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ABSTRACT: Soft conductive composites are significant components of soft and wearable 

electronics. Existing soft conductive composites encounter difficulties in attaining 10% of 

copper’s electrical conductivity whilst maintaining high stretchability. In this work, a novel ‘soft 

conductive junction’ concept is introduced to overcome the conductivity-stretchability tradeoff. 

This new paradigm of soft conductive composites consists of an interwoven copper fiber network 

embedded in a compliant elastomer matrix. The fiber junctions are connected using liquid metal 

bridge, which significantly lowers the junction resistance without influencing the stretchability of 

the fiber network. These hybrid composites uphold ultra-high and strain-insensitive conductivity 

that is around 60,000 S/cm under 55-75% stretch. Notably, the stretchability of these composites 

can be further enhanced by 2-5 times via tuning the mesh angles through prestrain, while 

maintaining high conductivity of 27,000-58,000 S/cm. Potential applications of the composites in 

stretchable circuitry, wearable interconnects, capacitance tactile sensors, and highly stretchable 

Joule heaters are presented.     
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1. INTRODUCTION  

Soft conductive composites are widely used in soft electronics,1,2 flexible and wearable 

electronics,3–5 transparent electrodes,6–10 smart sensors,11–13 and soft robotics.14–16 In practice, soft 

conductive composites17–19 desire high electrical conductivity, stretchability or flexibility, strain-

insensitivity, and cyclic stability. In recent years, several approaches have evolved to develop high-

performance soft conductive composites.12,20–23 The Ashby chart in Figure 1d compares the 

performance of several major types of soft conductive composites including hard filler,24 liquid 

metal (LM),25 and hybrid solid-liquid filler composites.26 The hard filler composites usually 

consist of silver or gold nanomaterials27,28 as primary conductive networks. Such hard filler 

composites exhibit excellent initial conductivity but their resistance increases significantly under 

stretch24 due to damage, resulting in limited strain-insensitive stretchability. Their overall 

performance also deteriorates quickly under cyclic stretching or bending.12,29 To circumvent the 

rigidity-mismatch issue in hard filler composites, researchers developed liquid filler composites 

with LMs as the most popular filler for their good conductivity (3-3.5×104 S/cm).30 LM composites 

have improved strain-insensitive stretchability compared to hard-filler composites but still suffer 

from bottlenecks such as limited conductivity or strain-sensitive conductivity11,31,32. For example, 

most of the LM composites exhibit strain-insensitive conductivity lower than 10,000 S/cm32–37.   

Although some researchers achieve higher conductivity by increasing the volume ratio of LM, 

their conductivities are usually strain sensitive32,38–41. Overall, there is a conductivity-stretchability 

tradeoff for soft conductive composites containing only hard or liquid fillers.19,42 A possible 

solution is to adopt a hybrid filler approach that combines the advantages of solid and liquid fillers 
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and achieve both high conductivity and stretchability simultaneously.43–46 This hybrid filler 

approach is still an emerging field with new materials being reported. Nevertheless, the existing 

hybrid filler composites also encounter difficulties in attaining strain-insensitive conductivity47 

targeting 4-6×104 S/cm (as compared to copper, 6×105 S/cm) whilst maintaining at least 30% 

stretchability for certain applications in flexible and wearable electronics. This work aims at 

targeting this limit.  

In this work, we propose a novel ‘soft conductive junction’ concept (see Figure 1c) to overcome 

the conductivity-stretchability tradeoff. This new paradigm of soft conductive composites consists 

of an interwoven copper fiber network embedded in a compliant elastomer matrix. The fiber 

junctions are connected using liquid metal bridge (Figure S6, and Figure S16, Supporting 

Information), which significantly lowers the junction resistance without influencing the 

stretchability of the fiber network. This approach offers three key novelties: soft conductive 

junction, hybrid material architecture, and controllable mechanical stretchability. The designed 

composites are well suited for applications including stretchable circuitry, wearable interconnects, 

capacitance tactile sensors, and highly stretchable Joule heaters.     
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Figure 1. a) The CuLMC consists of a stretchable copper mesh embedded in an elastomer matrix. The 

stretchability can be enhanced dramatically by using angled mesh (detailed in Figure S1, Supporting 

Information). b) The LM junctions significantly increase electrical conductivity of the composites by 

reducing junction resistance. Usually, 20-60 fold of conductivity improvement is observed. c) Comparison 

of the electromechanical characteristics of different junction types: normal, hard, and soft junction. The 

normal and hard junctions suffer from stretchability-conductivity tradeoff as either low conductivity or low 

stretchability. The LM-based soft junction overcomes this tradeoff and attains high stretchability and 

conductivity simultaneously. d) This Ashby chart compares the electrical conductivity and strain-

insensitive stretchability of soft conductive composites: hard filler ◊, LM filler □, hybrid filler ☆, CuLMC 

○. The CuLMCs exhibit very high conductivity exceeding 10% of Cu. Detailed data are tabulated in Table 

S2, Supporting Information.    
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Figure 2. The fabrication process of CuLMCs. Two different approaches are employed: approach 1 without 

carbon deposition and approach 2 with carbon deposition. a) In approach 1, the process sequentially consists 

of surface cleaning, LM coating, removal of excessive LM, and PDMS encapsulation. For approach 2, 

approximately 10 nm of carbon is deposited by thermal evaporation process before the LM coating step. b) 

Optical microscopy images of fabricated CuLMCs. LM fills in the fiber junctions and forms a soft liquid 

bridge. There is an ultra-thin layer of LM residual on the fiber as well, which has negligible contributions 

to the electrical conductivity.      
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2. OVERVIEW OF DESIGN MECHANISM 

Principally, hybrid filler composites utilize the synergy of multiple percolation networks, usually 

a primary network (e.g., silver nanoflakes or nanowires) with high conductivity and a secondary 

network (e.g., LM nanodroplets) with high stretchability. The overall conductivity of the 

composite mainly depends on the microstructure46 and percolation of the primary network.48 So 

the primary network prefers hard metal materials with large aspect ratios, i.e., wires/fibers49 rather 

than particles/flakes. 26,43,50 As to the percolation, the contact resistance between hard fillers is a 

limiting factor51 for electrical conductivity. Therefore, in order to discover hybrid filler composites 

with high performance, we need to not only design the microstructure of the primary network but 

also tackle the contact resistance issue. Considering that we aim to obtain conductivity comparable 

to 10% of copper, a woven fiber network is an ideal microstructural design for the primary network 

given its high stretchability and high-volume ratio. In contrast, the well-studied lattice materials 

usually do not sustain much stretchability.51,52 As regard to the inter-fiber junctions of a woven 

fiber network, researchers used to weld them to reduce the high contact resistance,53–56 i.e. the hard 

junction approach in Figure 1c. An intermetallic bridge57 approach was also utilized to reduce 

contact resistance but strain-insensitivity was not achieved due to the rigidity of the junction. Such 

a hard junction approach inevitably increases the junction rigidity and devastates the stretchability 

of the network.56,58,59 To overcome this issue, we propose a LM-based soft junction concept in this 

work, as shown in Figure 1c. For the soft junction approach, the fiber junctions are connected by 

LM bridges (Figure S6, and Figure S16, Supporting Information), which are fluidic and 

conductive. This new approach not only mitigates the contact resistance but also retains the 

mobility of the fiber junctions and the woven fiber network.           
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Using this ‘soft conductive junction’ concept, we introduce a new class of copper-LM 

composites (CuLMCs) with ultra-high and strain-insensitive conductivity, high stretchability, and 

excellent cyclic stability. The CuLMCs consist of a woven copper mesh, LM-based soft junctions, 

and a compliant elastomer matrix. The stretchability of CuLMC is attributed to the mesh geometry 

(Figure 1a) and the conductivity improvement is derived from the LM-based soft junctions. The 

Ashby chart in Figure 1d and Figure S12 (Supporting Information) compares the electrical 

conductivity of CuLMCs and state-of-the-art composites in the literature. Most composites exhibit 

strain-insensitive conductivity in the range of 1,000-20,000 S/cm. The fabricated CuLMCs can 

provide strain-insensitive conductivity exceeding 10% of copper (up to 77,000 S/cm). Depending 

on the opening rate and prestrain, it is also capable to provide very high stretchability up to 180%. 

In some cases, CuLMCs can achieve conductivity around 60,000 S/cm under 45-70% stretch, 

which are remarkable records for soft conductive composites.  Figure 1b shows the role of LM 

junctions on the conductivity improvement for copper mesh composite (CuC) without LM 

junctions, original CuLMCs, and prestrained CuLMCs. Usually, 20- to 60-fold of conductivity 

improvement was found by adding LM junctions. Moreover, the overall electrical conductivity 

and stretchability of CuLMCs can be tailored by tuning the geometric pattern, fiber thickness, 

opening rate, and prestrain. With such remarkable records of conductivity, stretchability, and 

tailorability, CuLMCs have promising applications in soft and wearable electronics, not to mention 

their facile and low-cost manufacturability. 

 

3. EXPERIMENTAL SECTION 

3.1 Materials. In this work, four different sizes of copper mesh (20, 30, 40, 60) were used. The 

mesh sample was cut into small pieces diagonally (45o along the fiber direction) from the bulk 
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woven mesh (Laohu and Skypro, China). The fiber diameters and opening rates are shown in Table 

S1, Supporting Information. NaOH was acquired from Fisher Scientific. Eutectic gallium-indium 

(EGaIn, Ga75.5In24.5) was obtained by alloying Ga and In metals (RotoMetals Inc.) in an oven. The 

silicone rubber Ecoflex 00-30 was from Smooth-On.  

3.2 Composites without Carbon Coating. To fabricate CuLMCs, copper mesh was sectioned 

diagonally at a 45o angle relative to the fiber orientation from a larger stock. The surface was rinsed 

with deionized water for 2 min to remove unwanted impurities from the mesh surface. Afterward, 

the mesh was dried on a hotplate at 40oC for 2 min. The LM coating bath consists of 2wt.% aqueous 

NaOH and EGaIn. Initially, the surface tension of LM would prevent it from spreading over the 

mesh surface and junctions spontaneously. Gentle rubbing was applied until LM spreads all over 

the surface. Nevertheless, the pores of copper mesh were also filled with LM as depicted in Figure 

2a (top middle). The excessive LM was then meticulously removed by wiping with filter paper. 

High-pressure air jet was also applied to ensure proper removal. After removing excessive LM, 

the mesh pores are clear and LM predominately accumulates near junctions, as shown in Figure 

2b (bottom right), Figure S6, and Figure S16, Supporting Information. To manufacture 

prestrained CuLMCs, the angled mesh (Figure S1, Supporting Information) is used. For 

encapsulation, the LM-coated copper mesh is fixed on a glass slide and Ecoflex 00-30 is spread 

on the surface followed by vacuum degassing for 5 min (VWR vacuum oven) to remove air 

bubbles. The assembly was subsequently sandwiched with another glass slide and clamped. The 

system was cured at 65oC for 4 hours on a hot plate, followed by room temperature curing for 12 

hours to obtain the final composite samples. A similar procedure was followed to fabricate brass-

LM composites for the Joule heating applications. No carbon coating is applied to the brass mesh.   
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3.3. Composites with Carbon Coating. In addition, for composites with anti-aging behavior, 

the copper mesh was deposited with a thin layer of carbon before LM coating. This additional 

layer of carbon serves as a barrier between Cu and LM, enhancing the durability and functional 

lifespan of the CuLMCs. Specifically, the cleaned and dried copper mesh is coated with carbon 

coating (108carbon Cressington Scientific Instruments) under 10−4 mbar vacuum pressure. To 

produce plasma, a 100mA current was supplied for 5 seconds. Approximately 10nm carbon 

coating was deposited on each side of the copper mesh. In the deposition process, a tilted sample 

holder was used for better carbon particle distribution on the 3D structure.           

3.4. Tensile Testing. Rectangular specimens (60mm × 11mm) were tested on a tensile tester 

(eXpert 4000, ADMET Inc.) with a 5N load cell. Initial gauge length of 40mm and an extension 

rate of 0.5mm/sec were used. For each sample, at least three specimens were tested.  

3.5. IR Imaging. Thermal images were taken using a pair of FLIR camera (E5 and A310) and 

processed by FLIR tools software and MATLAB.    

3.6. Electromechanical Testing. The electromechanical behavior of the composites was 

characterized by performing mechanical and electrical testing simultaneously in a synchronized 

way. A four-wire setup (see Figure S9a, Supporting Information) was built to measure the 

electrical resistance using a Keithley 2110 digital multimeter and Aglient E3612A DC power 

supply. Two ends of the CuLMC sample were connected to additional wiring using copper tape, 

and insulated by double-sided tape and adhesive tape. The thickness of each CuLMC specimen 

was measured using an optical microscope. The electrical conductivity was calculated from the 

formula 𝜎𝐸  = 𝐿 (𝑅𝑊𝑡)⁄ , where 𝐿, 𝑊, 𝑡, 𝑅 are respectively length, width, thickness, and resistance 

of the composite specimen.  
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The bending test was conducted by a setup (Figure S9b and S9c, Supporting Information) using 

3D printed substrates with designed radii for each type of samples. The required radius was 

calculated from the formula, 𝜀𝑏 = (𝑡𝑠𝑢𝑝𝑝𝑜𝑟𝑡  +  𝑡𝑠𝑎𝑚𝑝𝑙𝑒)/2𝑟 ,  where 𝑡𝑠𝑢𝑝𝑝𝑜𝑟𝑡 , 𝑡𝑠𝑎𝑚𝑝𝑙𝑒 , 𝑟  are 

respectively thickness of support, sample thickness, and substrate radius. Resistance was measured 

by a Keithley 2110 digital multimeter. For cyclic testing, a triangular strain profile was used with 

a 0.5mm/sec extension rate and 15% strain amplitude.          

3.7. Fabrication of Interconnects, Capacitive Pressure Sensor, Flexible Heaters and Heat 

Activated Actuators. LM-coated copper mesh was cut into required shapes (rectangular strip) and 

connected to the LED using conductive copper paste (843WB, MG Chemicals). The stretchable 

circuit was obtained by encapsulating the assembly into Ecoflex 00-30.  

The capacitive pressure sensor was designed as a sandwich structure, using polyurethane foam 

(500μm thick) embedded between two CuLMC layers on top and bottom. A slicer (SliceMaster, 

Jasco Inc.) was used to slice the polyurethane foam at the required thickness. All the layers were 

bonded together with adhesive. The rectangular sensor (10mm × 10mm) was tested for various 

compression modes, such as tapping, pressure variance, and object grabbing. The data was 

recorded as a function of capacitance using the Keithley 2110 digital multimeter.  

The mesh 30 brass-LM (conductivity is 14166 S/cm, which is approximately 10% of pure Brass) 

composite strip was precisely tailored into narrow dimensions (80mm × 8mm) to enable conformal 

attachment onto curved surfaces, including human knee and cylindrical substrates. For the 

transparency heat actuator, a brass-LM composite formed the structural core, encapsulated within 

a PDMS/Paraffin Wax (PW) matrix. To achieve thermally induced bending actuation, the entire 

assembly was mechanically stretched, and a thin PW layer was uniformly deposited onto the 
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composite. Upon solidification of the PW, the actuator was further encapsulated within an 

additional PDMS layer to ensure structural integrity and responsive performance.  

  

4. RESULTS AND DISCUSSIONS 

4.1. Microstructures. The fabrication process of CuLMCs is illustrated in Figure 2a and 

introduced in the section 3. As shown in Figure 2b, Figure S16 (Supporting Information), LM in 

CuLMCs predominantly gathers near the fiber junctions, serving as a conductive liquid bridge to 

reduce the contact resistance. In Figure 2b, LM clearly forms a meniscus in the junctions and 

shows excellent wetting condition with the copper fibers. Such a good wetting condition is partially 

attributed to the CuGa2 intermetallic formed at the interfaces. If other metal mesh is employed, the 

wetting condition will vary, and LM junctions may not form properly. Our preliminary results 

indicate that stainless steel mesh does not wet well with LM.  From Figure 2b, there is an ultrathin 

layer of LM surrounding the fibers as residuals from the LM coating process. This residual layer 

has negligible influence on the electrical conductivity of the composite. The CuLMC is highly 

stretchable because of the unique geometric feature of the woven mesh. Under uniaxial stretch, the 

fibers can rotate freely to accommodate the longitudinal strain. The advantage of this soft junction 

concept is that LM in the junction allows the fibers to rotate freely, as opposed to a hard junction 

that constrains the fiber rotation. When the deformation is released, the junction recovers to its 

original shape with the LM bridge flowing back meanwhile. The morphology of the LM bridge is 

discussed in Figure S6e, Supporting Information.  Note that the soft silicone matrix plays an 

indispensable role on the functionality as it helps to confine LM in the junction without 

compromising electrical conductance (Figure S6d, Supporting Information), which shows stable 
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electromechanical performance under cyclic loadings. In the fabrication process, the copper mesh 

is sandwiched between two glass slides. Therefore, the thickness of the composite film is twice of 

the fiber diameter. For composites with different mesh sizes, we have recorded a thickness of 

160µm, 200µm, 220µm, and 300µm, respectively, for mesh 60, 40, 30, and 20 CuLMCs. In 

practice, thicker samples can be prepared by laminating multiple layers of metal mesh together.  

4.2. Mechanical and Electromechanical Behaviors. The mechanical behaviors of the 

CuLMCs are characterized and compared to that of the copper mesh composites (CuCs), i.e., the 

ones without LM junctions. Experimental data (Figures S7a and S7c, Supporting Information) 

show that the stress-strain behavior of the composites with (CuLMCs) and without (CuCs) LM 

junctions are nearly identical, implying that the LM junctions do not have noticeable impact on 

mechanical performance. Overall, the composites behave like a hyperelastic material, similar to 

the Ecoflex 00-30 matrix. Mechanically, the composites undergo three different stages under 

uniaxial loading, as fiber rotation, fiber interlocking, and fiber pullout failure (Figure S7a and 

S7c, Supporting Information). Regarding the stress-strain curves, the interlocking stage starts with 

rapid increase of stress and ends at the peak stress where fiber pullout occurs. From the application 

perspective, the composites should usually be operated in the fiber rotation stage to mitigate 

damage.  

The stretchability of CuLMCs mainly depends on their mesh sizes, or more precisely, the 

opening rate. Each mesh size has a different opening rate (Table S1, Supporting Information), a 

parameter indicating how dense the fibers are (Figure 3f, top row). For a higher opening rate, the 

fibers can rotate more freely before interlocking, which leads to higher stretchability of the 

composite. This relation is illustrated in Figure 3b, where the mesh 20 one has the highest opening 

rate and thus the stretchability. The stretchability relation in Figure 3b is also confirmed by the 
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stress-strain curves in Figure 3d for CuLMCs with different mesh sizes. Typical microstructures 

before and after stretching are compared in Figure 3f as well.  

The LM junctions completely change the electrical properties of the CuLMCs. The high junction 

resistance of copper mesh leads to poor electrical conductivity, but the LM junctions effectively 

mitigate the junction resistance (Table S5, Supporting Information) and boost the conductivity. 

As depicted in Figure 3a (and Figure S5b, Supporting Information), our data show that the LM 

junctions increase the conductivity by 20- to 60-fold. More specifically, the highest and lowest 

conductivity is observed for mesh 60 composite (77,000S/cm) and mesh 20 composite 

(45,000S/cm), respectively. By comparing to the conductivity of pure copper (596,000S/cm),60 

CuLMCs can readily surpass 10% of Cu’s conductivity, a value hard to reach for soft conductors. 

The electrical conductivity is also correlated to the opening rate of the mesh (see Figure 3c) as a 

higher opening rate leads to lower conductivity. Note that the conductivity is mostly dominated by 

the LM junctions, not the residual LM coating covered on the mesh (Figure S6c, Supporting 

Information)  

Besides the high conductivity and stretchability, another prominent feature of CuLMCs is their 

strain-insensitive conductivity (or resistance). The conductivity-strain relations are tested and 

depicted in Figure 3e. In the fiber rotation stage (Figure S1a-b and Figure S6a, Supporting 

Information) the electrical conductivity is almost constant under stretch (also in Figure S6c, 

Supporting Information), which is very useful for soft electronics applications. A sudden decline 

of conductivity usually occurs in the fiber pullout failure stage (close to peak stress), because of 

the microstructural damage in the composite. The strain-insensitive conductivity is mainly due to 

the unique geometric characteristic of the CuLMCs. Firstly, although the mesh geometry is 

distorted under stretch, the percolation network (Figure S6a and Figure S6c, Supporting 
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Information) remains the same so the resistance does not change. Secondly, the LM junction has 

mitigated the contact resistance (Figure S6b, Figure S16 and Figure S6e, Supporting 

Information) and maintained perfect connections between fibers. Note that the LM’s role is 

indispensable as the conductivity of CuC is very sensitive to strain (Figure S7b, Supporting 

Information). Additionally, the Young’s moduli of the CuLMCs are between 0.42 to 0.73 MPa, 

and are 0.12 to 0.65 MPa for prestrained CuLMCs.     
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Figure 3. Electromechanical performance of CuCs and CuLMCs. a) CuLMCs demonstrate 20- to 60-fold 

conductivity increase compared to CuCs, owning to the LM junctions. b) Relationship between 

stretchability and opening rate of CuLMCs. c) Relationship between conductivity and opening rate. d) 

Mechanical behavior of CuLMCs with different mesh sizes. e) Electrical conductivity of CuLMCs under 

stretch for different mesh sizes. f) Optical microscopy images of CuLMCs. Typical cross-sectional profiles 

of individual fibers are on the top right corners. Both the original state (top row) and stretched state (bottom 

row, 32% strain for mesh 20, 25% for mesh 30, 24% for mesh 40, and 20% for mesh 60) are presented. 
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4.3. Enhance Stretchability using Angled Mesh. The stretchability of the CuLMCs can be 

improved by using angled mesh, i.e., applying prestrain to adjust the intersectional angle of the 

mesh before encapsulation. The mechanism is easy to understand (Figure S1, Figure S3, and 

Figure S18, Supporting Information). Due to the geometric feature of the copper mesh, a pre-

compressed mesh (Figure 4a) exhibits increased stretchability compared to the original one, with 

some sacrifice of the electrical conductivity due to the dimension change. For example, we are 

able to increase the maximum strain of a mesh 40 CuLMC from 25% to 100% by applying a -33% 

prestrain to the mesh before encapsulation.  Hence, by employing prestrain, we can obtain 

composites with unprecedented conductivity and stretchability simultaneously, which is highly 

desirable for soft electronics applications. The relations between prestrain, conductivity, and 

stretchability of the CuLMCs with prestrain can be derived analytically from the geometric 

relations (Equations S3 to S6, Supporting Information). Figures 4b and 4c present the influence 

of prestrain on the conductivity and stretchability for CuLMCs with mesh 40. The theoretical 

solution agrees very well with experimental data. Generally, the stretchability enhancement will 

sacrifice conductivity to some extent. For example, a -33% prestrain would increase the 

stretchability by 4-fold (Figure 4c) but reduce the conductivity by a half (Figure 4b). Such general 

trends apply for other mesh sizes as well (Figures S3 and S6, Supporting Information). In some 

cases, we are able to achieve above 150% stretchability for mesh 20 (Figures S4 and S8, 

Supporting Information).  In short, CuLMCs can be precisely tailored through prestrain to meet 

desired levels of conductivity and stretchability for soft electronic devices, and the theoretical 

formulae (Equation S4 and S6, Supporting Information) can provide guidance for such design.   
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To examine the electromechanical performance of the CuLMCs with prestrain, four different 

types of composite samples with prestrain 0% (i.e., no prestrain), -10%, -20%, and -33% were 

fabricated using mesh 40 and tested under uniaxial loading. Electromechanical tests (Figure 4d, 

4e) suggest that prestrained CuLMCs have similar hyperelastic responses and strain-insensitive 

conductivity compared to the original one in Figure 3. For example, -20% prestrain would result 

in a conductivity of 58,000 S/cm, close to 10% of pure copper, with a stretchability of 55%. Similar 

performance was also found for other CuLMCs as listed in Table S2, Supporting Information. 

Such excellent properties are well suited for applications as flexible interconnects.   

 

Figure 4. Electromechanical performance of CuLMCs embedded with angled (or prestrained) copper mesh 

to enhance their stretchability. All data are for mesh size #40 only. The stretchability of the composite can 

be improved significantly by applying prestrain to the mesh, albeit sacrificing the conductivity to some 
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extent. a) The pre-compressed mesh has increased stretchability compared to the original one due to the 

microstructural change. The stretchability of the composite increases from 20% to 100% by applying -33% 

of prestrain to the mesh. Schematic of stretchability enhancement of CuLMCs. b) Electrical conductivity 

of CuLMCs under different prestrain level. c) Stretchability of CuLMCs under different prestrain level. d) 

Stress-strain behaviors of CuLMCs with 0%, -10%, -20%, and -33% prestrain. e) Conductivity-strain 

behaviors of CuLMCs with different prestrain. The conductivity is overall strain-insensitive until failure 

occurs. 

 

4.4. Bending Performance. The CuLMCs have remarkable electrical performance under 

bending deformation, which is also a prominent indicator of flexible electronics. As the CuLMC 

film is very thin, a supporting polymer layer (polylactic acid sheet, thickness 110µm) is used to 

obtain uniform tensile bending mode.61 As shown in Figure 5a, this bi-layer design has a substrate 

radius r in a range of 3.4-41 mm. As each mesh size has a different film thickness, the relation 

between the bending strain and substrate radius is shown in Figure 5b. It is observed that for the 

same substrate radius, a thicker film (e.g., mesh 20) produces greater bending strain compared to 

the thinner one (e.g., 60 mesh). The bending performance of CuLMCs is characterized by the 

normalized resistance R/R0 (herein R0 and R are resistance before and after bending) versus the 

bending strain. As shown in Figure 5c-f, the normalized resistance R/R0 remains stable in a wide 

range of bending strain and only varied by a marginal factor of 2-4%.  Even at 4% bending strain 

(i.e., r = 4-5 mm), these composites show promisingly strain-insensitive resistance, which is 

around 1.44-1.50mΩ/sq. The normalized resistance of mesh 20 CuLMC (Figure 5c) has a slightly 

larger variance compared to others due to its low opening rate and larger thickness. Considering 

the flexible electronics applications, conductive composites should have a bending radius of 1-5 

mm62 with an electrical performance degradation of less than 10%.63 The bending test results of 

the CuLMCs show stable electrical responses (with 2-4% variation) even at a bending radius of 4-
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5 mm. Therefore, CuLMC has the potential in the application of flexible electronics like wearable 

interconnectors and flexible devices with stable conductivity.     

 

 

Figure 5. Electromechanical behavior of CuLMCs under bending deformation. a) Illustration of the test 

setup and bending radius of the substrate. CuLMC is mounted on a flexible support and then bent on a 

substrate with specific radius. b) The relationship between bending strain and substrate radius for each 

CuLMC. c-f) Normalized resistance versus bending strain of CuLMCs for different mesh sizes.  

 

4.5. Cyclic Performance and Anti-aging Coating. The cyclic performance of CuLMCs is 

critical for their applications in soft electronics. We found that the corrosive reaction64 between 

Cu and LM has a significant impact on the cyclic performance of CuLMCs, and discovered that a 

carbon coating on the copper mesh would resolve this problem.   

As shown in Figure 6, we have recorded resistance changes when the composites experienced 

cyclic stretch (triangular strain profile, 0 to 15%) for 1000 cycles. Firstly, we examined the 

influence of Cu-LM reaction on the cyclic performance of CuLMCs (without carbon coating). We 

conducted cyclic testing for two samples on day 1 (Figure 6a) and day 14 (Figure 6b) after 
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fabrication to examine the aging effect. On day 1, optical microscopy images in Figure 6a show 

no sign of corrosive reaction and the junction region contains sufficient LM with a bright metallic 

color. The cyclic resistance response is also very stable on day 1. After 1000 cycles, normalized 

resistance R/R0 changed in the range of 1.004 to 1.014, about 1% fluctuation. In contrast, the aging 

or corrosion process has a significant impact on the cyclic performance after 14 days. In Figure 

6b, the optical microscopy images show that the fiber surface becomes dark and LM disappears at 

junctions, evidencing corrosive reactions between Cu and LM and the formation of intermetallic 

compound CuGa2.
65 Meanwhile, the cyclic resistance response in Figure 6b is unstable given that 

the normalized resistance changes significantly after just 100 cycles.   

To suppress the corrosion process, we deposited a thin carbon coating on the copper mesh before 

LM coating, as illustrated in Figure 2. The detailed composition of carbon coating is evaluated by 

EDS in Figure S17, Supporting Information. Such a thin carbon coating serves as a barrier 

between Cu and LM to suppress corrosion 66 and preserve the LM junction. We choose carbon 

coating also because that it is highly conductive and would not impair the electrical conductivity 

of the composite. Certainly, other noble metal deposition may work as well if the wetting condition 

is good.  Figure 6c shows the cyclic performance of a CuLMC sample (with carbon coating) after 

14 days of fabrication. By comparing Figure 6a and 6c, the composites with carbon coating 

showed a negligible aging effect after 14 days. The normalized resistance of the composite in 

Figure 6c is very stable and fluctuates within a 1% range. Besides the stable cyclic resistance 

performance, optical microscopy images in Figure 6c confirm that the corrosive reaction between 

Cu and LM is unnoticeable and sufficient LM exists in the junctions and surfaces after 14 days.  

Hence, we conclude that a barrier coating such as a thin carbon layer on the copper mesh is 

necessary to guarantee the cyclic performance of CuLMCs.  
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We also tested the stress-strain responses of the CuLMCs under cyclic loading. The CuLMCs 

exhibit some extent of viscoelastic behaviors, given that there is a hysteresis effect during cyclic 

loading (Figure S10a, Supporting Information). Such a viscoelastic behavior potentially arises 

from the fiber-fiber friction and intrinsic viscoelastic nature of the Ecoflex 00-30 matrix.67 

Oxidation of the LM phase may contribute to the viscoelastic behaviors as well but the influence 

may be marginal.  In contrast to the viscoelastic behavior, no hysteresis was observed for the cyclic 

conductivity-strain responses (see Figure S10b, Supporting Information).                      

 

Figure 6. Cyclic electromechanical behavior of mesh 40 CuLMCs. a) Even without carbon coating, the as-

fabricated composite has good cyclic performance with stable normalized resistance R/Ro. The OM images 

indicate the presence of sufficient LM in the junction. b) After 14 days of aging, the composite without 
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carbon coating shows deteriorated performance under cyclic stretch. Optical microscopy images indicate 

that the Cu surface becomes darker and the LM junction disappears. This is due to the corrosive reaction 

between LM and Cu. Consequently, the cyclic testing data shows a large deviation of R/Ro. c) Adding 

carbon coating on the copper mesh significantly suppresses the aging process and enhances the cyclic 

stability of the composite. The optical microscopy images show the presence of LM on the surface and 

junctions after 14 days. The aging process can be suppressed further by depositing thicker carbon coatings.       

 

4.6. Strain-Insensitive Joule Heating Behavior. The strain-insensitive conductivity behavior 

of the proposed mesh composite with LM junctions is ideal to be employed as highly stretchable 

and strain-insensitive Joule heaters. For this application, we replace the Cu mesh with a brass mesh 

as the latter is more suited for Joule heating purposes for its higher Joule heating rate. The Joule 

heating behaviors of the brass mesh composites are presented in Figure 7. In Figure 7a-b, we 

compare the Joule heating performance of brass mesh composites before and after adding LM 

junctions, which are shown in Figure 7a and 7b, respectively.  The thermal images in Figure 7a-

b indicate that LM junctions remarkably improve the heating uniformity. Figure 7a-b also show 

that brass mesh composite with LM junctions reach higher and more consistent surface 

temperatures, owning to reduced contact resistance between fibers. The Joule heating performance 

and power consumption are compared and presented in Figure S15, Supporting Information.  

Figure 7c-d show the influence of mechanical strain (0%, 15%, and 30%) and LM junctions on 

the temperature evolution of the brass mesh composites at fixed voltages (1.0V or 0.8V). Herein, 

Figure 7c and 7d show results of the samples without and with LM junctions, respectively. From 

Figure 7d, we observe that LM junctions enable the composite Joule heaters with strain-

insensitive Joule heating behavior under stretching, which cannot be achieved without the LM 

junctions (Figure 7c). Furthermore, Figure 7e shows the strain-insensitive Joule heating behavior 

of the brass-LM composites with LM junctions under various deformation modes such as 
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stretching, bending, and twisting without influencing average surface temperatures. The Ashby 

chart (Figure 7f) compares normalized surface temperature (ΔT/T₀) with present literature and 

evidently shows that the proposed brass-LM composites have the highest stretchability (140% 

strain) with strain-insensitive Joule heating performance. The angled mesh brass-LM heater shows 

very high stretchability (Figure S13, Supporting Information) with uniform heat distribution and 

marginal temperature drift under stretching. In addition, the heater exhibited excellent 

environmental stability, maintaining consistent performance over 20 days (Figure S14, Supporting 

Information). Furthermore, it demonstrated robust cyclic heating reliability with negligible 

degradation observed across repeated thermal actuation cycles (Figure S14e, Supporting 

Information).   
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Figure 7. Strain-insensitive joule heating performance of brass mesh composites with LM junctions. a) 

Brass 30 mesh composites without LM junctions exhibit poor inter-fiber conductivity, localized heating, 

and thermal inconsistency. b) Brass 30 mesh composites with LM junctions (brass-LM composites) exhibit 

improved conductivity with more uniform and efficient heating performance. c) Temperature evolution 

profile of brass mesh composite without LM junctions under stretching. d) Temperature evolution profile 

of brass mesh composite with LM junctions under stretching. e) Average surface temperature of brass mesh 

composite with LM junctions under various deformation modes. Strain-insensitive Joule heating 

performance is observed. f) The Ashby chart shows that the strain-insensitive Joule heating behavior of the 

proposed brass-LM composites outperforms others with low thermal drift under large strain. Detailed data 

are tabulated in Table S7, Supporting Information.    

 

4.7. Stretchable and Wearable Circuits. To empirically validate the performance, we have 

implemented CuLMC in a stretchable circuit (Figure 8a). In this setup, narrow strips of CuLMC 



      

25 

 

are connected to LEDs, designed to withstand a variety of mechanical deformation modes. When 

a voltage is applied, the assembly endures 50% stretching, about 900 twisting, and significant 

twisting/bending. Remarkably, throughout this rigorous process, the LEDs maintain their initial 

luminosity consistently. The resilience under mechanical stress, combined with electrical 

performance, potentially unleashes the application in wearable electronics and soft robotics as 

well. To investigate the compatibility with wearable electronics, CuLMC was integrated with 

multiple flat LEDs. As an attempt for complex shapes, integrated LEDs with CuLMC strips are 

connected as a BU-shaped structure. Later, the whole system is transferred and attached to a textile 

clothing surface. Normally, textile clothing withstands multi-directional deformation. To mimic 

real-world wearability, various deformation is also applied (Figure 8b). The vertical and diagonal 

elongation on clothing shows that the illumination of LEDs remains stable, which is a potential 

indication of better circuit functionality and integrity. Exceptional conditions mimicry (Figure 

S11, Supporting Information) such as simultaneous multi-directional bending, rolling, and 

bending-stretching also exhibited plausibly strain-insensitive conductivity. In the realm of 

wearable electronics, strain insensitivity is highly suitable for dynamic display and health 

monitoring devices, where maintaining functionality under stress conditions is decisive.  

4.8. Capacitive Pressure Sensor. Pressure or tactile sensors are useful elements for wearable 

and flexible electronics, soft electronics, virtual reality, etc. As CuLMCs are strain-insensitive, 

highly conductive, flexible, and stretchable, they would be a good candidate for the capacitive 

pressure sensor. We have fabricated a capacitive pressure sensor as a sandwich structure by 

embedding a polyurethane foam layer in the middle and CuLMCs as top-bottom electrodes. The 

middle layer functions as a diaphragm keeping a certain distance between the electrodes. The 

actuation mode works based on the parallel distance and surface area of CuLMC electrodes. As 
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shown in Figure 8c, when pressure is applied, the thickness of the middle layer decreases and 

induces a higher capacitance value. To measure the effectiveness of the actuation principle, various 

modes of tactile feedback are tested, for instance, normal touch (Figure 8d), and haptic touch 

(Figure 8f). For normal touch, it changes the distance and hence the capacitance value, which is 

reflected by the relative change of capacitance (ΔC/C0). To check the maximum sensitivity range 

(Figure 8e), the sensor undergoes maximum compression, where it shows approximately 2.5 times 

shift in sensitivity than the initial value, which means the sensor has a very high sensitivity range. 

As CuLMCs are flexible, the sensor is capable of detecting haptic touch (Figure 8f) such as soft, 

medium, and hard, which would be potentially useful for designing adaptive robotic hands and 

smart grippers. To check the viability, another interesting prospect is demonstrated by grabbing a 

coffee cup (Figure 8g). In this case, the sensor was mounted on the palm of the right hand, and in 

situ capacitance data was then recorded before and after grabbing the object. As the hand palm 

folded, the sensor triggered the capacitance response and resulted in an abrupt rise in the graph.           
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Figure 8. Application of CuLMCs as circuits, wearable interconnects, and pressure/tactile sensors. a) The 

stretchable circuit is incorporated with surface-mount LEDs backed by CuLMC. CuLMC can endure 

mechanical deformation in various modes such as stretching, bending, and twisting without compromising 

the brightness of LEDs. Scale bar 3cm. b) BU-shaped wearable interconnects attached to a textile garment. 

The interconnect is stretched in vertical and diagonal directions. Scale bar 3cm. c) Schematic of capacitive 

pressure sensor fabricated as a sandwich structure. d) Normal touch response on the sensor leads to 

variations in relative capacitance (ΔC/Co). e) Sensitivity limit measurement by compression. f) Capacitance 
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responses in different levels of touch (haptic mode). g) Pressure response before and after grabbing an 

object. The sensor is attached to the hand palm. 

 

4.9. Stretchable Heater, Heat Activated Transparency and Thermo Responsive Bending. 

Reliable thermal uniformity and strain-insensitive Joule heating performance are desired for 

flexible and wearable Joule heaters. Figure 9 illustrates the Joule heating performance of flexible 

heaters and actuators. A strip of brass-LM composite heater is attached to a human knee (Figure 

9a) to demonstrate thermotherapy application. It demonstrates mechanical robustness with stable 

temperature output (50.3°C straight and 49.6°C stretched). The soft Joule heater can also be 

wrapped around cylindrical and curved surfaces like a vial or pipe. In addition, such a soft Joule 

heater can also be used for thermal actuation as presented in Figure 9b-c. Herein, a switchable 

transparency actuator is fabricated with a brass-LM composite film as the heating source. PDMS 

and PW are used to encapsulate the brass-LM film. The actuator is opaque at room temperature 

but quickly turns transparent when voltage heats it above PW’s melting point, revealing the text 

behind it. Thermo-responsive bending actuation (Figure 9c) is achieved using a thin solidified PW 

layer (300μm). It keeps the actuator flat initially when the voltage is off and bends progressively 

as the voltage heats PW from solid to liquid phase. 
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Figure 9. Applications of the brass-LM composites as highly stretchable and strain-insensitive Joule 

heaters. a) Surface adaptability of flexible heaters for thermotherapy (left) and wrapping heaters (middle 

and right). b) Schematic and performance of a heat-activated switchable transparency actuator. c) Schematic 

and demonstration of heat-based bending actuation.    

 

5. CONCLUSION 

In this work, we propose a new design concept for soft conductive composites to achieve high 

conductivity and stretchability simultaneously. It is well known that soft conductors usually suffer 

from a conductivity-stretchability tradeoff as these two properties usually oppose each other. By 

examining existing soft conductive composites, we conclude that soft composites with hybrid 

solid-liquid fillers are the most promising approach to overcome this tradeoff and attain high 

performance. In order to achieve both high conductivity and stretchability, the hybrid composites 
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need to have a primary solid network offering conductivity and a secondary liquid network 

offering stretchability. Employing this concept, we proposed a new class of soft conductive 

composites named CuLMCs, which consist of a woven copper fiber network, LM-based soft 

junctions, and a compliant elastomer matrix. The copper fiber network serves as the primary 

network, highly conductive and stretchable. Meanwhile, the LM junctions mitigate the contact 

resistance at fiber junctions without influencing their mobility and stretchability. Both the 

microstructural design and contract resistance treatment are needed to achieve high performance.  

This ‘soft conductive junction’ concept shows advantages over the contemporary hard junction 

approach in terms of conductivity and stretchability. 

Our experimental results indicate that these CuLMCs exhibit several prominent features such as 

high conductivity (up to 77,000 S/cm), high stretchability (up to 180%), strain-insensitivity, and 

cyclic stability.  For flexible electronics applications, the current target performance of 

development is 40,000-60,000 S/cm conductivity (10% of copper) under 30% stretch. Some of our 

CuLMCs can achieve conductivity around 60,000 S/cm under 45-70% stretch, which are 

remarkable values for soft conductors. In addition, using a similar design, we also achieve strain-

insensitive Joule heating behavior for strain up to 140%. In brief, CuLMCs have pushed the current 

limit of soft conductors in terms of conductivity and stretchability. Notably, we also discovered 

that adding a carbon coating on the copper network will suppress corrosion and increase the 

lifespan of the materials. Overall, the ultra-high and strain-insensitive conductivity, high 

stretchability, and cyclic stability have enabled CuLMCs promising applications in soft and 

flexible electronics, soft sensors, soft robotics, stretchable Joule heaters, etc. Some potential 

applications have been demonstrated in this work. 
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Future research is much needed for the manufacturing of these hybrid woven network 

composites with finer feature sizes to broaden their applications in stretchable electronics. In 

addition, it would also be very interesting to discover other microstructural designs for the woven 

networks towards better performance.   
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Table S1. Specifics of the woven copper mesh used in this work. 

Mesh Size Fiber Diameter [mm] Mesh Thickness [mm] Opening Rate [%] 

20 0.15 0.30 77.77 

30 0.11 0.22 75.70 

40 0.10 0.20 70.98 

60 0.075 0.15 67.71 

 

 

The mesh opening rate 𝑟𝐴 can be calculated by using the following equations.  

𝑟A = (
𝑎

𝑎+𝑑
)

2

      (S1) 

25.4 𝑚𝑚

𝑀𝑒𝑠ℎ 𝑠𝑖𝑧𝑒
= 𝑝𝑖𝑡𝑐ℎ = 𝑎 + 𝑑      (S2) 

 

where 𝑎 is the mesh opening and 𝑑 is the fiber diameter (both in mm). 
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Table S2. Survey of electrical conductivity of soft/stretchable conductive composites†.  

Material 
Fabrication 

Method 

Initial 

Electrical 

Conductivity 

[S/cm] 

Maximum 

Insensitive 

Strain [%] 

Electrical 

Conductivity 

at Maximum 

Insensitive 

Strain [S/cm] 

Ref. 

CuLMC Composites: 

Mesh 20 CuLMC (no prestrain) PVD, coating 48000 40 48000 

This 

work 

Mesh 30 CuLMC (no prestrain) PVD, coating 67000 30 66000 

Mesh 40 CuLMC (no prestrain) PVD, coating 75000 25 73500 

Mesh 60 CuLMC (no prestrain) PVD, coating 77000 22 76500 

Mesh 20 CuLMC (-50% prestrain) PVD, coating 27000 180 27000 

Mesh 30 CuLMC (-35% prestrain) PVD, coating 40000 120 40000 

Mesh 40 CuLMC (-10% prestrain) PVD, coating 65000 45 64000 

Mesh 40 CuLMC (-20% prestrain) PVD, coating 58000 55 57000 

Mesh 40 CuLMC (-33% prestrain) PVD, coating 45000 100 44000 

Mesh 60 CuLMC (-26% prestrain) PVD, coating 58000 70 58000 

      

  

 
† Three criteria were used to screen data from the literature: (1) Conductivity is higher than 1000 S/cm. 

(2) Conductivity is considered as strain-insensitive if it is within 10% change compared to initial 

conductivity. (3) Skeptical data that are physically impossible were removed.  
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Table S2. (continued) 

Material 
Fabrication 

Method 

Initial Electrical 

Conductivity 

[S/cm] 

Maximum 

Insensitive 

Strain [%] 

Electrical 

Conductivity 

at Maximum 

Insensitive 

Strain [S/cm] 

Ref. 

LM Filler Composites: 

GaInSn PDMS mixing, casting 16200 40 14500 1 

EGaIn PDMS mixing, casting 1370 50 1300 2 

LMP PU 
mixing, 

printing 
21000 100 20000 3 

Hard Filler Composites: 

AgNP PVDF 
mixing, hot 

rolling 
3228 5 2500 4 

AgNW SBS direct printing 5500 20 5200 5 

AgNW PDMS 
solution 

casting 
5285 45 4700 6 

Au PVP 

electrospinning 

& vacuum 

deposition 

5800 a) 10 5500 7 

Ag-AuNW SBS mixing, casting 41850 b) 0 - 8 

Hybrid Filler Composites (i.e., solid-liquid filler): 
 
Ag flakes EGaIn PUA direct printing 6250 600 5700 9 

Ag flakes EGaInPs direct printing 8331 100 7500 10 

Ni-EGaIn PDMS stencil printing 8000 c) 25 7000 11 

EGaIn-Ag-SIS direct writing 2500 400 2250 12 

AgNW-EGaIn-PDMS drop casting 9000 25 8000 13 

EGaIn-Ni CPU 
solution 

mixing 
2479 100 2400 14 

a)calculated from the given parameters; b)taken from their Ashby chart; c)this composite is for comparison 

only.  
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Stretchability enhancement of CuLMCs by prestrain 

The interwoven copper mesh exhibits a unique microstructural geometry that can be reconfigured by 

adjusting the intersection angles through compression or tension. The fibers within the mesh are capable 

of moving freely up to a specific threshold for each geometric configuration.  As depicted in Figure S1 

(a), when tension is applied to a crossed mesh with a 900 intersection angle, the fibers undergo a certain 

degree of rotation before fiber pullout occurs. For an angled mesh (pre-compression), this geometric 

adjustment enables the mesh to achieve a higher degree of stretchability when subjected to tension, owing 

to the increased freedom of rotation at the intersection angles. Therefore, CuLMCs made of angled copper 

mesh have improved stretchability, although some conductivity will be sacrificed. 

 

Figure S1. Stretchability enhancement by tuning the angle of the mesh through prestrain. (a) Schematic 

of crossed mesh and angled mesh geometry. The intersectional angle in the crossed mesh is 900 and 

increases with compression (folding) and reduces with tension (unfolding). (b) Schematic of stretchability 

enhancement by tuning the intersectional angle in the mesh. Angled mesh is able to provide extended 

stretchability by applying prestrain. (c) Optical images of different angled mesh geometry under maximum 

compression (prestrain). The intersection angle for mesh 20, 30, 40, and 60 are respectively 1540, 1400, 

1350, and 1300. Scale bar 1mm. (d) Optical images of mesh 20 CuLMC in different states. The original 

mesh is pre-compressed with -50% strain (prestrain) before encapsulation in PDMS. No folds/wrinkles 

are present in the microstructure before and after embedding.  
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Stretchability-Conductivity Relation of Angled CuLMCs 

The relationship of prestrain applied by rotation angle, conductivity, and stretchability can be established 

from the following theoretical analysis.     

 

Conductivity-Prestrain Relation 

In crossed mesh geometry, the material conductivity can be expressed as Equation (S3) below,  

𝜎𝐸 =
1

𝑅

𝐿

𝑊𝑡
   (crossed mesh)   (S3) 

where 𝑡 is the sample thickness, 𝑅 is resistance, 𝐿 is the length, and 𝑊 is the width. To simplify the 

calculation, a unit cell is considered from the composite sample. Normally under prestrain ε, the unit cell 

will deform but the fiber length is constant, as illustrated in Figure S2.  

 

As shown in Figure S2, after applying prestrain (pre-compression), the total length and width of the sample 

change to 𝐿 (1 + ε ) and 𝑊√1 − ε2 − 2ε, while the thickness t and resistance R are almost constant. Then 

following Equation (S3), the material conductivity of a prestrained mesh is 

𝜎𝐸 =
1

𝑅

𝐿

𝑊𝑡

1 + 𝜀

√1 − 𝜀2 − 2𝜀
      (S4) 

In case with no prestrain (ε = 0), Equation (S4) degenerates to Equation (S3).   Here,  
𝑅

𝐿/𝑊
= 𝑅𝑠 is 

known as the sheet resistance (Ω/sq). The sheet resistance and thickness of the copper meshes are 

measured and outlined in Table S3.  

 

According to Equation (S4), the electrical conductivity generally decreases with the increase of prestrain 

under compression. The mesh 60 CuLMC exhibits the highest electrical conductivity, and the mesh 20 

CuLMC shows the lowest. The trends are presented in Figure S4 (a), Figure S5 (b), and Figure S8.   

 

Stretchability-Prestrain Relation 

The stretchability of a square mesh can be enhanced by applying prestrain (pre-compression) by altering 

the angle. The mechanism is illustrated in Figure S3 and explained below. As illustrated in Figure S3, a 

mesh unit cell has three deformation states: maximum compression, maximum tension, and prestrain. The 

maximum compression state and maximum tension state are two extreme scenarios when fiber locking 

occurs and no further deformation is feasible. These two states are actually identical after 90° rotation.  

Under prestrain ε, the length of a unit cell changes to 𝑙3. The stretchability of a prestrained mesh is 

measured from the prestrain state to the maximum tension state, as 𝜀𝑚𝑎𝑥 =
𝑙2−𝑙3

𝑙3
. Under pre-compression, 

𝑙3 decreases so that 𝜀𝑚𝑎𝑥 can be increased.     

 

The stretchability-prestrain relation can be derived theoretically below. Designating 𝜀𝐶̅  the maximum 

compression strain and 𝜀𝑇̅  the maximum tension strain, the length of the deformed unit cell can be 

obtained as shown in Figure S3. Considering that the fiber length is constant, 𝜀𝐶̅  and 𝜀𝑇̅  follow a simple 

relation as 

𝜀𝑇̅ =  √1 − 𝜀𝐶̅
2 − 2𝜀𝐶̅ − 1       (S5) 
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where the maximum compression strain 𝜀𝐶̅  needs to be calibrated from experiment. Table S4 presents the 

measured 𝜀𝐶̅ values for different meshes and the predicted 𝜀𝑇̅  using Equation (S5). Finally, the 

stretchability of a prestrained mesh is given by 

𝜀𝑚𝑎𝑥 =
𝑙2−𝑙3

𝑙3
=

 𝜀̅𝑇 − ε

1+ ε
       (S6) 

The stretchability-prestrain relation in Equation (S6) is illustrated in Figure S4. The results show that 

applying prestrain can increase the stretchability dramatically. Figure S4, together with Equation (S4) 

and (S6), can be used to design the conductivity and stretchability of CuLMCs using prestrain engineering.  

 

Table S3. Sheet resistance and thickness of the CuLMCs. 

Composite Parameters 
Experimental 

Value 

Mesh 20 
Sheet Resistance, Rs 

Thickness, t 

0.000657 Ω/sq 

300 µm 

Mesh 30 
Sheet Resistance, Rs 

Thickness, t 

0.000667 Ω/sq 

220 µm 

Mesh 40 
Sheet Resistance, Rs 

Thickness, t 

0.000685 Ω/sq 

200 µm 

Mesh 60 
Sheet Resistance, Rs 

Thickness, t 

0.000806 Ω/sq 

160 µm 
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Figure S2. Schematic of mesh geometry and unit cell before and after applying prestrain ε to change the 

intersectional angle. 

 

   

Figure S3. Schematic of crossed and angled mesh microstructures and unit cell under various deformation 

states. The stretchability 𝜀𝑚𝑎𝑥 is measured from the prestrain state to the maximum tension state, defined 

as 𝜀𝑚𝑎𝑥 =
𝑙2−𝑙3

𝑙3
.  
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Table S4. Maximum compression & maximum tension of the copper meshes by changing intersection 

angle. 

Composite Maximum compression (𝜀𝐶̅) Maximum tension (𝜀𝑇̅) 

Mesh 20 -0.50 0.32 

Mesh 30 -0.35 0.26 

Mesh 40 -0.33 0.25 

Mesh 60 -0.26 0.21 

 

 

 

Figure S4. Theoretical prediction of electrical conductivity and stretchability of prestrained CuLMCs. (a) 

Theoretical prediction of the conductivity-prestrain and stretchability-prestrain relations of composites 

with different mesh sizes. (b) Comparison of theoretical prediction and experimental measurement of the 

stretchability-prestrain relation. The stretchability is considered up to the fiber rotation stage. 
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Figure S5. The electrical conductivity of copper mesh composites (CuCs), LM-coated composites 

(CuLMCs), and prestrained (angled mesh) CuLMCs. (a) Optical microscopy images of fiber cross-

sections for different mesh sizes. The diameter of mesh 20, 30, 40, and 60 is 150µm, 110µm, 100µm, and 

75µm, respectively. (b) The electrical conductivity of CuCs, CuLMCs, and prestrained CuLMCs. Due to 

high junction resistance, the CuCs exhibit poor electrical conductivity. The LM junction reduced the 

contact resistance significantly and achieved 20- to 60-fold improvement in conductivity. The prestrained 

composites also show remarkable improvement in electrical conductivity, although the conductivity is 

slightly lower as tradeoff of better stretchability.   
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Figure S6. The working mechanism and performance of the strain-insensitive conductivity behavior of 

mesh 40 CuLMCs. (a) Illustration of a hypothetical conductive pathway (red arrow) in the composite in 

the original, prestrained, and stretched states. The total length of the conductive pathway remains equal in 

every state, giving rise to the strain-insensitive conductivity behavior. (b) Schematic and optical images 

of the microstructure evolution at the original, stretched, and released states. The geometry expands under 

tensile strain (stretched up to 25% strain) and reverts to its original configuration upon release. The LM 

bridge (bottom row) in the junction area typically distorts under stretching and recovers upon release of 

the stretching. (c) The resistance trend of mesh 40 CuLMC in all three states. The overall resistance 

remains steady and does not fluctuate as long as the length of the conductive is maintained constant. Two 

different types of samples were analyzed: surface covered (coated with LM), and surface cleared (coated 

with LM and then polished & wiped with the isopropyl alcohol to remove LM from the surface area). The 

removal of LM from the surface has very marginal impact on the electrical properties. (d) The electrical 

conductivity of mesh 40 before and after encapsulation in PDMS. (e) LM bridge morphologies obtained 

from Surface Evolver simulations for a LM droplet with a volume of 0.3 micro liter between two fibers 

with 900, 450, 300, and 00 rotation; radius of fibers is 0.3µm and height is 10µm; contact angle is considered 

100.   
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Figure S7. Additional electromechanical behavior of mesh 40 CuLMC composites before and after LM 

coating. The conductivity behavior is different before and after LM coating. (a) Stress-strain curve before 

coating. (b) Conductivity-strain curve before coating. (c) Stress-strain curve after coating. (d) 

Conductivity-strain curve after coating. Before coating, it lacks junction connectivity so the contact 

resistance is high; therefore, conductivity is poor and strain-sensitive. The LM coating improved the 

conductivity and strain insensitivity. From the microstructure perspective, composites are stretchable to a 

certain limit until geometric hardening and fiber interlocking start. There are three different stages during 

mechanical stretch: i) fiber rotation, ii) fiber interlocking, and iii) fiber pullout failure. The electrical 

conductivity in the geometric free movement region is stable for coated composites and gradually 

increases to the peak for uncoated composites. Beyond that, conductivity starts to reduce for both cases, 

evidencing accumulating damage in the composites.     
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Figure S8. Electrical conductivity of prestrained CuLMCs under stretch: (a) Mesh 20; (b) Mesh 30; (c) 

Mesh 40; (d) Mesh 60.  Among these samples, mesh 20 CuLMC has the lowest electrical conductivity 

and mesh 60 CuLMC has the highest. The prestrain strategy also improved the stretchability and it is 

respectively 180% for mesh 20, 110% for mesh 30, 90% for mesh 40, and 60% for mesh 60 CuLMC.      
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Figure S9. Electromechanical testing setup for tension and bending test. (a) Four wire resistance 

measurement during tensile testing. (b) Bending test setup (smaller substrate radius, bending strain 2.5 to 

4%, the device is assembled by Veeder-root) coupled with electrical measurement. (c) Bending test setup 

(larger substrate radius, bending strain 0.5 to 2%, assembled by associated environmental systems 

BHK4108) coupled with electrical measurement. Tensile bending is followed for all the specimens.   
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Figure S10. Additional electromechanical behavior of mesh 40 CuLMCs during cyclic loading-unloading 

test. (a) The stress-strain curve shows a hysteresis effect, possibly induced by the fiber-fiber friction, 

viscoelastic nature of the Ecoflex 00-30 matrix 15, and perhaps liquid metal oxidation as well. (b) The 

electrical conductivity curve remained unchanged in a loading-unloading cycle.   
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Figure S11. Application of CuLMCs as stretchable and wearable interconnects mounted on textiles under 

extreme conditions. (a) Rolling. (b) Multi-directional bending. (c-d) Simultaneous bending and stretching 

from diagonal direction and vertical direction. The luminosity is stable for all cases. Scale bar, 3cm.  
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Figure S12. Comparison of the electrical conductivity-strain relations of CuLMCs with random 

percolation, structure (Kirigami) and geometry-based (wrinkle/folded) composites. The random 

percolation-based designs (liquid metal and hybrid fillers) exhibit high electrical conductivity and nearly 

constant conductivity under stretching. The structure-based design with wrinkles, folding, prestrain show 

mostly strain sensitive behavior. The geometric based design (Kirigami/Origami) exhibits completely flat 

trends. The CuLMCs display perfectly strain-insensitive behavior as well as high electrical conductivity. 

Detailed data are tabulated in Table S6.    
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Table S5. Electrical resistance of CuCs and CuLMCs fabricated from different mesh sizes. 

Mesh Size 
CuC 

[Ω] 

CuLMC 

[Ω] 

20 1.03 0.0029 

30 0.62 0.0033 

40 1.68 0.0036 

60 1.31 0.0048 
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Table S6. Survey of electrical conductivity of random percolation, structure, and geometry-based 

stretchable conductive composites.   

Material 
Design 

Mechanism 

Initial 

Electrical 

Conductiv

ity [S/cm] 

Maximum 

Strain 

[%] 

Electrical 

Conductivity 

at Maximum 

Strain [S/cm] 

Ref. 

CuLMCs: 

Mesh 20 CuLMC (-50% prestrain) prestrain 27000 180 27000 This work 

Mesh 30 CuLMC (-35% prestrain) prestrain 40000 120 40000 This work 

Mesh 40 CuLMC (-33% prestrain) prestrain 45000 100 44000 This work 

Mesh 60 CuLMC (-26% prestrain) prestrain 58000 70 58000 This work 

Random Percolation Based: 

GaInSn PDMS percolation 16200 40 14500 1 

LMP PU percolation 21000 100 20000 3 

Ag flakes EGaInPs percolation 8331 100 7500 16 

Prestrain/wrinkle/folded Based a): 

Ag SRAR prestrain 1100 150 200 17 

AuNP PDMS wrinkle 11000 100 1600 18 

Ni PDMS wrinkle 15200 70 1520 19 

EGaIn SBS wrinkle 18000 300 2000 20 

AgNW PDMS wrinkle 8130 80 4500 6 

Origami/Kirigami Based Design b): 
 
LM Paper Kirigami 3000 100 3000 21 

Ag NF (below 1000C) Kirigami 1420 100 1400 22 

PEDOT Fe2O3 Kirigami 650 150 630 23 

a)2D based and thin films-based designs are avoided; b)Kirigami and origami are presented only for the 

comparison.  
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Figure S13. Joule heating behavior of prestrained (angled mesh) brass-LM composite under mechanical 

stretching. To attain higher stretchability, the brass-LM mesh 30 was prestrained to -60%. The 

conductivity for the prestrained brass-LM composite is 4838S/cm before stretching. (a) Temperature 

profile vs time under various voltages (0.6 to 1.0V) for unstretched samples. (b) Temperature evolution 

under various strain levels. (c) The thermal images of a composite heater under stretching from 0 to 220% 

strain. (d) The average surface temperature of the Joule heater under stretching. The Joule heating behavior 

is nearly strain-insensitive up to 140% of strain. 
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Figure S14. Joule heating stability analysis of brass-LM composites on day 1 and day 20. (a) The heating 

and cooling curves with voltage 0.7 to 1.0V (top) on day 1. Temperature evolution under different strain 

levels (middle). Thermal images of both original state and stretched condition (bottom). (b) The top graph 

depicts the heating and cooling curves for the day 20 sample from 0.7 to 1.0 V. The middle section shows 

the temperature response of the stretched sample during the heating and cooling process. The bottom row 

presents thermal images of both original state and stretched condition (bottom). (c-d) Optical microscopy 

images of the heater on day 1 and day 20. The images confirm the presence of fluidic LM in the junction 

while showing no observable signs of corrosion in both cases. (e) Cyclic heating behavior under an applied 

voltage of 0.8V. Temperature-cycle trends depict heater response on day 1 and day 20, indicating a 

consistent thermal profile over 20 cycles. 
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Figure S15. Joule heating performance of the crossed mesh and angled mesh (prestrained) brass-LM 

composite heaters. (a) The relationship of maximum temperature with voltage, power consumption, and 

strain of the crossed mesh brass-LM heater. (b) The relationship of maximum temperature with voltage, 

power consumption, and strain of the angled mesh brass-LM heater. (c) Effect of LM junctions on the 

Joule heating performance of the crossed mesh brass-LM composites. Adding LM junctions significantly 

improves the strain-insensitivity and elevates the temperature profile higher.  
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Figure S16. SEM images of conductive LM junction. (a) Junctions in a crossed mesh. (b) Junctions in an 

angled mesh.  
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Figure S17. EDS mapping of carbon coated copper mesh. (a) SEM images of carbon coated copper mesh. 

EDS element map of (b) all elements, (c) copper, (d) carbon, and (e) oxygen. (f) EDS spectra of Cu-C and 

respective element.    
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Figure S18. Additional optical images of 0%, -10%, -20%, and -33 prestrained mesh 40 CuLMC (a) 

before, and (b) after stretching during electromechanical testing. Scale bar is 10mm.    
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Table S7. Survey of soft and stretchable composites for Joule heating applications.   

Material Structure Stretchability 

[%] 

Temperature 

at 0% Strain 

[oC] 

Temperature 

at maximum 

Strain [oC] 

Temperature 

Variation, 

ΔT/T [%] 

Ref. 

Brass-

LM/PDMS 

Composites 30 72 69.5 3.5 This 

work 

Brass-

LM/PDMS 

Composites 140 70 66 5.7 This 

work 

NW/PDMS Composites 30 80 40 50 24 

AgNF/SF Composites 75 45 38 15.6 25 

CuZr/PDMS Composites 70 120 90 25 26 

CNT/TRH Composites

/Textiles 

100 100 78 22 27 

CMT/PDMS Composites

/Textiles 

70 120 140 16.7 28 

GNS/SBR Composites 70 165 150 9.1 29 

EGaIn/PDMS Composites 75 100 90 10 30 

LM/CIP/PDMS Composites 50 42 45 7.1 31 

AgNW/SBS Composites 50 44 38 13.6 32 

CuNW/PE Fibers/Text

iles 

80 68 50 26.5 33 

CNT/PDMS Composites 30 155 140 9.7 34 

EGaIn/Ag/SEBS Composites 120 48 40 16.7 35 
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