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Abstract

Highly conductive elastic composites were constructed using multistep solution-based fabrication 

methods that included the deposition of a nonwoven polymer fiber mat through solution blow 

spinning and nanoparticle nucleation. High nanoparticle loading was achieved by introducing 

silver nanoparticles into the fiber spinning solution. The presence of the silver nanoparticles 

facilitates improved uptake of silver nanoparticle precursor in subsequent processing steps. The 

precursor is used to generate a second nanoparticle population, leading to high loading and 

conductivity. Establishing high nanoparticle loading in a microfibrous block copolymer network 

generated deformable composites that can sustain electrical conductivities reaching 9000 S/cm 

under 100% tensile strain. These conductive elastic fabrics can retain at least 70% of their initial 

electrical conductivity after being stretched to 100% strain and released for 500 cycles. This 

composite material system has the potential to be implemented in wearable electronics and robotic 

systems.
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INTRODUCTION

Materials with the ability to maintain high electrical conductivity under large deformations 

are necessary for the fabrication of stretchable electrical circuits with high performance and 

energy efficiency. Specifically, materials for connecting a variety of different rigid electric 

components on deforming substrates need to sustain electrical conductivities exceeding 1000 

S/cm under tensile strain above 100% for applications in epidermal wearable devices, 

epidermal electronics, and robotics.1−3 As interconnects, elastic conductors have been 

utilized for stretchable electronic devices, including displays,4 solar cells,5 supercapacitors,6 

batteries,7 radio-frequency antennas,8−10 smart textiles,11–13 and epidermal sensors.14–16

The inherently brittle nature of most conductive materials and poor electrical properties of 

elastomers necessitate the use of composites in the development of elastic conductors with 

high electrical conductivity.17,18 Recent efforts toward developing intrinsically stretchable 

conductors using conductive polymers and macromolecular additives have led to conductive 

polymers blends that remain conductive under strain values exceeding 100%.2,3,11,19 The 

applicability of conductive polymer blends is limited due to low electrical conductivity 

values, leading to the continued investigation of composite elastic conductors.2,20–22 The 

most common approaches are liquid metal-filled channels within soft elastomer 

matrixes8,23,24 or conductive networks composed of nanowires25,26 or nanotubes27,28 

backfilled with an elastomeric component. In the first case, the liquid metal alloy is able to 

take the shape of channels fabricated in a soft elastomeric matrix. These elastic conductors 

have reliability concerns due to their extremely poor mechanical properties and risk of 

leakage of the conductive component.17,23 Elastomer-backfilled conductive nanowire or 

nanotube networks have similar advantages and deficiencies with the ability to maintain high 

electrical conductivity at the expense of poor mechanical properties. In these materials, the 

large amount of the conductive component required for high conductivity leads to limited 

elongation at failure.26,27,29−31 Certain limitations of these approaches have been resolved 

by patterning the metallic component in specific geometries, including springs,32,33 wavy,
32,34−36 and fractal patterns.37 These patterns are able to maintain high conductivities under 
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moderate strains but have finite maximum strains that arise from the limitations of the 

chosen geometry.35,37

More recently, elastic conductors made using composites that consist of elastomers and 

conductive nanoparticles have proven to be an effective means of developing high-

performance materials for use in stretchable device applications.9,38 Even though these 

materials require higher concentrations of the conductive component when compared to 

nanowires or nanotubes to establish conductivity, the spherical geometry provides improved 

particle mobility within the polymer matrix when undergoing strain.17,39 Increased particle 

mobility allows these composites to maintain a large percentage of their initial conductivity 

under tension due to the dynamic formation of alternate conductive pathways during 

deformation. The elastic properties of these composites still considerably diminish with 

increasing nanoparticle content, which is required to reach high conductivity values.39

Using polymer fibers as the elastomeric portion of the composite has partially addressed this 

shortcoming.9,38 Confining nanoparticles in a cylindrical geometry enables the composites 

to reach higher electrical conductivity values with the same filler content due to a lower 

percolation threshold.9 The fiber network also provides a mechanism to establish alternative 

conductive pathways under tensile deformation through fiber rearrangement.40 Elastic 

conductors based on polymer fiber networks have displayed a variety of material properties 

ranging from highly deformable materials with limited electrical conductivity38 to highly 

conductive composites with strain-sensitive electrical properties.9 The difficulties in 

achieving both a highly deformable and highly conductive material arise from nanoparticle 

localization at the fiber surface and/or low volumetric concentration of the nanoparticles in 

the composite.9,38

Here, we demonstrate solution-based fabrication of highly conductive composites that 

consist of block copolymer fiber networks and conductive nanoparticles. High nanoparticle 

loading is achieved by introducing silver nanoparticles into the fiber spinning solution. The 

presence of the silver nanoparticles facilitates improved uptake of silver nanoparticle 

precursor in subsequent processing steps. The precursor is used to generate a second 

nanoparticle population, leading to high loading and conductivity. Specifically, poly(acrylic 

acid)-capped silver nanoparticles (Ag−PAA nanoparticles) were synthesized using an 

aqueous synthesis method. The synthesized Ag−PAA nanoparticles were then dispersed in a 

solution of poly(styrene-b-isoprene-b-styrene) (SIS) block copolymer dissolved in 

tetrahydrofuran (THF). This solution is then deposited as a nonconductive polymer fiber 

network containing in-fiber Ag− PAA nanoparticles using a technique called solution blow 

spinning. This technique allows polymer fiber networks to be rapidly deposited on a 

substrate of interest, including synthetic and biological interfaces.38,41 A second population 

of nanoparticles is introduced to the polymer−nanoparticle composite through the addition 

and nucleation of an organometallic precursor. The nucleation of secondary nanoparticle 

population leads to the formation of an interconnected network of conductive nanoparticles 

throughout the composite. The resulting material reaches a maximum initial conductivity 

value of 9000 ± 200 S/cm, which drops to 5100 ± 250 S/cm after 500 cycles at 100% strain. 

The high electrical conductivity of the composites can be attributed to the high silver 

nanoparticle concentration distributed in and around the elastomeric fiber matrix. 
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Additionally, the elastomeric fiber matrix helps sustain a significant portion of the electrical 

conductivity under cyclic tensile deformation by facilitating the formation of alternative 

conductive pathways.

EXPERIMENTAL SECTION

Synthesis of Poly(acrylic acid)-Capped Silver Nanoparticles.

Poly(acrylic acid) (PAA)-capped silver nanoparticles were synthesized using AgNO3, 

monoethanolamine (MEA), and PAA. Initially, 100 mmol AgNO3 (Sigma-Aldrich, 99%), 

400 mmol MEA (Sigma-Aldrich, 99%), and 7.2 mL of PAA (Acros Organics, 50 wt % water 

solution) were dissolved in 75 mL of deionized water and stirred for 30 min. The solution 

was placed in an oil bath with temperature set to 60 °C and rigorously stirred for 2 h. The 

particles were precipitated using 250 mL of ethanol (Pharmco-Aaper, 99%) and washed 

several times with ethanol to remove excess or unreacted reagents. The resulting 

nanoparticles were dried under vacuum at 60 °C for 24 h.

Stretchable Conductor Fabrication.

Solution blow spinning solutions consisting of PAA-capped nanoparticles, poly(styrene-b-

isoprene-b-styrene) (SIS; Sigma-Aldrich, 22% w/w styrene content), and tetrahydrofuran 

(THF; Fisher Scientific, 99.9%) were prepared and fed with a constant rate (10 mL/h) 

through the nozzle of the solution blow spinning apparatus (Figure 1a,b). The apparatus was 

constructed from a flat-tipped 18G needle (outer diameter = 1.27 mm, inner diameter = 

0.838, and wall thickness = 0.216) syringe pump and compressed air-line. The air pressure 

was kept constant at approximately 345 kPa during the deposition process. The 

nonconductive composite mat composed of block copolymer fibers and Ag−PAA 

nanoparticles was deposited on a mesh. This nonconductive composite mesh was then 

immersed into an organometallic solution that consists of silver trifluoroacetate (STFA; 

Sigma-Aldrich, 98%) and ethanol (Pharmco-Aaper, 99%) for 30 min. The STFA 

concentration in ethanol was 25% (w/v) for each composite mat. The swollen mat was then 

vacuum dried in a desiccator. The nucleation of additional silver nanoparticles was initiated 

by the addition of a reducing solution that consists of hydrazine hydrate (50% v/v; Sigma-

Aldrich, 50−60%), deionized water (25% v/v), and ethanol (25% v/v). The resulting 

conductive composites were rinsed thoroughly with water to wash away any unbound 

nanoparticles and dried under vacuum for 24 h.

Characterization.

Scanning electron microscopy (SEM; Hitachi SU-70) and transmission electron microscopy 

(TEM; JEOL 2100F) were used to characterize the structure of the block copolymer 

nanoparticle composites. The TEM sample used for cross-section analysis was prepared 

using a cryomicrotome (Leica EM UC-6) with a 100 nm sample thickness. Size distributions 

(Figure S1a,b) of silver nanoparticles are reported as the average of nanoparticle diameter 

from three different TEM images (n = 150). A dynamic mechanical analyzer (TA 

Instruments Q800) was used to characterize the mechanical properties of the elastic 

conductors. Energy dissipation was calculated from the area of the hysteresis loops of cyclic 

stress/strain curves for both SIS fiber mats and conductive composites. Thermogravimetric 
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analysis (TGA) was performed under nitrogen to identify the volume fraction of silver in the 

composite (Netzsch F3 Jupiter). The electrical conductivity of the elastic conductor samples 

was measured using a homemade automated four-point probe measurement system. This 

system consists of a probe assembly with spring-loaded contact probes separated by a 2 mm 

distance (interprobe distance is 2 mm) and a Keithley 2400 Sourcemeter. The normalized 

conductivity measurements under mechanical strain were performed using a custom-built 

electromechanical characterization system (Figure S2). This system consists of a motorized 

stage and clamps manufactured with a built-in four-point probe measurement system 

(interprobe distance of 5 mm). These probes (two probes for each clamp) are located beyond 

the region of deformation for the conductive samples, which facilitates stable electrical 

contacts during the course of tensile deformation experiments. Measurement probes are 

connected to an Agilent 34420A Micro-Ohm Meter and a National Instruments PXI4065 

Digital Multimeter for acquiring multiple readouts of resistivity. National Instruments digital 

multimeter allows for digitalization of acquired data, whereas Agilent system is used to 

monitor the experiment and confirm the accuracy of the acquired data.

RESULTS AND DISCUSSION

Elastic conductors were fabricated by a multistep process starting with preparation of 

pristine or composite polymer (SIS) solutions containing various concentrations of 

poly(acrylic acid)-capped silver nanoparticles (Ag−PAA nanoparticles). This is followed by 

subsequent deposition of SIS or composite solutions through solution blow spinning to 

generate fibrous materials (Figure 1a(i),(ii),b(i),(ii)). A free-standing nonconductive 

composite polymer fiber mat containing Ag−PAA nanoparticles is shown in Figure 1b(ii) 

demonstrating similar morphology to a SIS polymer fiber mat shown in Figure 1a(ii). 

Polymer and composite fiber generation through this method only requires a simple 

apparatus, highpressure gas source, and a viscous spinning solution (Figure 1a(i),b(i)).42,43 

Similar to other solution-processed fiber spinning techniques, fiber geometry is achieved 

after exceeding a critical solution concentration, resulting in polymer chain overlap.43 The 

inclusion of inorganic nanoparticles into the spinning solution can alter optimal spinning 

parameters.44 The use of poly(acrylic acid) capping on silver nanoparticles enabled 

dispersion of nanoparticles in the spinning solution, allowing for the generation of fiber 

morphologies up to a critical nanoparticle concentration. The solutions prepared with Ag

−PAA nanoparticle concentrations exceeding 35% (w/v) did not generate a fibrous 

morphology under the same deposition conditions. This limit can be attributed to high 

solution viscosity leading to clogging of the spinning apparatus.

After polymer deposition, the fiber mats were immersed in an ethanol solution containing an 

organometallic precursor. Both SIS fiber mats and the composite fiber mats swelled 

drastically (190 ± 20, 310 ± 30% increase in weight after swelling) without releasing silver 

nanoparticles. The weight of the SIS and composite fiber mats only increased by 10% when 

the organometallic precursor was not present in the ethanol solution. This large difference in 

swelling is attributed to the interaction between the silver ions present in the organometallic 

precursor solution and the unsaturated hydrocarbons contained in the isoprene block of SIS.
45 The unsaturated (C ==C) double bond donates π electrons to occupy free s and p orbitals 

of Ag+, which results in formation of weak chargetransfer complexes between the polymer 

Vural et al. Page 5

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2018 November 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and the precursor.9,45 Similarly, negatively charged poly(acrylic acid) (PAA)-capped silver 

nanoparticles can interact with Ag+, which also helps to facilitate the absorption of silver 

precursor on the composite fibers.35 In the final step, a conductive network of silver 

nanoparticles was formed throughout the fiber mats by the introduction of a reducing 

solution (Figure 1a(iii),b(iii)).

Structural characterization performed by scanning electron microscopy (SEM) showed that 

the SIS mats and composite mats are composed of fibers with similar diameters (1.66 ± 0.7 

and 2.12 ± 0.8 μm, Figure 2a,b). This indicates the ability to form a fiber network is 

maintained after addition of Ag−PAA nanoparticles into the spinning solution up to a 

concentration of 35% (w/v) (Figure 2b). The Ag−PAA nanoparticles form chainlike 

assemblies in the fibers; this is attributed to the direction of flow during the solution blow 

spinning process (Figure 2b, inset). After the introduction of the organometallic precursor 

and subsequent nucleation by the addition of a hydrazine hydrate solution, a silver 

nanoparticle network forms in and around SIS and composite fibers generating conductive 

pathways (Figure 2c,d). This nanoparticle network covers the entire surface of the composite 

fibers prepared from a spinning solution with 35% (w/v) Ag−PAA nanoparticle 

concentration (Figure 2d). For these conductive composites, it becomes difficult to identify 

the fiber morphology after nucleation. However, fibers remain visible for composites 

prepared using block copolymer fiber mats that do not contain Ag−PAA nanoparticles 

(Figure 2c). This is potentially due to higher accumulation of precursor solution for fiber 

mats containing infiber Ag−PAA nanoparticles (310 ± 30% weight increase) relative to 

block copolymer mats deposited using SIS alone (190 ± 20% weight increase).

TGA analysis performed on the composite polymer fiber mats demonstrated that 35% (w/v) 

Ag−PAA nanoparticle concentration in spinning solution leads to composites with an Ag

−PAA nanoparticle concentration of 22% (w/w) (Figure 3a). The TGA characterization of 

the elastic conductors after the introduction and reduction of the silver precursor showed 

silver concentrations reach 81% (w/w) (27.4% v/v) (Figure 3b). This silver concentration is 

much higher than the silver content in elastic conductors fabricated from SIS fiber mats 

without the initial presence on in-fiber Ag−PAA nanoparticles (52% w/w, 8.8% v/v) (Figure 

3a,b). It is important to highlight that the sum of silver concentrations of composite fiber 

mats (22% w/w) and elastic conductors prepared using SIS fiber mats (52% w/w) could not 

reach the silver concentration of elastic conductors fabricated using composite fiber mats 

(81% w/w). This is a clear indication that presence of Ag−PAA nanoparticles facilitates 

improved silver nucleation in these composite materials. The cross-sectional TEM image of 

these elastic conductors revealed that silver nanoparticles also nucleate between the existing 

Ag−PAA nanoparticles in the fiber cross section (Figures 2d, inset and S1c). This is in 

contrast to the SIS fiber mats not containing Ag−PAA nanoparticles, in which nucleation is 

limited at the fiber surface (Figure 2c, inset). This result supports that inclusion of Ag− PAA 

nanoparticles in the polymer solution facilitates silver nanoparticle nucleation in block 

copolymer fibers. The size distributions of Ag−PAA nanoparticles and silver nanoparticles 

in elastic conductors were measured using cross-sectional TEM images as 150 ± 50 and 20.6 

± 14.2 nm, respectively (Figures 2d, inset and S1c).
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The mechanical properties of elastic conductors prepared using spinning solutions with 

different Ag−PAA nanoparticle concentrations were characterized to investigate the 

influence of nanoparticle content on tensile modulus and elongation at break. Increased Ag

−PAA nanoparticle concentration in the spinning solutions resulted in more brittle 

composites with lower elongation at break (Figure 3c) and higher tensile modulus (Figure 

3d). The effect of Ag−PAA nanoparticle concentration on overall conductivity and strain 

dependence of electrical properties was also assessed (Figure 4a). Maximum conductivity 

values reached 9000 ± 200 S/cm when testing composite fiber mats with the highest Ag

−PAA nanoparticle concentration (35% w/v in the spinning solution) that could be deposited 

in a fibrous morphology. Electrical conductivity measurements during tensile deformation 

revealed that these elastic conductors with high volumetric fraction of silver (27.4% v/v) can 

maintain 52% of their initial conductivity (σ0) prior to mechanical failure at 302% strain 

(Figure 4b). The electrical conductivity dependence on tensile strain increased drastically 

with decreasing Ag−PAA nanoparticle concentration. This can be observed for elastic 

conductors fabricated using spinning solutions with only 10% w/v Ag−PAA nanoparticle 

concentration, which lost 99% of their initial conductivity at 300% strain (Figure 4b). The 

elastic conductors with high conductive filler fraction (27.4% v/v) demonstrate nearly stable 

electrical conductivity up to 100% strain (Figure 4b). It is important to note that the ability 

to maintain electrical conductivity up to 100% strain can help improve energy efficiency and 

circuit design for flexible electronics as the resistivity of interconnects remains stable.2,3 

Additionally, the electrical conductivity of these elastic conductor composites is similar or 

superior to highly conductive stretchable composites with similar filler concentration (27.4% 

v/v). This analysis highlights the impact of the fibrous structure on the percolation of 

nanoparticles (Figure 4c).30,39,46 For strain values exceeding 100%, the electrical 

conductivity of these elastic conductors decreases less drastically compared to that of 

existing stretchable conductive composites (Figure 4c). This electromechanical behavior 

allows this composite material to sustain electrical conductivity values significantly higher 

than 1000 S/cm under 300% strain. A material exceeding these benchmarks can enable 

operation of electronic systems under extreme deformation conditions for applications in 

robotics.1

A small increase in electrical conductivity with increasing tensile strain was observed for 

elastic conductors at strain values up to 50%. This can be explained by strain-mediated 

stiffening effects observed in composite fibers and fiber network structures.39,47,48 The 

diameter of composite fibers filled with conductive nanoparticles decreases with increasing 

strain, which may increase the number of particle-to-particle contacts.47,48 Because of 

increased number of connections between particles, the elastic conductors can facilitate 

higher number of conductive pathways leading to improved electrical conductivity.39,47,49 

The electrical conductivities of fiber, nanowire, and nanotube networks have been shown to 

increase under tensile strain due to increased number of contacts.40,48 This effect can persist 

until the complete alignment of the network structure in the direction of applied strain. For 

strain values exceeding 50%, elastic conductors with filler concentrations higher than the 

percolation threshold (16% v/v) follow the percolation theory that defines the change in 

electrical conductivity with applied strain (Figures 4d and S3).39 Beyond 150% strain, the 

electromechanical behavior of these composites begins to diverge from percolation theory as 
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the geometry of the composite samples alters due to formation of ruptures and holes (Figure 

4d).

Changes in electrical conductivity under cyclic deformation were also evaluated by 

deforming elastic conductors with various Ag−PAA nanoparticle concentrations to 100% 

strain for 500 cycles (Figure 4e,f). The elastic conductors composed of high concentrations 

of Ag−PAA nanoparticles (35, 30, 25 w/v in the spinning solution) maintained at least 70% 

of their initial conductivity after cyclic testing (Figure 4e). This is in contrast to elastic 

conductors that consist of low concentrations of Ag−PAA nanoparticles (20, 15, 10 w/v in 

the spinning solution), which decreased more drastically with consecutive tensile strain 

cycling (Figure 4e). Electrical conductivity values at 100% strain for elastic conductors with 

low Ag−PAA nanoparticle content deteriorated to below 20% of their initial conductivity 

after 10 cycles of tensile deformation up to 100% strain (Figure 4f).

Further mechanical characterization of the conductive composites was performed using 

stress/strain cycling to evaluate the extent of plastic deformation (Figure 5a,b). The elastic 

conductors prepared using higher Ag−PAA nanoparticle concentrations demonstrated a 

slightly lower elastic recovery in comparison to that of elastic conductors fabricated using 

low Ag−PAA nanoparticle concentrations (Figures 5a,b and S4). Energy dissipation values 

were calculated from the area under the stress/strain curve at each maximum strain value. 

Linear correlations of energy dissipation with increasing strain correspond to structural 

deformation mechanisms (Figures 5c,d and S5).38,50,51 Elastic conductors fabricated from 

composite mats with low Ag−PAA nanoparticle concentrations (20, 15, 10% w/v in the 

spinning solution) demonstrated three distinct regions corresponding to strain-induced 

structural changes. These changes have been observed in fibrous polymer−nanoparticle 

composites (Figures 5c and S5a,b).38 The initial structural changes originate from breakage 

of fiber-to-fiber junctions established during silver nanoparticle nucleation up to tensile 

strain of 50%. As the fibers gain the ability to independently rearrange for strain values 

higher than 50%, the structural deformations generate a less drastic increase in energy 

dissipation along the second strain region until reaching 100% strain. Individual fiber 

deformation dominates the structural deformation for strain values exceeding 100%, 

resulting in an increased rate of energy dissipation due to loss of filler-to-polymer and filler-

to-filler contact. In contrast, elastic conductors prepared using high Ag−PAA nanoparticle 

concentrations (35, 30, 25% w/v in the spinning solution) exceeding percolation threshold 

demonstrated a single linear correlation region with higher slope. This continuous increase 

in energy dissipation can be explained by strain softening effect for composites with high 

filler concentration. This effect occurs at strain values higher than elastic tensile deformation 

limit.52,53 The shift in energy dissipation behavior with applied strain indicates that the 

nonlinear elastic behavior is dominated by deformation mechanisms originating from the 

changes in particle-to-polymer and particle-to-particle contact (Figures 4d and S5c,d).53

Electron microscopy was used to further investigate the difference in deformation 

mechanisms between low and high nanoparticle loading composites. Elastic conductors with 

differing Ag−PAA nanoparticle concentrations were imaged under 0, 50, and 100% strain to 

visualize differences in the progression of the material’s morphology under strain (Figure 6). 

The SEM images of elastic conductors assembled using fiber spinning solutions with 10% 
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w/v Ag−PAA nanoparticles show that these composites demonstrate the deformation 

mechanics of fibrous polymer−nanoparticle composites (Figure 6a−c).38 The SEM images 

of these elastic conductors at 50% strain show that fibers orient along the direction of tensile 

deformation by breaking fiber-to-fiber junctions as the majority of the nanoparticles 

covering the surface remains intact (Figure 6b). At 100% strain, the fibers orient completely 

in the direction of tensile strain and surface coverage of nanoparticles becomes 

discontinuous, indicating the onset of individual fiber deformation (Figure 6c). The fibrous 

network structure of elastic conductors prepared using fiber spinning solutions with 35% 

w/v Ag−PAA nanoparticle concentration is not discernible at 0% strain as the surface is 

completely covered with silver nanoparticles (Figure 6d). At 50% strain, the fiber network 

structure becomes visible among voids that are formed during deformation (Figure 6e). 

Nearly all of the composite fibers are aligned in the direction of applied strain after the 

elastic conductor is stretched to 50% strain. The SEM images of these elastic conductors 

under 100% strain indicate that the conductive fiber network detaches into individual fibers 

with discontinuous nanoparticle coverage upon further tensile deformation. In light of this 

structural characterization, it is apparent that fiber rearrangement in these composites 

governs structural deformation up to 50% strain. For strain values larger than 50%, elastic 

conductors act as regular polymer−nanoparticle composites as the influence of fibrous 

network on electrical properties becomes negligible. At strain values exceeding 50%, fibers 

either align in the direction of applied strain or they form compact bundles that cannot 

disentangle to facilitate higher strain values without plastic deformation. This deformation 

mechanism explains the electromechanical behavior of elastic conductors at strain values 

larger than 50%. It also supports the single mode of structural change, loss of particle-to-

particle contacts, shown previously by a linear increase in energy dissipation with strain.

To visualize these structural deformations of the elastic conductors with high Ag−PAA 

nanoparticle concentration in a broader perspective, low-magnification SEM images were 

acquired under strain values of 0, 25, 50, and 100% (Figure S6). The unstrained condition 

shows a composite surface densely covered by silver nanoparticles (Figure S6a). As this 

composite is stretched to slightly above its elastic deformation limit, it begins to form voids. 

However, the majority of the composite still remains connected with nanoparticles (Figure 

S6b). As the strain value reaches 50%, the number of voids between large composite blocks 

increases (Figure S6c). The conductive fiber networks, which were previously demonstrated 

in the highmagnification SEM images, connect these large composite segments during 

deformation (Figure S6c). This highlights the influence of fiber network on the strain-

dependent electrical properties of elastic conductors at strain values exceeding the elastic 

deformation limit (20% strain). Further stretching (strain values of 100%) resulted in a 

morphology that consists of smaller, segmented regions, connected with individual fibers 

with discontinuous nanoparticle coverage (Figures 6f and S6d). This structural evolution is 

observed throughout the entire composite, as examined through SEM. In terms of electrical 

properties, this structure is more analogous to large composite segments dispersed in a 

matrix as the fibers connecting the composite blocks have discontinuous nanoparticle 

coverage resulting in conductivity loss. This structural outline explains the unique electrical 

and electromechanical properties of these elastic conductors with dual nanoparticle 

networks.
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CONCLUSIONS

We have demonstrated solution-processed elastic conductors with high nanoparticle loading 

by employing silver nanoparticles (150 ± 50 nm) in a spinning solution to generate a fibrous 

composite template for initiating a secondary silver nanoparticle nucleation (20.6 ± 14.2 

nm). The resulting materials reach conductivity values of 9000 S/cm that only decrease to 

5100 S/cm after 500 cycles of 100% strain. The high electrical conductivity of these 

composite materials originates from the high volumetric fraction of conductive fillers 

(27.4% v/v) that are assembled in and around the elastomeric fiber matrix of SIS. The 

random fibrous network structure of these composites stemming from an elastomeric fiber 

matrix also allows them to sustain a significant portion of their electrical conductivity during 

cyclic tensile deformation. We have additionally demonstrated control over strain-dependent 

electrical properties of the elastic conductors by decreasing the Ag−PAA nanoparticle 

concentration employed in elastic conductors. This versatility enables adjusting material 

properties for specific applications.
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Figure 1. 
(a) (i) Schematic illustration of solution blow spinning of SIS fiber mats. Images of (ii) 

nonconductive SIS fiber mat and (iii) elastic conductors fabricated using SIS fiber mat. (b) 

(i) Schematic illustration of solution blow spinning of composite fiber mats with Ag−PAA 

nanoparticles. Images of (ii) nonconductive composite fiber mat and (iii) elastic conductors 

fabricated using a composite fiber mat.
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Figure 2. 
SEM images of nonconductive (a) SIS fiber mat, (b) composite fiber mat, and elastic 

conductors fabricated using (c) SIS fiber mats and (d) composite fiber mats. TEM image of 

composite fiber mats (b, inset) and cross-sectional TEM images of elastic conductors 

fabricated using SIS fiber mats (c, inset) and composite fiber mats (d, inset) are provided as 

insets.
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Figure 3. 
Thermogravimetric analysis (TGA) of (a) nonconductive composite fiber network and (b) 

elastic conductors prepared with different concentrations of Ag−PAA nanoparticles in 

spinning solution. (c) Stress/strain curves and (d) tensile modulus of elastic conductors 

prepared using spinning solutions with different Ag−PAA nanoparticle concentrations (n = 

6, error bars represent standard deviation).
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Figure 4. 
(a) Electrical conductivity of elastic conductors prepared using spinning solutions with 

different Ag−PAA nanoparticle concentrations. (b) Normalized electrical conductivity (σ/σ0) 

values for elastic conductors prepared using spinning solutions with different Ag−PAA 

nanoparticle concentrations under uniaxial tensile strain. (c) Comparison diagram of 

conductivity values under different strains for composites studied in this work and 

representative stretchable conductor reported previously. (d) Experimental (data points) and 

theoretical (eq 4) (black curves) normalized electrical conductivity (σ/σ0) dependence on 
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strain for elastic conductors prepared using spinning solutions with 35% (w/v) Ag−PAA 

nanoparticle concentration under uniaxial tensile strain. Normalized electrical conductivity 

values at (e) released state (0% strain) and (f) stretched state (100% strain) for elastic 

conductors prepared using spinning solutions with different Ag−PAA nanoparticle 

concentrations as a function of cycle number (n = 3 for all groups, error bars represent 

standard deviation).
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Figure 5. 
Stress/strain cycling curves for elastic conductors prepared using spinning solutions with (a) 

10% w/v and (b) 35% w/v Ag−PAA nanoparticle concentration. Average energy dissipation 

values and corresponding linear fits for elastic conductors prepared using spinning solutions 

with (c) 10% w/v and (d) 35% w/v Ag−PAA nanoparticle concentration (n = 3 for energy 

dissipation data, error bars represent standard deviation).
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Figure 6. 
SEM images of elastic conductors prepared using spinning solutions with 10% w/v Ag−PAA 

nanoparticle concentration under (a) 0% strain, (b) 50% strain, and (c) 100% strain. SEM 

images of elastic conductors prepared using spinning solutions with 35% w/v Ag−PAA 

nanoparticle concentration under (d) 0% strain, (e) 50% strain, and (f) 100% strain. The 

arrows indicate the direction of uniaxial tensile strain.
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