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based on liquid metal inclusions

Guoqiang Li,1,3 Xing Ma,1,5,* Zirong Xu,4 Yifeng Shen,1 Man Yuan,1 Jianping Huang,2 Tim Cole,3 Jingjing Wei,2

Sanhu Liu,4 Fei Han,2 Hanfei Li,2 Bayinqiaoge,3 Zhiwu Xu,4 Shi-Yang Tang,3,* and Zhiyuan Liu2,*

SUMMARY

Crack control strategies have been proven very useful for enhancing the stretch-
ability of metal film-based stretchable conductors. However, existing strategies
often suffer from the drawbacks of complicated preparation and predefined
effective directions. Here, we propose a crack compensation strategy for prepar-
ing conductors featured with high stretchability by using liquid metal microparti-
cles (LMMPs)-embedded polydimethylsiloxane (PDMS) as the substrate with a
thin film of gold (Au) sputtered on the surface. LMMPs can be elongated to
connect the cracked Au film upon stretching, which can form a conductive ‘‘is-
land-tunnel’’ (IT) architecture to compensate for the cracks and maintain the con-
ductivity. The high performance of the stretchable conductor is demonstrated by
using it as electrodes to record surface electromyography of human brachioradia-
lis and monitor electrocorticography signals of a rat in normal and epileptic
states. The developed strategy shows the potential to provide a new perspective
for the fabrication of flexible electronics.

INTRODUCTION

The development of high-performance metal film-based stretchable conductors plays a crucial role in

advancing the fabrication of scalable and stable flexible electronic devices which can be endowed with ver-

satile electronic functions of sensing,1–3 display,4–6 energy harvesting7,8 and so on. Metal film-based

stretchable conductors are a crucial component that can be patterned on a flexible substrate to form

flexible circuits, thereby addressing the common problem of interfacing mismatch between a curvilinear

surface and conventional rigid electronics. However, cracks in the metal film will be generated due to

the strain transferred from the stretchable polymer substrate, this greatly increases the electrical resistance

and can even induce electrical disconnection.9 Therefore, stretching metal film-based conductors to large

strain while maintaining a low resistance is one of the major challenges in stretchable electronics.3,10,11

One strategy for addressing this problem is to cut rigid materials with very thin thickness into specific struc-

tures such as serpentines,12 waves,13 helices,14 and meshes.15,16 However, the conductors prepared based

on ‘‘spring principles’’ can only offer overall but not local stretchability, which could lead to irreversible

damage under large deformation (>100%). Alternatively, the method based on controlling the microstruc-

ture of the deposited metal film on a compliant substrate has been extensively explored to maintain the

conductivity upon stretching.5,17–19 In addition, measures such as adding an adhesion layer between

the metal film and the elastic substrate,6,20,21 designing specific microstructures on the surface of the

substrate,11,22,23 and pre-stretching the substrate24,25 have been widely reported as crack control strate-

gies. These methods may be effective, but they require extra processes that lead to complicated fabrica-

tion. Also, limited stretchability and direction-dependent effectiveness of the crack control strategy are

regarded as additional drawbacks.26 A large change in conductivity at a high load strain will lead to inac-

curate electrical signals and functional failure of devices, which puts forward a requirement for more

advanced crack compensation strategies.

Recently, gallium (Ga)-based liquid metals (LMs) have been demonstrated to possess promising prospects

for use in flexible electronics owing to their intrinsic fluidity andmetallic conductivity.27–30 For instance, Sté-

phanie and co-workers developed an intrinsically stretchable biphasic (solid-liquid) thin metal film with
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excellent stretchability and conductivity prepared by the vapor phase deposition of LMon an Au film.26 This

kind of thin metal film can be easily stretched up to 400% strain with a relatively low resistance change (DR/

R0 z 20) attributed to the continuous biphasic (liquid-solid) phase. Nevertheless, relatively bulky LM drop-

lets still present a risk of leakage, and the biocompatibility of the intermetallic AuGa2 compound is uncer-

tain. In addition to stretchable conductors that are fabricated from bulk LMs, the use of LM-elastomer com-

posites for fabricating conductors with high reliability has been extensively studied,31–33 which leaves

ample space for enhancing the stretchability of metal films using LMs.

Herein, we present an efficient crack compensation strategy for the fabrication of stretchable conductors

with ‘‘island-tunnel’’ (IT) architectures prepared by sputtering a layer of Au thin film onto a LMMPs-PDMS

composite. Different from the commonly used crack control strategy, the stretchability of the Au film

conductor is enhanced by compensating conductive pathways underneath the cracks in this work. Attrib-

uted to the fluidity of LMs, the LMMPs underneath can be stretched from a ‘‘spherical’’ shape to a ‘‘rod’’

shape and act as the ‘‘tunnels’’ to compensate for the cracked Au films (islands). Therefore, the developed

conductor can maintain an insignificant resistance variation (R/R0 is about 7.1) before breaking at �260%

strain. Making full use of these outstanding properties, we successfully used the stretchable conductor

for the on-skin detection of surface electromyography (sEMG) signals of the brachioradialis and achieved

artificial intelligence (AI) enabled hand gesture recognition. We also show that stretchable circuits can be

patterned by using a designed shadowmask for sensing electroencephalogram (ECoG) signals of a rat. The

successful demonstrations of the applications are attributed to the high stable conductivity of the devel-

oped conductor endowed by the LMMPs compensating role.

RESULTS AND DISCUSSION

Schematic of the crack compensation strategy

Inspired by subsea tunnels which play the function of connecting islands on both sides of a strait and

serving as a passage for vehicles (Figure 1A), we introduced conductive pathways to compensate cracks

generated on an Au film upon stretching. Therefore, IT architectures by depositing Au nanofilm onto

the LMMPs-PDMS composite substrate were proposed to fabricate stretchable conductors with enhanced

stretchability. The conductive mechanism of our conductor is similar to the function of a subsea tunnel. The

Au film and LMMPs respectively play the role of the land on both sides and the tunnel, which allows for the

passage of electrons (i.e., vehicles in Figure 1A) (Figure 1B). When stretched (Figure 1C), the rigid Au film

will crack due to themechanical mismatch of the interface between the Au film and the elastomer substrate,

and the crack length is positively correlated with the conductor strain. Furthermore, the cracked Au film will

become nonconductive once a penetrating crack is perpendicular to the tensile direction. Fortunately,

LMMPs in the elastomer substrate can be stretched from a ‘‘spherical’’ shape to a ‘‘rod’’ shape owing to

the intrinsic deformability of LM. The ‘‘rod’’ shaped LMMPs act as ‘‘tunnels’’ close to the surface of the elas-

tomer substrate that can compensate for the crack and connect the Au films (islands). We also simulated the

voltage distribution based on the obtained SEM image (Figure 1B) to show its electrical conductivity refer-

ring to previously reported results.2,22,34 We retained (Figure 1D) and removed (Figure 1E) the LMMPs

shown in the SEM image by image processing, and the voltage distribution is simulated by applying a

1 V voltage drop on both sides. It clearly shows that the voltage of the conductor with LMMPs drops grad-

ually, while the conductor without LMMPs is an open circuit. In contrast to the crack control strategy, the

stretchable conductor developed here relies on a native microstructure design using LMMPs to compen-

sate for the cracks. The IT architecture plays an essential role in enhancing the conductive performance due

to the synergistic effect of the rigid Au film and deformable LMMPs. Additionally, suspending LM into a

PDMS matrix as microparticles prevents the leakage of LM and improves the reliability of the conductor.

Preparation and characterization of the stretchable conductor

The fabrication process for creating the highly stretchable and electrically stable conductor with IT struc-

ture is shown in Figure 2A.We first mixed EGaIn and PDMSwith a volume fraction ratio of 2:3, then stirred to

rupture the bulk LM into microparticles until the LMMPs were uniformly dispersed in the PDMS matrix. We

next cured the LMMPs-PDMS composite at 70�C for 3 h and sputtered a nanolayer Au film onto its surface.

A more detailed fabrication process is given in the method details. Our method of encapsulating LMMPs

inside the PDMS elastomer not only retains the deformability of LMMPs on a microscale but also avoids the

possibility of bulk LM leaking from the encapsulating polymer. Combined with the deposited Au film, a

highly stretchable and reliable conductor endowed with the IT architecture is achieved.
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An elastomeric composite made by mixing LM with PDMS (1:1 ratio by volume) can become conductive

after being compressed by a thin-tipped tool.35 Therefore, we prepared the composite with less LM (20

and 40% volume fractions) to avoid the substrate becoming conductive due to external compression.

Back-scattered electron (BSE) images of the composite with different volume fractions of LM and

LMMPs sizes are shown in Figures 2B and S1. The LMMPs are uniformly dispersed in the PDMS matrix,

and the distance between the two particles is more than 1 mm. There is no conductive network formed

and the LMMPs-PDMS composite is nonconductive as shown in Figure S2. Moreover, we observed diffuse

reflections on the composite surface, indicating that the surface is rough. The surface topography was char-

acterized, as shown in Figures 2C and S3, in which we can see that the surface of LMMPs-PDMS substrate is

much rougher as compared to the smooth surface of PDMS. Furthermore, the roughness increases with the

increase of the LM volume fraction and LMMPs size, as indicated by the arithmetical mean height (Fig-

ure S4). We believe that there is a thin layer of PDMS film on the surface of the uppermost LMMPs of the

composite. In addition, energy dispersive X-ray spectroscopy (EDS) element mapping and spot analysis

(Figure S5) of the LMMPs-PDMS composite further demonstrate the existence of silicone on the surface

of the uppermost LMMPs. Furthermore, we quantified the thickness of the PDMS film on the LMMPs surface

by atomic force microscopy (AFM) force-displacement measurement by using In particle (solid at room

temperature) to replace the LMMPs. After the AFM tip was lowered to touch the LMMP surface, a gradually

increasing repulsive force was detected. However, the tested results are not entirely consistent for different

Figure 1. The proposed concept of the stretchable conductor with high stretchability as endowedwith an ‘‘island-

tunnel’’ architecture

(A) Diagram showing the model of a subsea tunnel connecting the mainland on two sides of a strait, serving as a passage

for vehicles.

(B) SEM image of the conductor under 40% strain. The Au film and LMMPs correspond to the mainland and subsea tunnel

in (A), respectively. Based on this microstructure design, the electrons (vehicles) can migrate regardless of the Au cracks.

Scale bar is 100 mm.

(C) Illustration of the morphology of LMMPs and Au film before and after being stretched.

(D and E) Voltage distribution simulation based on the obtained SEM image of (B) by remaining and eliminating LMMPs,

respectively. The result showing a rapid voltage drop when the LMMPs are eliminated indicates electrical disconnection.
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points. The approaching force-displacement curves of some tested points are similar to the reference sam-

ple indicating a very thin PDMS film (�5 nm, Figure 2D). In comparison, some other approaching force-

displacement curves with two distinct slopes obviously (Figure S6B) indicate a thicker PDMS film.

After the ‘‘tunnel’’ architecture of the conductor in the LMMPs-PDMS composite substrate was built, a

thin Au film layer that plays the role of ‘‘island’’ was then deposited by sputtering. As shown in

Figures 2E and 2F, the Au film completely covered the rough surface of the substrate, and many cracks

were introduced during the sample preparation process due to the rigid and fragile mechanical properties

of the deposited Au film. Moreover, the biocompatibility of the material is of paramount importance for

wearable and in vivo/vitro applications. To test the biocompatibility of the LMMPs-PDMS composite, we

Figure 2. Preparation of the stretchable conductor and characterization of its microstructure

(A) Preparation process and photo of the stretchable conductor.

(B) BSE image of PDMS-LMMPs substrate with 40% volume fraction of LM. LMMPs with an average diameter of 7.5 mm are

uniformly dispersed in the PDMS matrix. Scale bar is 40 mm.

(C) Surface topography of the substrates indicates the rough surface.

(D) Force-displacement curve of one tested point, the red line, and blue line present the approach process and retraction

process between the AFM tip and the LMMP, respectively.

(E and F) BSE characterization of the cross-section morphology of the stretchable conductor after sputtering Au film, (F) is

the partially enlarged image. Scale bars are 40 and 10 mm, respectively.

(G) Quantification of HEK-293 cell viability that grown on the control sample, LMMPs, PDMS, and PDMS-LMMPs

composite. Error bars show SD N = 6.

(H) Fluorescent image of stained living cells co-cultured with different samples. Scale bar is 50 mm. See also Figures S1

and S3–S7.
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carried out the live/dead-staining on HEK-293 cells grown on various samples. All results show the cell

viability of�96% after 24 h suggesting high biocompatibility (Figure 2G). Fluorescent images shown in Fig-

ure 2H further verify a regular cell morphology with serried live cells, and the corresponding bright-filed

images are shown in Figure S7. These results are consistent with previous results,36 which prove the excel-

lent biocompatibility of the LMMPs-PDMS-based stretchable conductor.

Investigating the mechanism of the compensation strategy

The electromechanical response was evaluated to investigate the effects of the crack compensation strat-

egy on the electrical performance of the studied stretchable conductor with IT architectures. As shown in

Figure 3A, the conductor (40 3 30 mm size) with IT architectures can be stretched over 260% strain, result-

ing in an increase of resistance by�7.1 times. In addition, the tensile limit of the LMMPs-PDMS composite is

enhanced and the elastic modulus decreases owing to the LMMPs addition (Figure S8).35,37 In comparison

to the excellent performance of the stretchable conductor with the IT architecture, an open circuit occurred

for a sample with only Au film sputtered on PDMS upon the application of 3% strain. To examine the effect

of the thickness of the LMMPs-PDMS substrate on the electromechanical performance, we deposited Au

films (thickness of 40 nm) on LMMPs-PDMS substrates of various thicknesses (0.5, 1.0, and 2.0 mm). Our re-

sults suggest that the thickness of the substrate has no obvious effects on the electromechanical perfor-

mance (Figure S9A). In addition, we deposited Au films with different thicknesses (20, 40, and 80 nm) on

a 1.0 mm thick substrate to investigate the influence of the Au film thickness on the electromechanical per-

formance (Figure S9B). Our results show that the R/R0 of the case with 20 nm Au film thickness is about 4

times higher than the other two cases under �260% tensile strain. Therefore, considering the material

cost and fabrication efficiency, we choose 40 nm as the Au film thickness. Furthermore, when compared

to surface conductive conductors with an Au film coating that can reach a resistance of hundreds of

ohms after long-term cyclic stretching tests,2,18,23,38,39 the resistance of our conductor is below 100 U after

10,000 times of stretching (Figure 3B), suggesting its outstanding electromechanical performance. To un-

derstand the cause of the increase in resistance, we monitored the microstructure of the conductor surface

during the cyclic test, as shown in Figure S10. The density of cracks increased after repeatedly stretching,

leading to an increase in the resistance. Figure S11 compares the electromechanical performance of the

Figure 3. Electromechanical performance and microstructure evolution of the stretched conductor

(A) Resistance changes of conductors prepared by sputtering Au film on PDMS and LMMPs-PDMS composite substrates, respectively.

(B) Long-term stability test of the stretchable conductor under 50% strain.

(C and D) Microstructure characterization of the stretchable conductor (40 vol%-7.5 mm) with IT architecture under 40% strain, indicating the ‘‘tunnel’’ role of

LMMPs to compensate for the cracks.

(E and F) SEM image of the conductor with CuMPs-PDMS composite substrate with 20 vol % rigid Cu particle cannot connect the cracked Au film. See also

Figures S12–S15.
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conductor developed in this work with previously reported LM-embedded and Au film-coated elastomeric

conductive composites. Although LM-embedded composite conductors offer higher stretchability and

lower resistance variation, the conductor prepared based on our compensation strategy are surface

conductive and more biocompatible. Besides, compared with other Au film-coated conductors, our

LMMPs compensation strategy significantly improves the electromechanical performance.

To further understand the mechanism of the ability to maintain conductivity when using LMMPs-PDMS as

the stretchable substrate, the surface microstructure of the conductors under strain was investigated. For a

PDMS substrate with an Au film coating, dense and parallel cracks are easily formed when the conductor is

under a small strain due to the mechanical mismatch of the interface between the Au film and PDMS (Fig-

ure S12). For the conductor prepared by sputtering Au film on a LMMPs-PDMS substrate, cracks (width

varying from 20 to 50 mm) were also formed and aligned perpendicular to the stretched direction. Mean-

while, dense LMMPs are elongated and compensate for the crack (Figures 3C and 3D, and Video S1). Dur-

ing the stretching process, we found that a few LMMPs can be ruptured and react with the Au film, as shown

in Figure S13A. According to the EDS measurement (Figures S13B and S13C), the formed alloy should be

AuGa2.
26 The formation of alloy only occurred near the cracks, and no formation of the Au-Ga alloy was

observed in other regions. Therefore, the conductive pathways are formed by LMMPs (tunnel) and the

Au film combined with a small portion of alloy near the edge of cracks. The consumption of Au and Ga

to form AuGa2 alloy has little effect on the conductor’s performance. To further verify our hypothesis, we

designed a CuMPs-PDMS composite as the substrate to understand the effect of rigid particles on the

response to strain. As given in Figures 3E and 3F, and Video S2, rigid CuMPs cannot be deformed to con-

nect the Au films, and the resistance response vs. strain is similar to that of the Au film deposited on a PDMS

substrate, as shown in Figure S14.

The conductivity performance of the conductor is greatly enhanced by using LMMPs-PDMS composite as

the stretchable substrate. The LMMPs-PDMS composite and cracked Au film are all nonconductive

(Figures S2 and S12). However, flexible LMMPs can be stretched to compensate for the cracked Au film

and therefore form the conductive pathways. It should be noted that there is a thin PDMS film of several

nanometers of thickness between the LMMP and Au film (Figure 2D). Previous reports suggest that Au

atoms can penetrate into the polymer during the deposition process,40,41 which explains that the conduc-

tion mechanism could be attributed to the tunneling effect.42–44 In addition, the conductivity performance

of the conductor is related to the LM volume fraction and LMMPs diameter (Figure S15). The higher density

of LMMPs corresponds to more IT architectures, and a rougher surface means that there are more LMMPs

on the PDMS substrate surface to be in contact with the Au film. Among all the tested samples, we found

that the conductor prepared by a substrate with a 40% volume fraction of LM and an average LMMP diam-

eter of 7.5 mm provides the best conductive performance.

Based on the crack compensation strategy, the electrical performance of the Au film is significantly

enhanced. In addition, using the LMMPs-PDMS composite as the conductor substrate not only retains

the flexibility of LMMPs but also limits the fluidity of LM, which reduces the risk of LM leakage for wearable

and biomedical applications (Video S3). Compared with previously reported LMMPs-PDMS composites

which are internally conductive,35,45 the conductive pathways of our stretchable conductor can be built

on the surface attributed to the ‘‘island-tunnel’’ architectures. A few works reported that the composite

can be surface conductive after the laser or friction sintering process to expose the internal LM parti-

cles.46,47 However, exposed LM can easily contaminate other surfaces and compromise the stability of con-

ductivity after repeated use. Besides, the reported LM-elastomer composites require a high-volume con-

tent >50 vol % to be conductive after sintering,35 while our method only needs 20 vol % of LM and can offer

comparable electromechanical properties. Moreover, our method avoids the concerns of the toxicity of

LMs as Au film has been clinically proven with excellent biocompatibility.3,27,48

Applications of the stretchable conductor

Surface electromyography (sEMG) monitoring has attracted much attention in sports health monitoring,

human-machine interfaces, soft robotics, and prosthesis control.49–53 Wet electrodes prepared based on

rigid metals and conductive gels have been conventionally used for sEMG recording but cannot fully satisfy

the requirements due to skin allergy and motion artifact problems.54 In comparison, dry flexible electrodes

are a promising alternative for sEMG monitoring that can overcome the two problems mentioned

above.55,56 The studied stretchable conductor in this work with high electrical stability, excellent

ll
OPEN ACCESS

6 iScience 25, 105495, December 22, 2022

iScience
Article



biocompatibility, and lower elastic modulus is an excellent candidate for sEMG monitoring. The electro-

chemical properties of the sEMG electrode (Figure 4A, �60 mm thickness) were tested using electrochem-

ical impedance spectroscopy in phosphate buffered saline (PBS) solution (Figure S16). The result shows a

slight increment with increased strain at 100 Hz, which is vital for stable and high-quality signal recording.

We used medical air-permeable tape to attach the electrode onto the skin to monitor the sEMG of bra-

chioradialis (Figure 4B) for six hand gestures. For the detected sEMG signals (Figures 4C and S17), electrical

activities corresponding to the six gestures detected from the brachioradialis can be easily recognized, and

all of the sEMG signals have a high signal-to-noise ratio. As shown in Video S4, in the resting state, the

sEMG signal is a straight line. Signal fluctuations were observed when fingers are bent. Such high-quality

sEMG signals are mainly attributed to the high electrical stability and stable contact between the electrode

and the arm skin.

Additionally, we applied sEMG signals of the six hand gestures to machine learning for hand gesture

recognition. Firstly, we improved the signal-to-noise ratio by filtering out fixed-frequency interference

based on band-stop filtering.57 It is necessary to filter the fixed-frequency interference on the collected

signal due to the interference of the sEMG signal introduced by electric and magnetic fields. In

the time-domain signal of sEMG, high-frequency noise will directly affect the expression of the integral

signal. Therefore, we used empirical wavelet transform to filter the detected high-frequency signals, and

Figure 4. Demonstration of the conductor for sEMG sensing and hand gesture recognition based on machine

learning

(A) Photograph of the sEMG electrode.

(B) The electrode was applied to detect the sEMG signal of brachioradialis.

(C) The waveforms recorded from the sEMG sensing electrode corresponding to the hand gestures.

(D) The algorithm logic illustration diagram of the machine learning of hand gestures.

(E) Principal component analysis of the recorded sEMG signals.

(F) Classification confusion matrix for the predicted results, white and black text values are percentages of correct and

incorrect predictions, respectively. See also Figure S17.
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the overall signal expression was retained without high-frequency interference (Figure 4D).58 However, the

signal still contains much redundant information after filtration. It is challenging to recognize the six sEMG

signals when directly inputting them into a pattern recognition algorithm.59 Therefore, we first extracted 10

eigenvalues, including the time domain and frequency domain to characterize the integral properties of

the detected signals. To demonstrate the effectiveness of the feature extraction process, we used the prin-

cipal component analysis (PCA) algorithm to perform a dimensionality reduction visual analysis on the ex-

tracted 10 eigenvalues. As shown in Figure 4E, the intra-class differences are insignificant and the inter-

class differences are apparent, indicating that 10 eigenvalues are feasible to characterize the overall attri-

butes of the original signals.

Support vector machine is a supervised pattern recognition method, which has been widely used in image

recognition, industrial detection, and fault monitoring. We used the radial basis function to perform

pattern classification on the extracted 10 features under different hand gestures. From the visualization re-

sults of the test given in Figure 4F, the overall classification accuracy is 98.29%, and all the intra-class clas-

sification accuracies are above 98%. The high classification accuracy demonstrates that it is feasible to

apply the stretchable conductor for hand gesture recognition based on the detected sEMG signals.

The developed stretchable conductor has been demonstrated with good performances in electromechan-

ical response and the capability of sEMG signal detection. Circuits with specific patterns can also be fabri-

cated by covering a shadow mask on the top of the LMMPs-PDMS composite substrate during the sputter-

ing process (Figure 5A). A customized circuit pattern under a stretching state is shown in Figure 5B, only the

area with sputtered Au film (with IT architectures) is conductive and the other substrate parts are noncon-

ductive. We demonstrated that a stretched circuit with a 1.5 mm width and 20 mm length patterned on the

LMMPs-PDMS substrate can easily light a LED, while the LED is off if the circuit is patterned on the PDMS

substrate under a small strain (Figure S18). Most importantly, the robustness of the circuit prepared by this

method is greatly improved compared with a raw liquid metal circuit (Video S3), meaning the risk of LM

leakage and short circuit are significantly reduced. However, being different from the conductors for

testing electromechanical response (see Figure 3A) and recording sEMG signals (see Figure 4A) with large

areas of Au film, the sputtered narrower Au circuit with less IT architectures leads to higher resistance. The

resistance of the patterned 30 mm-length circuits with different widths under 0%, 25%, and 50% strains was

tested (Figure 5C). The wider circuits correspond to lower resistance, and this phenomenon is mainly owing

to the fact that more IT architectures in wider circuits provide more pathways for electrons. Therefore,

appropriately increasing the circuit width can further reduce the resistance, but this circuit patterning strat-

egy is not applicable for applications that require both very thin circuits and low power consumption.

Facilitated by the mechanical, biocompatible, and electromechanical properties of circuits formed by

patterning Au on a LMMPs-PDMS substrate, we designed and fabricated a flexible and stretchable neural

electrode array with 8 channels (Figures 5D and 5E) for the in vivo identification of epilepsy by monitoring

the signals of electrocorticogram (ECoG). A rat had a craniectomy and durotomy performed after being

anesthetized, a 4 3 6 mm region of the right cortex was exposed and covered by the neural electrode,

as shown in Figure 5F. The electrode array can conformally match the targeted cortical surface due to its

high flexibility and stretchability. Figure 5G shows the ECoG signals recorded by one channel of the neural

electrode when the rat was in normal and epileptic states, respectively. Signals recorded by other channels

are shown in Figure S19. Compared with the normal state, an increased amplitude of the local field poten-

tial of the epileptic state can be clearly observed using our neural electrode. Also, attributed to the brain

synchronic discharge induced by epilepsy, there is an associated increase in high-frequency energy, as

shown in the time-frequency spectrum. Our flexible conductor offers numerous advantages for ECoG

signal monitoring. Compared to traditional electrodes made of rigid materials such as silicon, our flexible

electrodes havemuch better conformality that canmake them easy to maintain stationary positions relative

to the neurons under movement, and it can also reduce the possibility of brain tissue inflammation or

mechanical damage.60–62 Compared with the reported LM-based implantable electrodes prepared by

hand-operated injection method and additional electrochemical deposition process,63,64 our electrodes

prepared by depositing an Au film on the LMMPs-PDMS substrate offer high accuracy and batch-to-batch

consistency. More importantly, for biosafety, our method avoids the leaking issue of LM, and the Au film has

been proven to be clinically biocompatible. Overall, the reliable electromechanical properties of the neural

electrode with IT architecture enable the electrode to record ECoG signals with a high-throughput spatio-

temporal resolution that is capable of distinguishing the normal state and epileptic state. Besides, this
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neural electrode capable of monitoring epilepsy activity provides a new solution for brain-computer inter-

faces in relevant disease diagnosis.

Conclusion

In summary, we report a crack compensation strategy based on IT architectures for the fabrication of highly

stretchable conductors by simply sputtering Au thin film on a LMMPs-PDMS substrate. The composite sub-

strate prepared by mechanically mixing LM and PDMS not only improves the reliability of the ever-present

fluid characteristic of LM but also increases the stretchability as compared with a PDMS substrate alone. In

contrast to rigid metal particles, LMMPs with limited fluidity characteristics on the surface of the substrate

can directly contact the Au film to act as deformable tunnels to compensate for cracks generated on the Au

film. Compared with the Au film deposited on the PDMS substrate directly, the developed conductor with

IT architectures can be easily stretched up to 260% strain with a negligible resistance change attributed to

the compensation strategy. To demonstrate its practical applications, we applied the conductor to record

the sEMG signals of six hand gestures, andmachine learning-enabled hand gesture recognition was further

Figure 5. The method of directly patterning circuits on LMMPs-PDMS composite substrate and its application for

monitoring signals of ECoG

(A) Patterning a specific circuit on the LMMPs-PDMS composite substrate using a PI shadow mask.

(B) Photograph of the patterned circuits.

(C) Electromechanical response of patterned 30 mm-length circuits with different widths under 0%, 25%, and 50% strain.

(D and E) Photos of the assembled neural electrode arrays under normal and stretched states, respectively.

(F) Intraoperative image of the neural electrode arrays for in vivo recording ECoG signals, showing the high flexibility of

the electrode to be in contact with the cerebral cortex of the rat.

(G) ECoG signals of a healthy rat under normal state and epileptic state. The left picture is the local field potential trace

and the right is the corresponding time-frequency spectrogram, showing an increment in high-frequency discharge for

the epilepsy state. See also Figures S18 and S19.
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developed. In addition, stretchable circuits with specific patterns were fabricated to act as the neural elec-

trode with 8 channels, which realized ECoG signals monitoring to distinguish the normal state and epileptic

state of a rat. Therefore, our crack compensation strategy enabled by embedding LMMPs into PDMS sub-

strate takes full use of the intrinsic properties of the electrical conductivity and flexibility of LM. The

currently developed method significantly improves the stretchability of Au film-based flexible conductors,

which not only provides a new way for the fabrication of high-performance stretchable conductors but also

demonstrates great potential in the field of bioelectronics for in vivo/vitro applications.

Limitations of the study

Due to the difference in physical and chemical properties between metals and polymers, improving the

adhesion between the Au film and the elastomeric substrate remains a challenge. There is a neglected

improvement of the adhesion of Au film by using our proposed crack compensation strategy. Further ef-

forts should be devoted to enhancing the adhesion of the Au film; one possible approach could be spin

coating a very thin layer of conductive glue on the LMMPs-PDMS substrate before depositing the Au film.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal procedures and experiments were performed following the guidance of the Institutional Animal

Care and Use Committee at Harbin Institute of Technology (Shenzhen). Adult female Sprague-Dawley rats

(�250 g) obtained from Guangdong Medical Experimental Animal Center were subjected to this experi-

ment. The rats were housed under a 12/12 h light/dark cycle for 7 days and provided ad libitum food

and water. The rats lived in the clean room with constant temperature (�25�C) and humidity (60%) for

7 days to adapt to the environment prior to the experiment. The rats were anesthetized using chloral hy-

drate (CAS No. 302-17-0, 350 mg/kg) and fixed using a stereotaxic frame. Then 4 3 6 mm elliptical region

of the brain surface over themotor cortex was exposed using a surgical drill andmoved away from the bone

flap. Finally, the neural electrode was positioned over the exposed cortex and the ECoG was detected. Af-

ter the normal ECoG remained stable for 10 minutes, penicillin at a 2 million units/kg dose was injected in

the intraperitoneal to induce a seizure and record it after about half an hour. The ECoG was detected using

a 64-channel electroencephalograph system (Nation Inc., Shanghai, China) with a 128 Hz sampling rate.

The recorded signals were performed using a custom-designed Matlab code.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

EGaIn Dingguan Technology CAS: 37345-62-3

Polydimethylsiloxane Sylgard 184 Dow Corning CAS: 9016-00-6

Phosphate buffered saline Sigma Aldrich Cat#806552

Dimethyl sulfoxide Sigma Aldrich CAS: 67-68-5

Calcein-AM, PI solutions Baiaolaibo Inc. Cat# SY0501

Chloral hydrate Sigma Aldrich CAS: 302-17-0

Penicillin Sigma Aldrich CAS: 87-08-1

Thiazolyl Blue Tetrazolium Bromide Sigma Aldrich CAS: 298-93-1

Experimental models: Organisms/strains

Rat: Female, Sprague-Dawley Guangdong Medical Experimental

Animal Center

�250 g

HEK-293 Xiamen University N/A

Software and algorithms

Matlab MathWorks http://www.mathworks.com

Comsol Comsol. Inc. https://www.comsol.com
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HEK-293 cells were used to examine the cytotoxicity of the prepared stretchable conductor. 5 3 104 HEK-

293 cells in 100 mm medium were seeded in 96-well plates and cultured in a humid incubator for 24 h.

The PDMS, EGaIn, and stretchable conductor were mechanically crushed into microparticles in phosphate

buffered saline (PBS) solution, and then they were diluted into the medium by the concentration of

100 mg/mL, respectively. After the cells were incubated for another 5 h to finish the update and then

remove the previous medium, 100 mL medium containing 10 mL 3-(4,5-dimethylthiazo1-2-yl)-

2,5-diphenyltetrazoliumbromide (MTT) solution was added to every well. Then, the medium was removed

after cells were incubated for 5 h, and 100 mL dimethylsulfoxide (DMSO) was added to each well. The

absorption at 570 nm reflects the cell metabolic activity, and the cell viability was calculated by the absorp-

tion ratio between the treatment and control groups. For live-dead cell staining evaluation, 1 mL HEK-293

(53 104) were incubated in a petri dish for 24 h. Then, 1 mL PDMS, EGaIn, and stretchable conductor in PBS

solution with 100 g/mL concentration was added to the culture medium, respectively. After being incu-

bated for 5 h, the medium was removed and the petri dish was washed with PBS solution 3 times. After

that, the cells were dispersed in 5 mL 13 assay buffer, stained with AM (2 mM) and PI (1.5 mM) solution,

and overshadowed for 15 min at 37�C. Since the stained solution was removed and the samples were

washed with PBS solution for 3 times, the fluorescence of the stained cells was observed using confocal

laser scanning microscopy (CLSM) with 488 nm and 561 nm excitation, respectively. Furthermore, all sam-

ples were cultured at 37�C in the incubator with 5% CO2.

METHOD DETAILS

Preparation of the PDMS-LMMPs substrate

Polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) was prepared by mixing prepolymer and cross-

linker at a weight ratio of 10:1. Eutectic Ga-In alloy (EGaIn, 75.5 wt.% Ga and 24.5 wt.% In, Dingguan Metal

Technology Co., Ltd) was then mixed with PDMS using an electric mixer (LC-ES series, Lichen Technology

Co., Ltd) for 3 min. For making a composite with liquid metal microparticles (LMMPs) of 7.5 mmdiameter on

average and 40 vol.% content, PDMS and EGaIn were mixed at a volume ratio of 3:2 and stirred using a

stirring stick (diameter of 30 mm) for 5 min at 1200 RPM. For making a composite with LMMPs of 3.5 mm

diameter on average and 40 vol.% content, PDMS and EGaIn weremixed at a volume ratio of 2:3 and stirred

using a stirring stick (diameter of 30 mm) for 5 min at 1500 RPM. Next, an extra 20 vol.% PDMS was added to

lower the volume fraction of LMMPs. Themixture was stirred for an extra 3 min until PDMS and LMMPs were

mixed uniformly. The composite with 20 vol.% of LMMPs was prepared by adding an extra 20 vol.% PDMS

into themixture with 40 vol.% of LMMPs. After mixing the two components of EGaIn and PDMS, air bubbles

within the composite were removed by vacuuming the uncured mixture for 15 min.

For the convenient characterization of the microstructure of the LMMPs-PDMS composite shown in

Figure 2, a very thin layer of the composite was spin-coated on the surface of a PDMS substrate at 5,000

RPM for 30 s. For the conductors shown in Figures 3, 4, and 5, the substrates were prepared in two steps.

Preparing a cured PDMS-LMMPs composite substrate firstly, and then spin coating a very thin layer LMMPs-

PDMS composite with 5,000 RPM for 30 s on this cured composite substrate.

Preparation of the stretchable conductors

After the PDMS-LMMPs composite was cured at 70�C for 3 h in a petri dish. A 40-nm-thick gold (Au) film was

deposited through a pre-patterned polyimide film mask using an SBC-12 ion sputtering apparatus (Kyky

Technology Co., Ltd) with 8 mA current for 210 s, and the thickness of the Au film can be regulated by

the sputtering time. Then, the patterned stretchable conductor was cut using a knife and peeled off

from the petri dish.

Microstructure characterization and performance testing

Back-scattered electron (BSE) images for microstructure characterization of the LMMPs-PDMS composite

and in-situ observation of the stretched conductor were performed using a Phenom XL scanning electron

microscope equipped with a tensile sample holder. The surfacemorphology of the LMMPs-PDMS compos-

ite was characterized by a Sensofar 3D optical profilometer S neox. The thickness test of PDMS film on

LMMPs was carried out by force-displacement measurement in the air using Bruker Dimension FastScan

atomic force microscopes (AFM). We used In alloy to replace the EGaIn to fabricate the composite for

force-displacement measurement. Firstly, the In alloy was heated at 200�C to melt, and then the prepoly-

mer of PDMS was added and stirred at 1,200 rpm for 5 min. The cross-linker of PDMS should be added after
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the composite cool down to room temperature. Therefore, the composite with solid-state metal particle

fillers and a soft polymer matrix was prepared to measure the thickness of the PDMS film coated with par-

ticles. The resistance-strain response was carried out using a SHIMADZU AGS-X machine equipped with a

multi-meter (Keithley, 2010).

QUANTIFICATION AND STATISTICAL ANALYSIS

Histogram Statistics are given with error bars calculated from at least 5 sets of independent experiments.

The simulation data is produced by COMSOL software. Figures shown in the main text were produced by

Origin and Microsoft PowerPoint from the raw data.

ADDITIONAL RESOURCES

Any additional information about the simulation and data reported in this paper is available from the lead

contact on request.
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