference 
shielding effectiveness, and near field shielding effectiveness, as well as multi‑functions such as magnetic actuation.

ABSTRACT Liquid metal (LM) has become 
an emerging material paradigm in the electro‑
magnetic interference shielding field owing to 
its excellent electrical conductivity. However, 
the processing of lightweight bulk LM compos‑
ites with finite package without leakage is still a 
great challenge, due to high surface tension and 
pump‑out issues of LM. Here, a novel confined 
thermal expansion strategy based on expandable 
microsphere (EM) is proposed to develop a new 
class of LM‑based monoliths with 3D continu‑
ous conductive network. The EM/LM monolith 
(EM/LMm) presents outstanding performance of 
lightweight like metallic aerogel (0.104 g  cm−1), 
high strength (3.43 MPa), super elasticity (90% strain), as well as excellent tailor ability and recyclability, rely on its unique gas‑filled 
closed‑cellular structure and refined LM network. Moreover, the assembled highly conducting EM/LMm exhibits a recorded shielding 
effectiveness (98.7 dB) over a broad frequency range of 8.2–40 GHz among reported LM‑based composites at an ultra‑low content of 
LM, and demonstrates excellent electromagnetic sealing capacity in practical electronics. The ternary EM/LM/Ni monoliths fabricated 
by the same approach could be promising universal design principles for multifunctional LM composites, and applicable in magnetic 
responsive actuator.
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1 Introduction

Electromagnetic interference (EMI) caused by ubiquitous 
communication equipment is harmful to electronic prod‑
ucts and the human body. Preparation of high‑performance 
EMI shielding materials was widely studied as a means to 
effectively alleviate this dilemma [1–6], and the essence 
is to achieve attenuation of electromagnetic waves by con‑
structing a complete Faraday cage through shielding mate‑
rial and matrix structure. Normally, interfaces and gaps are 
inevitably generated in this process, which are the main 
reasons for electromagnetic signal leakage and degradation 
of shielding effectiveness (SE). Therefore, the electromag‑
netic sealing at the gap is one of the most important factors 
that must be considered in actual applications, in addition 
to high conductivity and high intrinsic SE values.

Room temperature gallium‑based liquid metal (LM) 
possesses fluidity and high electrical conductivity, which 
is different from the inflexible conductive network formed 
by traditional solid‑phase conductive fillers [7–9]. Using 
the fluidity of LM to construct a conductive network 
with a dynamic response is expected to solve the leakage 
problem of electromagnetic sealing interfaces. However, 
the surface tension of LM causes its unique fluidity to 
be a double‑edged sword in practical applications. LM 
network migrates and pumps out under external force, 
which severely limits its processibility and applicability. 
The main current processing strategies of LM‑based com‑
posites are as follows: (1) top‑down approaches [10–15], 
the bulk LM was divided into micro or nano‑sized liquid 
drops, and (2) parallel approaches [16–21]. This strategy 
usually directly utilizes the bulk LM, such as injecting 
bulk LM into a precast channel, pouring bulk LM into 
porous foam, and blending bulk LM with metal powder. 
However, the current processing strategies require a large 
amount of LM to construct the functional network, and 
the weak self‑sustainability further worsens the stability 
of LM, causing the leakage of LM and requiring an addi‑
tional package.

Construction of LM‑based conductive network at low 
filler contents along with highly self‑standing, reliable, and 
reproducible flexible composite has great significance to 
extend practical applications of LM. Foaming is an effec‑
tive method to construct conductive networks and reduce 
the content of fillers, including freeze‑drying [22–24], 

supercritical carbon dioxide foaming [25, 26], chemical 
foaming [27], and sacrificial templates [3, 28], Unfortu‑
nately, the majority of traditional foaming process is not 
suitable to make LM‑based polymer matrix foam structure 
due to migration and poor compatibility. Therefore, it is 
still a great challenge to develop an efficient and feasible 
processing method for the preparation of macroscopically 
self‑standing, reliable LM composites.

2  Experimental Section

2.1  Preparation of EM/LM Compounds

The liquid metal (LM, eutectic indium gallium) with a melt‑
ing point of 14.7 °C (Fig. S1) was fabricated by alloying 
75 wt% gallium and 25 wt% indium (99.99%, DINGTAI 
metal materials, China). The above both are stirring at 60 °C 
until completely mixed. An expandable microsphere (EM, 
Expancel 031DU40) was purchased from AkzoNobel Co. 
Ltd, which is a hollow spherical polymer consisting of a 
thermoplastic closed shell and low boiling alkane trapped 
in the internal space. The EM/LM compounds were pre‑
pared through mechanical mixing of EM and LM following 
a specific volume ratio in the plastic container under the air 
environment.

2.2  Preparation of EMm, EM/LMm and EM/LM/Ni 
Monoliths

A certain amount of the EM/LM compounds with dif‑
ferent ratios were placed in a closed mold cavity with 
2.5 × 1.5 × 0.5  cm3. After being heated at 95 °C for 1 h in a 
drying oven, the free‑standing bulk EM/LMm without extra 
package were obtained. The EM/LM/Ni monoliths were also 
fabricated as similar to EM/LMm preparation excepting add‑
ing a certain of Ni power in the mixture of EM and LM. 
As a control, the pure EMm was also prepared by the same 
confined thermal expansion process.

Preparation of EM/LM/SI monoliths: Firstly, the EM/LM 
compounds were freely expanded at 95 °C for 1 h in an 
opened mold. Then, the liquid silicone (SI, A: B compo‑
nents with 1:1 weight ratio, CX‑3425, TRANCY, China) was 
poured into the mold under a vacuum‑assisted impregnation 
environment for 30 min to ensure full infiltration of liquid 
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silicone into the gap of expanded EM/LM. Finally, the EM/
LM/SI was heat cured at 60 °C for 2 h.

2.3  Characterization

The morphologies and elemental analysis were viewed using 
a scanning electron microscope (SEM, Nova Nano 450, FEI, 
USA) and an energy‑dispersive spectrometer (EDS, X‑MaxN 
80 T, Oxford, UK). All the samples were sputter‑coated with 
gold before observation. The surface roughness of compos‑
ites was tested by laser scanning confocal microscope (VK‑
X1000, KEYENCE, Japan). The contact angels of monoliths 
were measured by optical contact angel analyzers (OCA20, 
Dataphysics, German). A mechanical test machine (Japan 
Instrumentation System Co., LTD) with a force sensor of 
500 N (JLC‑M500N) was used to measure the compression 
stress–strain curves and the loading–unloading rate was set as 
2 mm  min−1. Electrical conductivity of EM/LM compounds 
was measured using Loresta‑GP meter (MCP‑T610, Mit‑
subishi Chemical, Japan) with a four‑pin probe (PSP, MCP‑
TP06P). Electrical conductivity of EM/LMm was measured 
by the digital multimeter (Agilent 34401A) and calculated by 
the following equation:

where ρ (Ω m), R (Ω), S  (m2), l (m), t (m), and w (m) are the 
resistivity, resistance, cross‑sectional area, length, thickness, 
and width of the measured samples.

2.4  EMI SE Performance Tests

The EMI SE properties of the EM/LMm were measured using 
a vector network analyzer (VNA, KEYSIGHT, N5227B, 
10  MHz–67  GHz). The EMI SE measurement was per‑
formed using the wave‑guide method. The EM/LMm cut into 
22.86 × 10.16, 15.80 × 7.90, 10.67 × 4.32, and 7.12 × 3.56  mm2 
were placed into a waveguide tube for measurements in the 
frequency range 8.2–12.4 (X‑band), 12.4–18.0 (Ku‑band), 
17.6–26.7 (K‑band), and 26.3–40.0 (Ka‑band) GHz, respec‑
tively. The power coefficient of reflectivity (R), transmissivity 
(T), and absorptivity (A) can be obtained from the measured 
scattering parameters (S11, S21), and then the total EMI SE 
 (SET), microwave reflection  (SER), and microwave absorption 
 (SEA) can be calculated as follows:

(1)� =
1

�
=

1

R
×

l

S
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1

R
×

l

t × w

2.5  Near‑field Shielding Effectiveness (NF‑SE) 
Performance Tests

The NF‑SE measurement system (Smart Scan‑350/550 EMI 
API) is shown in Fig. 5a, which is composed of a printed 
circuit board (PCB) board, micro‑strip antenna, metal frame, 
and shielding materials. A patterned micro‑strip antenna was 
used to generate the signal fields. A scanning probe was 
employed to capture a near field signal leakage (magnetic 
field signal, H) from the covered shielding materials, and 
the scanning was performed using a precise positioning 
robotic arm. One end of the micro‑strip antenna and the 
scanning probe was connected to the port 1 and port 2 of 
VNA, respectively. NF‑SE extracted from 2‑port S‑param‑
eters measurement of S21. Here, the shielding materials at 
a thickness of 4 mm were covered in the metal frame and 
fixed through bolts.

3  Results and Discussion

Here, we propose a novel confined thermal expansion strat‑
egy to fabricate stable LM‑based monoliths with 3D con‑
tinuous conductive network at ultra‑low LM contents, which 
are tailorable, lightweight, high strength, superelastic, highly 
electrically conductive, and outstanding EMI shielding per‑
formance, highlighting features imparted by expandable 
microspheres (EM) and LM. Figure 1a is the schematic fab‑
rication process of EM/LM monoliths (EM/LMm) through a 
confined thermal expansion approach. The EM and LM were 
mixed by constant mechanical stir in the air atmosphere. In 
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this process, the EM is firstly attached to on the surface of 
the LM by electrostatic adsorption (Fig. S2). Under mechan‑
ical stirring, the surface oxide layer of LM was continually 
ruptured and adhered to on the surface of EM (Fig. S3). It 
should be noted that this wetting behavior is dominated by 
the intimate contact between new oxide grown at the oxide 
fracture and EM [29]. The new oxide has a surface of lower 
effective roughness compared old oxide layer so that it is 
more prone to adhesion. Finally, EM are gradually dragged 
into the LM with the oxide, and then a new oxidation layer 
is formed on the LM surface. The EM powders are loosely 
connected with each other by continuous LM, forming a 
plasticine‑like paste. For constructed refined LM networks, 
the EM/LM compounds were placed into a sealed mold 
at 95 °C above the glass‑transition temperature of the EM 
shell for 1 h. During hydrocarbon gasification, the volume 
of EM increased drastically within the sphere structure from 
5 ~ 15 to 10 ~ 60 μm (Fig. S4). And also, expansion of EM 
is favorable for selective distribution of LM between EM 
interstitial spaces while achieving self‑sintering of EM shell 
under heat and pressure within the mold space. For compari‑
son, pure EM monoliths (EMm) (Fig. 1b), and EM/LMm 
(Fig. 1c) were fabricated by confined thermal expansion 
method and possessed lightweight with the density of 0.034 
and 0.104 g  cm−3, respectively. The assembled monoliths 
can be easily supported by the bristlegrass without visible 
bending and are also tailored into thinner pieces with excel‑
lent flexibility and bendability. It is interesting to observe 
that the pure EMm can adhere to polyethylene film via the 
electrostatic adsorption, however, EM/LMm does not exit 
electrostatic adsorption due to the presence of conducting 
liquid metal. Moreover, both the EMm and EM/LMm exhibit 
remarkable mechanical strength and outstanding elasticity, 
which can bear heavy objects over 60,000 and 20,000 times 
of their own weights, respectively, and also nearly recover 
to its initial state after compressed more than 90% of strain 
(Movie S1). More importantly, the EMm and EM/LMm 
can be easily scaled up via the confined thermal expansion 
method and reprocessed to various shapes such as disk, tri‑
angle, and cube (Fig. S5 and Movie S2). In addition to that, 
the measured contact angle of EMm is 92.6° and increases 
to 104.9° and 124.4° for EM/LMm and EM/LM/Ni mono‑
liths, respectively, indicating that a promising candidate is 
a lightweight functional underwater component (Fig. 1d). 
The multifunctional EM/LM/Ni monoliths were also suc‑
cessfully fabricated by the same confined thermal expansion 

method with the filling of nickel particles into liquid metal 
exhibited unique magnetism (Fig. 1e). The ternary EM/LM/
Ni monoliths can be used as a promising magnetic‑floating 
switch to control OFF and ON state for the designed circuit 
and LEDs through an external magnetic field (Fig. 1f and 
Movie S3), which demonstrates a great potential for future 
magnetic responsive actuators.

High surface tension and leakage of LM affect its oper‑
ability. At present, the most common method is to use the 
oxide layer composed of  Ga2O3 formed on the surface of LM 
to improve wettability and then assembled as a composite 
with different polymer matrices [30–33]. However, the pas‑
sivated oxide layers need to be reactivated to maintain the 
characteristics of LM itself [28, 34–36]. The ideal approach 
is to improve the processability of LM and nullify the influ‑
ence of the oxide layer during the assembly of a continuous 
electrical conducting network in fabricated LM composites. 
Hence, the EM with thermal self‑expanding property was 
introduced into LM to achieve the refined construction of a 
highly conductive LM network. Through adequate mechani‑
cal mixing, the oxide layer was continuously generated to 
realize the coating of EM by LM. Figure 2a shows that the 
EM/LM compounds with different rheological properties, 
beginning as a pure solid EM and transition into liquid phase 
as more LM was added. In particular, gel‑like EM/LM com‑
pounds with plasticine features can be observed by adjust‑
ing the mixing ratio due to the cohesion brought by the LM 
(Fig. S6). The SEM images of EM/LM compounds (Fig. 
S7) show uniform distribution without particle agglomera‑
tion and sedimentation relying on the low density of EM. 
The volume repulsion of EM effectively reduces the density 
of EM/LM compounds (varying from 1.62 to 0.63 g  cm−3) 
while ensuring the high conductivity up to 1.06 ×  106 S  m−1 
(Fig. S7). In consideration of the rising requirement of green 
processing and high cost of liquid metal, the recycling of 
LM is extremely important. As shown in Fig. 2b, when EM/
LM compounds were immersed in 1.0 M dilute hydrochloric 
acid solution at room temperature, the surface gallium oxide 
was dissolved by HCl leads to gravimetric sedimentation of 
lightweight EM and heavy LM, which depicts that an effi‑
cient and eco‑friendly recycling strategy of LM.

In order to obtain free‑standing bulk LM‑based compos‑
ites, the confined thermal expansion process was employed 
by heating the mixture of LM and EM in a homemade closed 
mold with designed size. The cross‑sectional SEM images 
of prepared pure brittle fracture EMm show densely packed 
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closed‑cellular structure (Fig. S8). The pure EM spheres 
strongly squeeze and adhere each other, leaving sintering 
traces on the surface. In particular, unlike the thermal expan‑
sion of EM in open space, the confined thermal expansion 
achieved the self‑sintering effect between EM’s. It should 
be noted that the self‑sintering process determined by the 
combination of confined mold and cell pressure, results from 
the internal gas expansion and shell softening at a given 
temperature field. The cross‑sectional SEM images of EMm 
obtained by razor cutting show a typical cellular structure 

(Fig. 2c). The density of EMm can be controlled by adjusting 
the amount of EM added into the mold. Due to the confined 
space in the closed mold, the denser EMm with increasing 
density from 0.034, 0.056 to 0.078 g  cm−3 formed, which 
has a smaller average cell pore size from about 50, 30 to 
20 μm, respectively. (Fig. S9).

After introducing the LM with fluidity, the expansion 
process of EM/LM compounds in open space exhibits high 
synchronization. The EM/LM compounds remark negligible 
change in mass and phase separation during open thermal 
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expansion, yet obviously increasing in volume (Fig. S10 
and Movie S4). The higher interfacial wettability between 
the LM and EM leads to the relative high viscosity of LM 
thus, LM were uniformly distributed among EM spheres 

forming the continuous conductive phase. More importantly, 
the passivation oxide layer in LM is broken during the ther‑
mal expansion process resultant the formation of continuous 
interconnected LM conductive paths, which is significantly 
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different from many traditional methods to build the LM 
conductive network by extra processes such as compress [28, 
36, 37], stretch [20, 38], and freeze [34, 39]. By compari‑
son, EM/LMm were fabricated by confined thermal expan‑
sion strategy. The cross‑sectional SEM images of the EM/
LMm still present a close‑packed regular cellular structure 
(Fig. 2d), which is evidence that the LM does not hinder 
the sintering of EM. The corresponding EDS diagram fur‑
ther confirms the uniform distribution of LM in EM/LMm 
(Fig. 2e). Cross‑sectional SEM images of the EM/LMm at 
different locations show that the similar and sufficient LM 
distribution from bottom to top, which reveals that the LM‑
driven by the expansion of EM and high efficacy making 
monolith structures (Fig. S11).

The density of the EMm can be tuned from 0.034 to 
0.078 g  cm−3, and its corresponding porosity varied between 
96.9 and 92.8% (Fig. 3a). The compression performance 
test of EMm shows that both high compressive strength 
of 4.49 MPa at 95% strain and superior resilience of more 
than 90% recovery after releasing the pressure (Fig. 3b). It 
is worth noting that our fabricated lightweight EMm with 
both high compressive strength and high elasticity, has rarely 
been reported in the previous research (Table S1). Never‑
theless, the EMm with an unique gas‑filled closed‑cellular 
structure demonstrated an efficient stress dissipation process, 
and also spanned from each cellular unit to internal gas. As 
the volume rapidly decreased during compressive cycles, 
the cellular unit pressure increases gradually, resulting in 
an increase in the stress modulus and resilience. In addition 
to that, by the introduction of LM in EMm further endows 
conductive properties to the composites. Figure 3c shows 
the change in conductivity of EM/LMm for different LM 
contents. At 2.46 vol% of LM contents, the electrical con‑
ductivity of the EM/LMm has reached about 7891 S  m−1. 
The traditional solid‑phase filler materials form a conductive 
network through overlapping each other [22, 40–42]. Benefi‑
cially, LM form the perfect continuous interconnected net‑
work with affordable lower contact resistance due to intact 
intrinsic conductivity of LM, which was not deteriorated 
during the confined thermal expansion process as like tra‑
ditional LM composite fabrications. In addition, the density 
of EM/LMm increases with the LM content. Fortunately, 
the value is still in a low range of about 0.104–0.268 g  cm−3 
due to low LM filling content originating from our unique 
and novel processing method, which is the lowest value of 
LM‑based conductive composites in previous reports to the 

best of our knowledge [19, 43]. It can be seen from the above 
structural characterization (Fig. 2) that the EM/LMm main‑
tains a nearly identical cellular structure with EMm. The 
EM/LMm still shows remarkable compressive strength of 
3.43 MPa at 90% strain and a high recovery ratio of 88.5% 
even exceeding 90% compressive strain (Fig. 3d). The com‑
pression strength of EM/LMm increases with decreasing 
density (Fig. S12), which can be attributed to the specific 
forming method of EM/LMm.

Here, the specific compression strength (SCS, Nm  kg−1) 
defined as strength (N  m−2) divided by material density (kg 
 m−3) is used to describe the lightweight and high strength 
performance of materials. Compared to other compressible 
elastic polymer‑based foam, the EMm shows a higher SCS 
value about 10,400 Nm  kg−1 (Table S1) consistent with the 
ultra‑high load‑carrying ability (over 60,000 times of its own 
weight) as shown in Fig. 1b. The density of the EM/LMm 
was increased upon the addition of LM, however, the SCS 
still reaches 2,711 Nm  kg−1 and the EM/LMm maintains 
extremely high load‑carrying ability and resilience. The crit‑
ical role of such gas‑filled closed‑cellular structures related 
to high elasticity, and strength during compression cycles 
was further explored by recording cross‑sectional SEM 
morphology of EM/LMm in different compression strains. 
As supported from Fig. 3e, the pore walls of the monolith 
are oriented opposite to the direction of applied strain at 
both lower (30%) and higher strain (70%) to compromise 
the strain load. In general, the lightweight and high strength 
foam structure, this kind of deformation during compres‑
sive strain was often irreversible [44–48]. However, the 
EM/LMm can recover quickly when the stress was released, 
which results from the special gas filling structure and also 
assembly of a closed‑cell structure of EM/LMm. In addition 
to the pore wall of the EM/LMm, the internal gas can also 
be compressed to disperse the stress further enhancing the 
rebound power during the recovery process (Fig. 3f). Thanks 
to the synergy of thousands of closed‑cellular structures, 
the EM/LMm exhibits high compression strength and resil‑
ience. After repeated compression‑release tests over 1000 
times, the EM/LMm shows a little stress reduction, mainly 
due to the stress relaxation of the polymer pore wall during 
the repeated compression process (Fig. 3g). Moreover, the 
electrical conductivity of the EM/LMm shows high stabil‑
ity during the cyclic test with a resistance tolerance limit 
of about ± 0.14 Ω. Besides, the tensile performance results 
of EMm show satisfactory tensile strength (0.79 MPa) and 
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Nano‑Micro Lett.           (2022) 14:29  Page 9 of 15    29 

1 3

elongation at break (172.2%), which was mainly due to the 
in‑situ sintering of the microsphere wall under high pressure 
(Fig. S13). At the same time, the introduction of liquid metal 
weakened the sintering effect between the cell walls to a 
certain extent, resulting in a decrease in tensile strength and 
elongation at the break of EM/LMm. More importantly, with 
advances in controlling LM formation, our adopted ther‑
mal expansion strategy of making EM/LMm opens up more 
processing possibilities for composites with other features. 
The EM/LM compounds were expanded freely in advance 
to realize the construction of the LM network. And then the 
liquid silicone (SI) was poured into the compounds and heat 
cured in a vacuum to obtain the conductive EM/LM/SI mon‑
oliths. The cyclic compression performance curve of EM/
LM/SI monoliths shows a high degree of mechanical–elec‑
trical stability (Fig. S14). After 100 cycles of compression 
testing, the compressive strength of EM/LM/SI monoliths 
decays somewhat, mainly due to the weak bonding force 
between EM (Fig. S15).

The EM/LMm with excellent conductivity offer outstand‑
ing EMI shielding performance. The EMI shielding effec‑
tiveness (SE) of EM/LMm was measured using a vector 
network analyzer (VNA) in a broadband frequency range 
of 8.2–40 GHz, including X‑band, Ku‑band, K‑band, and 
Ka‑band (Fig. 4). Compared with the negligible EMI SE 
(0.048 dB in X‑band) of EMm (Fig. S16), The EMI SE of 
EM/LMm can be optimized by adjusting the LM content, 
and over 40 dB values were obtained at only 0.9 vol% LM 
with the thickness of 1 mm. The average EMI SE of EM/
LMm sample with 2.3 vol% of LM in X‑band reaches up to 
90.6 dB, and the EMI SE increases over 100 dB with the 
increase of frequency (Fig. 4a–d). The high EMI shielding 
performance of EM/LMm mainly originates from its dense 
continuous LM network (Fig. S17). When an electromag‑
netic wave encounters the LM skeleton, the scattering of the 
incident wave occurs and dramatically reduces the intensity 
of the microwaves. The connected LM skeleton structure can 
attenuate the incident electromagnetic waves by scattering, 
reflecting, and absorbing [49, 50]. As we know, the high‑
frequency electromagnetic waves will attenuate faster in the 
medium due to their shorter wavelength results in a closer 
distance between the troughs and crests. The greater differ‑
ence in the electric field near a certain point of the medium 

causes the increasing current, therefore, the more electro‑
magnetic waves energy is attenuated in the medium upon 
increasing frequency [6, 51]. EMI shielding mechanism 
analysis can also verify this trend. As shown in Fig. 4e–h, 
the total EMI SE  (SET) generally includes  SER (reflection 
loss),  SEA (absorption loss), and  SEM (multi reflection loss), 
which depend on the wave impedance, mobile charge car‑
riers, magnetic dipole, and interfaces of shielding material, 
respectively [52]. In a certain frequency range, the  SEA has a 
significant increase with the increase of LM content in EM/
LMm, whereas the change in  SER is not obvious. Besides, a 
higher  SEA and lower  SER of EM/LMm was observed with 
the increase of frequency, which means that the EM/LMm 
have a stronger absorption ability and lower reflection of 
electromagnetic waves. However, it does not mean that the 
EM/LMm is an absorption‑dominated shielding material, 
which can be further evaluated by analyzing the reflectivity 
(R), absorptivity (A), and transmissivity (T) co‑efficient of 
EM/LMm. Figure 4i–l exhibits more than 90% reflectivity 
of EM/LMm in all measured frequency ranges, revealing 
that the shielding mechanism of EM/LMm to electromag‑
netic wave is still dominated by reflection. According to the 
plane wave models of the EMI shielding (more details are 
displayed in EMI shielding mechanism in Supporting Infor‑
mation), the  SER is positively correlated with the difference 
of wave impedance between shielding materials and free 
space. For plane waves, the impedance of the free space 
wave is constant (377 Ω), and the impedance of the shield‑
ing material increases as the frequency increases. Hence, 
the  SER decreases, and the  SEA increases, resulting in the 
improvement of  SET with the increase of frequency. Besides, 
increasing the thickness of EM/LMm can greatly improve 
the EMI SE values of 72.2–86.8 dB at a thickness of 1–2 mm 
at 1.4 vol% of LM in X‑band, respectively (Fig. S18). The 
influence of LM on the thermal conductivity of the EM/
LMm was further explored (Fig. S19). Pure EMm exhibits 
extremely low thermal conductivity (0.02 W  m−1  K−1) and 
high interface thermal impedance (1230.9  cm2 K W), due 
to the porous structure and low thermal conductive poly‑
meric walls. The heat transfer inside the material is hin‑
dered. After the introduction of LM, the heat conduction 
path and efficiency inside the EM/LMm are significantly 
improved. The thermal conductivity of EM/LMm increases 
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to 0.12 W  m−1  K−1, and the interface thermal impedance 
reduces to 171.2  cm2 K W.

In practice, EMI shielding materials are required in con‑
junction with other components to form a complete enclosed 
Faraday cage for attenuating electromagnetic waves. One of 
the main causes of reduced electromagnetic sealing is the 
gap between the EMI shielding material and the component. 
Unfortunately, researchers paid more attention to the SE of 
shielding materials themselves in the past, while ignoring 
this problem faced by the shielding materials in actual appli‑
cation conditions. Here, we conducted a comparative study 
on shielding materials with different characteristics through 
the NF‑SE test system (Fig. S20a) and found that the seal‑
ing of the shielding materials has a more important impact 
on the comprehensive EMI SE. As shown in Fig. 5a, the 
NF‑SE test model is based on the micro‑strip antenna launch 
system embedded in a printed circuit board (PCB) with a 
rectangular metal frame. The tested sample was placed and 
fully covered on the top of the metal frame to form a Faraday 
cage to isolate the electromagnetic wave signal (Fig. 5b). 
VNA provide a signal source for the micro‑strip antenna 
connected to port 1, and the NF‑SE was measured by a scan‑
ning probe with an automatic manipulator connected to the 
port 2. The upper radiation magnetic field intensity (mag‑
netic field signal is more likely to leak than electric field 
signal) of shielding material is scanned and measured to 
comprehensively evaluate the EMI SE. Initially, we tested 
the average magnetic field intensity of different shielding 
materials in the frequency range of 1–9 GHz. The NF‑SE 
mapping image demonstrates natural attenuation characteris‑
tics of electromagnetic waves, even without shielding mate‑
rials (Fig. S20b). The upper average magnetic field intensity 
of micro‑strip antenna explains characteristics of strong in 
the central area and weak in the surrounding area. Here, the 
NF‑SE without shielding material is set as the baseline. Both 
of the aluminum (Al) plate and EM/LMm exhibit excellent 
average NF‑SE in the frequency range of 1–9 GHz (Fig. 
S20c, d). However, the magnetic field intensity above the 
Al plate is majorly concentrated in the surrounding area, 
indicating that the leakage of magnetic field signal around 
the shielding material. The EM/LMm shows a uniform and 

weak magnetic field intensity distribution explicating excel‑
lent NF‑SE and electromagnetic sealing properties. In order 
to further illustrate the importance of electromagnetic seal‑
ing, we make a surface scan and take the worst NF‑SE val‑
ues in the frequency range of 1–9 GHz in each area above 
the shielding materials. The Al plate shows serious elec‑
tromagnetic wave leakage at a specific frequency, causing 
its comprehensive NF‑SE to drop sharply with frequency 
changes although its average NF‑SE is high (Fig. 5c, and 
S20e, f). Comparing EM/LMm, the comprehensive NF‑SE 
does not fluctuate greatly with frequency. The observed 
results indicate the electrical conductivity of material not 
majorly contributed to the comprehensive performance in 
NF‑SE. On the meta‑microscale, there are actually a lot of 
gaps between the shielding material and the existing metal 
frame, which can be equivalent to a parallel circuit of multi‑
ple resistors and capacitors for analysis. Reducing resistance 
and increasing capacitance are both effective measures to 
improve the NF‑SE. Figure 5d, e shows a large number of 
unfilled air gaps at the contact interface due to the existing 
surface roughness of metal frame (Fig. S21a‑c) and mechan‑
ical rigidness of Al plate, resulting in increase in resistance 
and a decrease in capacitance. As for EM/LMm (Fig. 5f, g), 
the compressible properties and uneven surface at the micro‑
scopic scale greatly increase the contact area between them 
and reduce the distance of interface gaps. At the same time, 
a small amount of LM on the surface can further diffuse 
and bridge the interface gap under the anchoring pressure, 
which can be equivalent to an increase in capacitance and a 
decrease in resistance, respectively (Figs. 5h, and S21d‑j). 
Therefore, the EM/LMm shows outstanding comprehensive 
performance in NF‑SE. Further comparing the NF‑SE of 
commercial plating nickel foam with Al plate and EM/LMm 
in different expressions (Fig. S20e, f), it can be seen that the 
EM/LMm has unique advantages in the stability of shield‑
ing and the independence of frequency. From experimen‑
tal results of our fabricated EM/LMm exhibits outstanding 
advantages in multi‑dimensional when compared to cur‑
rently available LM‑based composites and EMI shielding 
composites (Fig. S22, Tables S2 and S3).
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testing the relative electric and magnetic signals. c NF‑SE mapping images of bare antenna, shielding with Al plate and shielding with EM/
LMm (maximum value in every point among 1–9 GHz). d, e Schematic of shielding model with Al plate, and the optical images of the interface 
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4  Conclusions

This is the first report of lightweight liquid metal‑based bulk 
composites without leakage to the best of our knowledge. 
Although liquid metal composites have been very recently 
demonstrated in stretchable conductors, printed electronics, 
EMI shielding materials, etc., the leakage, high filling con‑
tent, and high density have not been solved yet. Our strategy 
of confined thermal expansion of processing liquid metal 
provided a new universal way to design high‑performance 
liquid metal‑based composites with tailorability, low density, 
superelastic, high load‑carrying capacity, and high electri‑
cal conductivity. The as‑prepared EM/LMm realized the 
structural adjustment of liquid metal architectures from the 
microcosmic fluidity to the macroscopic stability and shows 
great advantages in electromagnetic shielding and sealing. 
We also demonstrate the multifunctional liquid metal‑based 
composites achieved by the same strategy, which exhibit 
fascinating prospects in magnetic actuation, intelligent 
response, and smart sensors, etc. All in all, this work opens 
up a clear path that liquid metal can be handled to “solid 
metal” without the assistance of external packaging, and pro‑
vides a prototype of multifunctional liquid metal composites, 
which may be extended to other functional viscous liquids.
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