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A B S T R A C T   

The fast-growing wearable and portable electronics bring imperative demand for high-performance stretchable 
electromagnetic interference (EMI) shielding materials to tackle the issue of electromagnetic (EM) wave pollu
tion. In this work, highly stretchable and conductive graphene/polydimethylsiloxane lattices are fabricated 
through a facile 3D printing technique. Benefiting from the unique 3D interconnected and robust conductive 
network, the resultant composite lattices deliver excellent stretchability of 130%, tunable EMI shielding effec
tiveness (SE) as high as 45 dB, along with exceptional durability, showing over 90% retention of EMI SE even 
after 200 cycles of repeated stretching and releasing at strains up to 100%. In addition, the composite lattices 
exhibit outstanding shielding stability, because the deformation of lattice structure effectively shares the external 
strain, and the filaments perpendicular to the loading direction act as stabilizing layers preventing the steep 
resistance changes. The exceptional combination of mechanical properties and EMI shielding performance of the 
composite lattice provide a brand new perspective for next-generation flexible and stretchable electronics.   

1. Introduction 

The flourishing development of next-generation flexible electronic 
devices, including flexible displays, wearable human health monitoring 
systems, and foldable e-papers, have brought tremendous convenience 
and entertainment to people’s daily life. However, the extensive use of 
these electronic devices would generate electromagnetic interference 
(EMI), which might cause malfunction of electronic system and have 
detrimental impacts on human health [1]. Thus, EMI is a significant 
issue in modern society and the development of EMI shielding materials 
has become an area of intense research. Traditional heavy metal-based 
EMI shielding materials cannot fulfill the requirement for flexible elec
tronics, which suffers from high density, weak flexibility and poor 
anticorrosion [2]. From the point of view of wearable technology, 
proper candidates are expected to possess not only exceptional defor
mation capabilities, but also outstanding and stable EMI shielding 
effectiveness (SE) under complicated external loadings, such as 
stretching, bending, and twisting. 

Polymer based composites filled with various conductive fillers are 
widely considered to be one of the most promising stretchable EMI 

shielding materials [3]. Huge efforts have been made to rationally 
design and construct high-quality conductive network inside stretchable 
polymer matrixes using a variety of conductive fillers, including 0D 
conductive particles [4], 1D metal nanowires [5] and nanotubes [6], 
along with 2D graphene [7] and MXene [8]. Although significant 
progress in improving the EMI SE, stretchability, and durability of 
conductive polymer composites has been achieved, the instability of EMI 
shielding properties at large external deformations is still a critical issue. 
It has been well established that the EMI shielding performance of 
conductive polymer composites is strongly associated with their elec
trical conductivities, which is in turn related to the quality of the inner 
conductive networks [9,10]. For composites with segregated conductive 
fillers, the conductive path could be drastically changed once defor
mation happens [11–13], which could lead to declined EMI shielding 
properties. To solve the above mentioned issue, strategies such as using 
3D conductive foams [14,15] and aerogels [16,17] with robust 
conductive network and carefully designed composition as conductive 
fillers have been developed to improve the stability of EMI shielding 
performance. Apart from sophisticated design of compositions, the inner 
structure also plays a critical role on properties of composites [18–20], 
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For example, Park et al. introduced highly ordered and periodic porous 
structure into PDMS elastomers, using an optically patterned 3D nano
structure as a template [18]. The resultant 3D net-shaped PDMS deliv
ered much improved stretchability than its solid counterparts, 
confirming the feasibility of realizing much higher levels of mechanical 
properties through controlled structure design. Similarly, extremely 
stable electrical conductivities were achieved through introducing 
long-range ordered honeycomb structure into graphene aerogel/PDMS 
composites [19]. The above findings give us strong implications that 
desired properties can be obtained through well controlled geometry. 

Conventional fabrication techniques of composite materials 
including machining, casting, and molding produce complex structure 
through material removal processes, while the ability to control the 
internal structure is quite limited. 3D printing is an additive 
manufacturing technique for rapidly producing objects with a wide 
range of structures while reaching satisfactory geometric accuracy from 
3D model data [21]. It has attracted tremendous attention recently to 
fabricate materials with multifunctional properties and highly ordered 
structures [22,23]. With exceptional designability and high precision, 
controllable and stable EMI shielding performance is expected through 
optimized architecture of the composites. 

Herein, we fabricate graphene/polydimethylsiloxane (PDMS) com
posite with highly ordered lattice structure through 3D printing tech
nique. The resultant composites deliver precisely controlled 3D 
architecture, with filaments containing uniformly dispersed and effec
tively reduced graphene oxide (GO) sheets as the construction unit. 
Exceptional electrical conductivity and mechanical properties are ob
tained, thanks to the 3D interconnected and robust conductive network. 
The composites exhibit tunable and stable EMI shielding performance, 
capable of retaining a high SE of over 25 dB even at a large external 
tensile strain of 100%, and present negligible SE change after 200 cycles 
of repeated stretching and releasing. 

2. Experimental 

2.1. Fabrication of graphene/PDMS inks 

Graphene/PDMS inks were fabricated through an in situ reduction 
method. PDMS is chosen as the polymer matrix in this work, due to its 
excellent printability and stretchability. For the filler, GO dispersion was 
firstly made by modified Hummers’ method based on our previous 
studies [24,25]. The as-prepared GO slurry was diluted by ethyl acetate 
to a concentration of 2 mg/mL, followed by ultrasonication for 20 min 
using a bath sonicator. The resultant GO/ethyl acetate dispersion was 
mixed with PDMS (SE1700, DOW CORNING)/ethyl acetate solution by 
magnetic stirring to obtain a uniform GO/PDMS/ethyl acetate solution. 
Hydroiodic (HI) acid was then added at a HI: GO weight ratio of 10:1 and 
heated at 90 ◦C for 12 h to in situ reduce the GO sheets. The obtained 
reduced GO (rGO)/PDMS mixture was vigorously stirred and heat 
treated at 150 ◦C until the ethyl acetate was fully evaporated. The 
resultant uncured and thin-film like rGO/PDMS slurry was immersed in 
copious amount of DI water for 12 h to completely remove the residual 
reducing agent, and subsequently dried in a vacuum oven at 60 ◦C. After 
cooling down to room temperature, curing agent and inhibitor 
(3-Butyn-1-ol) were added at a weight ratio of PDMS: curing agent: in
hibitor = 100:10:1, and mixed using a planetary mixer (ZYMC-180V, 
ZYE) at 2000 rpm for 1 min to obtain homogeneous rGO/PDMS inks. 

2.2. Fabrication of graphene/PDMS lattice 

The as-produced ink is loaded into a 5 cc, luer-lock syringe (Nordson 
EFD) and centrifuged at 2000 rpm for 3 min followed by 4000 rpm for 
another 3 min to remove air bubbles. The loaded syringe is then 
mounted to a specially designed gantry-type 3D printer for the subse
quent 3D printing process. The 3D printing system consists of a 
computer-controlled three-axis moveable platform with the linear 

positioning accuracy of ±5 μm and a feedback resolution of 1 μm, a 
micro-nozzle with an inner diameter of 300 μm made of stainless steel, 
along with a pneumatic dispenser with a pressure resolution of 1 kPa. 
Highly ordered 3D structures with various distances between two 
adjacent filaments (d) and filament diameters (w) were fabricated 
through precisely controlled moves of the X-, Y-, and Z-axes (see Fig. 1a), 
together with the controlled extrusion of the ink material onto a 
hydrophobized silicon wafer. The printed samples are cured at 150 ◦C 
for 2 h, and then detached from the substrate. The as-produced com
posite lattices are represented as “graphene/PDMS lattice-d”. For 
example, the composite with a d value of 0.5 mm are named as gra
phene/PDMS lattice-0.5. All composites possess 8 layers of filaments 
with a total thickness of 2.4 mm. 

2.3. Characterization 

The morphologies of graphene/PDMS ink were examined on a 
scanning electron microscope (SEM, ZEISS Sigma 500) and confocal 
laser scanning microscopy (CLSM, LSM 800 for Materials, ZEISS), and 
the detailed characterization process can be found in Section S1 in the 
Supplementary Information. The thickness of rGO sheets was charac
terized using transmission electron microscope (TEM, FEI Tecnai F20). 
The Raman characterization of PDMS, rGO sheets and graphene/PDMS 
ink was performed using a Reinshaw MicroRaman/Photoluminescence 
System. The electrical conductivity of the cured graphene/PDMS ink 
was measured using four-point probe method (Scientific Equipment & 
Services). The resistance change of graphene/PDMS composites was 
recorded using a data logger (34972A, Agilent). A stress-controlled 
rheometer (DHR-2, TA Instruments) was used to exam the rheological 
properties of graphene/PDMS ink. The 3D structures of the composite 
lattices were characterized using an optical microscope (Leica DVM6 A, 
Leica Microsystems GmbH, Switzerland). The tensile tests were per
formed on a universal testing machine (ETM102B, WANCE). The EMI 
shielding properties and complex permittivity was measured by a vector 
network analyzer (E5063A, Keysight) in X-band frequency range using 
N1500A software, and the details can be found in Section S2 in the 
Supplementary Information, similar to our previous work [26]. 

3. Results and discussion 

3.1. Physical properties of graphene/PDMS ink 

In this study, direct ink writing (DIW), an extrusion-based 3D 
printing technique [27–30], is used to construct graphene/PDMS com
posites into highly ordered and robust lattice structures, as shown in 
Fig. 1a and b. In order to obtain composites with exceptional functional 
and mechanical properties, ink materials with exceptional electrical 
conductivity, along with excellent conformality and printability are 
highly desired. Herein, an in situ reduction method is used to synthesize 
graphene/PDMS ink, using HI acid as the reduction agent. As illustrated 
in Fig. 1a, HI acid was added in GO/PDMS mixture to slowly reduce the 
uniformly dispersed GO sheets inside PDMS/ethyl acetate solution. The 
as-fabricated ink material was subsequently printed into 3D lattice 
structure with tailored d and w values, through controlled movement of 
the three-axis moveable platform and extrusion of the ink material. The 
resultant composite lattices deliver highly robust and stretchable 
structure, capable of recovering the original shape even after large 
tensile deformations, as shown in Fig. 1b. 

The composite ink delivers excellent electrical conductivity and low 
percolation threshold, as shown in Fig. 2a and Section S3 in Supple
mentary Information, which comes from the effectively reduced GO and 
uniformly dispersed rGO sheets [31]. Fig. 2b gives the Raman spectra of 
rGO, PDMS, and rGO/PDMS composites. The D and G bands of rGO 
sheets can be found at 1344 and 1594 cm− 1, respectively, in consistence 
with the previous studies. The neat PDMS delivers four main peaks at 
489, 708, 2906, and 2966 cm− 1, corresponding to the symmetric 
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stretching of Si–O–Si, the symmetric stretching of Si–C, and the asym
metric and symmetric vibrations of CH3, respectively. The rGO/PDMS 
ink presents all bands of rGO and PDMS at the same position mentioned 
above, indicating the uniform dispersion of rGO sheets in the PDMS 
matrix [32]. The excellent dispersion state of the rGO sheets are further 
confirmed by the SEM and CLSM images, as shown in Fig. 2c and d. The 
dispersed rGO sheets contains 4–9 layers of graphene sheets (see the 
TEM image shown in Fig. 2e), which might come from the slight 
agglomeration of the rGO during the in-situ reduction process. The 

effective in-situ reduction process lead to the absence of functional 
groups on the rGO sheets, resulting in limited interactions between 
graphene and PDMS matrix [33], as the FTIR results shown in Section S4 
in Supplementary Information. 

The rheological behavior was analyzed to evaluate the printability of 
the composite ink. As shown in Fig. 2f, both neat PDMS and graphene/ 
PDMS inks deliver shear thinning behavior, and the addition of gra
phene sheets lead to improved viscosity, arising from the formation of 
interconnected graphene network inside the PDMS matrix. Similarly, 

Fig. 1. (a) Fabrication process and (b) digital photographs of graphene/PDMS lattice.  

Fig. 2. (a) Electrical conductivity of graphene/PDMS composites, (b) Raman spectra of rGO, PDMS, and rGO/PDMS, (c) SEM and (d) CLSM images of the composites 
at a graphene content of 1.5 wt%, (e) TEM image of rGO sheets, (f,g) rheological properties of the graphene/PDMS ink, (h) diameter of the printed filaments as a 
function of printing speed and extrusion pressure. 
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the storage and loss moduli of the ink increase with the increasing 
graphene content, as seen in Fig. 2g. Take the composite ink with a 
graphene content of 1.5 wt% as an example, it exhibits a plateau storage 
modulus (G′) value of ~106 Pa and steeply drops after a yield stress of 
~103 Pa, meaning the transition from solid-like to liquid-like behavior. 
The G′ value is about one order of magnitude higher than the loss 
modulus (G′′), confirming the ink is a viscous fluid. The above obser
vation indicates the composite ink is capable of being extruded under 
strong shear conditions, while it can retain the printed structure without 
collapsing [34–36]. Take conductivity and printability into consider
ation, the ink material containing 1.5 wt% graphene was used to 
fabricate the composite lattice through DIW technique. 

3.2. 3D printing and structure of graphene/PDMS lattice 

To optimize the printing parameters, the composite ink is extruded 
using different extrusion pressures and printing speeds. As shown in 
Fig. 2h, it is found that the diameter of the extruded filaments decrease 
with the increasing printing speed and decreasing printing pressure, 
consistent with our previous results [36]. Taking the stability, smooth
ness, and the production efficiency of the printing process into consid
eration, a printing speed of 2.6 mm/s, along with an extrusion pressure 
of 0.62 psi were chosen as the optimized printing parameter, giving a 
corresponded filament diameter of ~320 μm. The optimized filaments 
are then constructed into highly ordered lattice structures with precisely 
controlled d values, through designed printing path. As shown in Fig. 3, 
the as-produced composite lattice delivers long-range ordered and 
tailored structures, with uniform w values and tunable d values ranging 
from 400 to 600 μm. 

3.3. Mechanical and EMI shielding properties of graphene/PDMS lattice 

The highly ordered and precisely controlled structure gives the 
composite lattices tunable mechanical and EMI shielding properties, as 
summarized in Table S1 in Supplementary Information. Fig. 4a shows 
the typical stress-strain curves of graphene/PDMS lattice with different 
d values. It is seen that the composites are highly stretchable, delivering 
large elongation at break ranging from over 90%–130%, and the elon
gation at break increases with the increasing d value. Similar to our 
previous observation [19,36], such phenomenon is strongly related to 
the unique 3D lattice structure of the composites. At stretching, the 
cellular nature of the lattice structure could effectively share the 
external deformation, giving rise to a lower strain level than the applied 
external strain. Such assumption is confirmed by the theoretical 
modeling results. It is clearly seen from Fig. 4h, graphene/PDMS 
lattice-0.5 deliver low maximum principal strain values of only ~70% at 

an external tensile strain of 100%, and the strain level increase with the 
decreasing d value along all three principal directions (see Fig. 4c). The 
modeling results indicate the 3D lattice structure is capable of reducing 
the strain level of the composites, and a larger d value exhibit more 
remarkable effect, giving rise to a lower strain value and improved 
stretchability. 

Apart from the excellent stretchability and tunable mechanical 
properties, the tailored structure gives the composites controllable EMI 
shielding properties. As seen in Fig. 4b, the graphene/PDMS lattices 
deliver high SE ranging from 25 dB to 45 dB. The SET value increases 
with the decreasing d values, which arises from the denser conductive 
network for the composites with lower d values. Fig. 4d–f give the SER, 
SEA, and SET of graphene/PDMS lattice-0.5 within X band range. It is 
seen that the composites present low SER values, which comes from the 
porous surface, leading to limited reflection of the incident EM waves. 
However, much higher SEA value of ~35 dB are obtained with small 
fluctuation over the X band range, mainly arising from the highly 
conductive 3D network effectively absorbing the EM wave. The excep
tional EM wave absorption properties give the composite excellent SET 
of ~37 dB. The shielding effectiveness continuously increase with the 
increasing thickness (see Fig. S3 in Supplementary Information), and a 
highest value of almost 45 dB is achieved at a thickness of 4.8 mm. 

To explore the shielding mechanism of graphene/PDMS lattice, the 
complex permittivity of the composites are measured, as shown in 
Fig. S4. For conductive polymer composites, the real part of permittivity 
(ε′) represents the degree of polarization and the imaginary part (ε’’) is a 
measure of dissipated electrical energy [37]. High real and imaginary 
permittivity are highly desired for EMI shielding materials [38]. It is 
seen from Fig. S4a that ε′ increases with the decreasing d value, and 
gives a highest value of ~90. Such high ε′ is strongly related to the well 
dispersed rGO sheets in the composite lattice [39], which results in a 
large number of micro capacitors and polarization centers. These po
larization centers are capable of generating polarization relaxation 
under alternating EM field and attenuate the field, giving rise to pro
found energy loss and consequently high ε’’ value [37], as seen in 
Fig. S4b. In addition, The well dispersed and conductive graphene 
network in the composite lattice act as dissipating mobile charge car
riers, giving the composites higher EM radiation dissipation via ab
sorption mechanism [38], which validates the observation that 
absorption contributes much more than reflection in SET of the com
posite lattice. 

Besides, alternating current (AC) electrical conductivity of the 
composites, σAC, in X-band range is also estimated using the following 
equation [38,40]: 

σAC(S /m)= 2πf ε0ε′′ (1)  

where f is the frequency in Hz, ε0 is the permittivity of free space (8.854 
× 10− 12 F/m). As shown in Fig. S5, AC conductivity of the composite 
lattice exhibit high values in the range of 20–50 S/m, much higher than 
the value (1 S/m) recommended for EMI shielding applications [40]. 
Therefore, the major EMI shielding mechanisms of graphene/PDMS 
composite lattice can be ascribed to the following. As illustrated in 
Fig. 4h, Small amount of EM wave was firstly reflected by the cellular 
surface. The entered EM wave induces current on the 3D conductive 
lattice, dissipating most EM energy to thermal energy through polari
zation relaxation. In addition, the well dispersed and conductive gra
phene network inside the composites leads to the formation of plentiful 
insulator-conductor interfaces to induce interfacial polarization, which 
further dissipate the EM radiation by absorption mechanism. Besides, 
the residual EM wave could reflect and scatter within the 3D lattice 
structure many times, giving the composite lattice high EMI SE. 

3.4. Shielding stability of graphene/PDMS lattice 

Apart from high SE values, stable EMI shielding performance at large Fig. 3. Optical images of the graphene/PDMS lattice with various d values.  
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external deformations is also critical for the application in flexible 
electronic devices. As shown in Fig. 4d, both SER and SEA decrease with 
the increasing tensile strain, arising from the changed conductive 
network and decreased electrical conductivity the composites under 
external tensile loading [41]. The SE is maintained at ~25 dB even 
under 100% of tensile strain, indicating the exceptional stability of the 
ordered lattice-structured composites. Fig. 4g summarizes the normal
ized SET of composites with various d values. Similar to the mechanical 
properties, the shielding stability increase with the increasing d value, 
resulting from the lower strain level for a larger d at the same external 
strain. It is also interesting to see that the composites with d values of 
over 0.5 mm are capable of retaining over 70% of the original SET under 
a large tensile strain of 100%. Such exceptional shielding stability is 
strongly related to the unique 3D lattice structure of the composites. As 
demonstrated above, the lattice structure can effective reduce the strain 
level on the conductive network of the composites, leading to much 
smaller resistance change than solid composite film without any inner 
structural design, as shown in Figs. S6c and d in Supplementary Infor
mation. In addition, the filaments perpendicular to the loading di
rections also play an important role in stabilizing the electrical 
properties of the composites. As shown in Fig. 4h and Section S9 in 
Supplementary Information, they exhibit extremely low strain level, 
which act as stabilizing layer and effectively avoid the drastic resistance 
change at external strains, thus presenting extremely stable EMI 
shielding properties. 

Fig. 5 gives a comparison of the EMI shielding stability between 
graphene/PDMS lattice and other stretchable composites made in the 
open literature. In order to simultaneously achieve excellent stretch
ability and EMI shielding performance, a commonly used strategy is to 
incorporate conductive fillers into a stretchable polymer matrix to make 
composites. However, such composites usually suffer from the instable 
electrical properties due to the drastically changed conductive network 
[12,42]. To solve the above issue, researchers have made great efforts on 
constructing high-quality 3D conductive networks, such as highly 
conductive MXene [43], graphene aerogel [44], conductive foam [45], 
and other 3D conductive structures [26,41,46]. These composites are 
capable of retaining more than 50% of their original SE at a large tensile 
strain in the range of 25%–200%. In addition, it is interesting to see 

some recent work showing increased SE even under large tensile strains 
[47,48], where they utilize carefully designed 3D liquid metal structure 
and highly conductive honeycomb network. In the current work, how
ever, we try to improve the shielding stability through inner structure 
design of the composites. We construct highly ordered and tailored 3D 
lattice structure through a facile DIW technique, using well established 
rGO/PDMS composites as the building block. It is clearly seen from 
Fig. 5 that the as-produced composite lattice delivers superior stretch
ability and shielding stability than most conductive EMI shielding 
composites. The above comparison clearly indicate the advantage of the 
DIW as a facile and rapid production technique in fabricating composites 
with stable electrical and mechanical properties. In addition, the com
posites also exhibit exceptional durability under repeated stretching and 
releasing. As shown in Fig. S7, the composite lattice remains over 90% of 
the original SE even after 200 cycles of repeated stretching and 
releasing, indicating its robust 3D lattice structure and stable conductive 

Fig. 4. (a) Stress-strain curves and (b) SET of gra
phene/PDMS lattice with various d values as a func
tion of frequency, (c) Theoretical values of maximum 
strains along three principal directions for graphene/ 
PDMS lattice with different d values (The inset shows 
the loading direction), (d) SER, (e) SEA, and (f) SET 
values of graphene/PDMS lattice-0.5 under different 
tensile strains as a function of frequency, (g) 
normalized SET value of graphene/PDMS lattice with 
various d values as a functional of tensile strain, (h) 
schematic illustration of EMI shielding mechanism at 
large tensile strains for graphene/PDMS lattice.   

Fig. 5. Comparison of normalized SE between graphene/PDMS lattice and 
other stretchable EMI shielding composites as a function of tensile strain. 
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network, which possess exceptional ability to resist external 
deformations. 

4. Conclusions 

In summary, we fabricated graphene/PDMS lattices through a facile 
DIW technique. The resultant composites were highly conductive and 
stretchable, thanks to the 3D ordered and tailored structure. The 3D 
interconnected and robust conductive network give the composite lat
tice exceptional EMI SE and stretchability as high as 45 dB and 130%, 
respectively. The composite lattice retains 85% and 70% of its original 
SE under large strains of 90% and 100%, respectively, and delivers 
negligible performance decline even after 200 cycles of repeated 
stretching and releasing. Such exceptionally stable and durable perfor
mance stems from the unique inner structure of the composite, capable 
of effectively reducing the strain level on the conductive network and 
stabilizing the electrical properties at large external strains. The current 
work provides a facile and rapid production strategy to fabricate 
multifunctional composites with tailored architecture and properties, 
through rational design of the inner structure on the basis of targeted 
application. 
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