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Materials that are both stretchable and electrically conductive enable a broad spectrum of applications

in sensing, actuating, electronics, optics and energy storage. The materials engineering concept of

stretchable conductors is primarily based on combining nanowires, nanoribbons, nanoparticles, or

nanocarbons with rubbery polymers to obtain composites with different abilities to transport charge and

alter their nanoscale organization under strain. Although some of these composites reveal remarkably

interesting multiscale reconfigurability and self-assembly phenomena, decreasing conductance with

increased strain has restricted their widespread implementation. In a broader physical sense, the depen-

dence of conductance on stress is undesirable because it requires a correlated change of electrical

inputs. In this paper, we describe highly conductive and deformable sheets with a conductivity as high

as 230 000 S cm�1, composed of silver nanoparticles, infiltrated within a porous aramid nanofiber

(ANF) matrix. By forming a kirigami pattern, consisting of a regularized network of notches cut within

the films, their ultimate tensile strain is improved from �2% to beyond 100%. The use of ANFs

derived from well-known ultrastrong Kevlar
TM

fibers imparts high mechanical performance to the base

composite. Importantly, the conductance of the films remains constant, even under large deformation

resulting in a material with a zero conductance gradient. Unlike other nanocomposites for which strain

and conductance are strongly coupled, the kirigami nanocomposite provides a pathway to demanding

applications for flexible and stretchable electronics with power/voltage being unaffected by the defor-

mation mode and temperature. Published by AIP Publishing. https://doi.org/10.1063/1.5001094

New types of electrical conductors are needed for elec-

tronic devices with form-factor flexibility.1,2 Recently, vari-

ous types of stretchable conductors have been designed

and fabricated, using two complementary strategies.3–5 The

first one is based on stretchable materials, while the other

depends on stretchable structural layouts.6 Inorganic and

organic conductive materials in micro- or nano-structured

forms, intimately integrated with elastomeric polymers,

provide a route to stretchable and conducting composites

incorporating nanowires, nanoparticles,7 and nanocarbons.8,9

Nevertheless, their electrical conductance decreases with high

tensile strain,10,11 which results in the variable power and

voltage requirements affecting the functions of, for instance,

biosensors. Furthermore, the strain-induced structural changes

in the nanoscale composites are complex involving fascinat-

ing multiscale structural reorganization and self-assembly

processes.12,13 They, however, remain difficult to predict,

which makes the design of the conductive composites with

desired conductance/strain property differential difficult.

Stretchable multiscale constructs have attracted increas-

ing attention in recent years. For example, electronic materials

patterned in fractal motifs14,15 or noncoplanar arc-shaped

structures16 bonded to elastomers have been explored. These

strategies require relatively expensive microfabrication tech-

niques and complicated transfer processes. Wrinkled or

waved conductive belts/membranes on elastomers have also

been fabricated to achieve the combination of stretchability

and conductivity.17–19 However, delamination is known to

occur under repeated stretching or compressing deformations

for these structures.20 Therefore, the problem of combining

efficient charge transport and high strain is not yet practically

solved and is further complicated by the strong dependence of

conductivity on strain. It is desirable to develop a simple,

scalable, and cost-effective method for fabricating highly

stretchable conductors in which charge transports would be

independent of the degree or direction of the deformation.

Inspired by kirigami, the art of paper cutting, the stretch-

ability of materials can be tailored via cutting and shape defor-

mations.21,22 For instance, the stretchability of nanocarbon

composites and graphene layers can be dramatically enhanced

by introducing the kirigami patterns.23–25 The tensile yielda)Author to whom correspondence should be addressed: kotov@umich.edu
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and fracture strains of monolayer MoS2 substantially increase

with kirigami processing.21 With respect to applications, stretch-

able kirigami conductors were demonstrated to serve as solar

trackers,26 tunable plasma electrodes,25 and tunable kirigami dif-

fraction gratings generated by photolithographic processes.27

The kirigami process is theoretically and experimentally capable

of changing the morphology of a material’s structure from the

micro-scale to bulk. The conductance of all the kirigami sheets

previously reported never exceeded 0.02 S.23,25

Here, we report a highly conductive film with silver nano-

particles (Ag NPs) incorporated in a porous aramid nanofiber

(ANF) matrix. ANFs are derived from well-known ultrastrong

Kevlar macroscale fibers
TM

that impart high mechanical perfor-

mance to ANF and to composites made on ANF basis.28–30

These nanofibers also reveal unique branched morphology that

allows them to easily assemble into nanoporous networks advan-

tageous for efficient charge and stress transfer.31 Furthermore,

ANFs are highly biocompatible and can be used even for

implantable devices.32 The as-prepared Ag/ANF films have a

conductivity of 1420 S cm�1. The distinctive thermal resilience

of the aramid chains in Kevlar
TM

enables annealing at tempera-

tures as high as 200 �C, which the conductivity dramatically

increases to 230 000 S cm�1. By applying a simple kirigami pat-

tern with parallel notches, the film becomes highly stretchable

when loading the stress perpendicular to the cuts. The ultimate

elongation increases from �2% to beyond 100%, and the con-

ductance remains unchanged over the entire strain region.

The schematic illustration of the overall process for the

fabrication of a Ag/ANF film with the kirigami pattern is

shown in Fig. 1(a). The ANF solution was prepared as

reported previously28 and the ANF films were fabricated

through a spin-coating process from a 2 wt. % ANF solution,

where the nanofibers have a branched morphology.31 The

transparent, flexible ANF alcogel formed and detached from

glass substrates after immersion in ethanol for 4 h. Switching

solvents from previously used dimethyl sulfoxide (DMSO)

to ethanol allowed for protonation of the amide groups on

the ANFs and also enhanced the delamination of the films

from glass substrates.33,34 The Ag NPs were synthesised by

reducing silver nitrate (AgNO3) with sodium borohydride

(NaBH4) in the presence of poly(vinyl pyrrolidone) (PVP) as a

stabilizer.35 The Ag/ANF composites were fabricated by infil-

trating Ag NPs into the free standing ANF films via vacuum-

assisted filtration.12,34 After drying, the Ag/ANF composite

films were annealed at different temperatures. The kirigami

patterns were made using a razor blade; the length of the cut,

L, was 7.5 mm, and the spacings in the horizontal and vertical

directions were x¼ 2.5 mm and y¼ 1.5 mm, respectively.

The scanning electron microscopy (SEM) images in

Figs. 1(b), 1(c), and Fig. S1 (supplementary material) show

the porous structures of the ANF films. This open structure

provides enough space through which the Ag NPs can infil-

trate into the films. The diameters of the spherical Ag NPs

are in the range of 10–30 nm [Fig. S2(a) (supplementary

material)]. This wide distribution in NP diameter enhances

the conductivity of the Ag/ANF composite due to the smaller

Ag NPs filling the spaces between the larger ones. The UV-

Vis spectrum of the Ag NPs in solution [Fig. S2(b) (supple-

mentary material)] shows a plasmon peak at 399 nm, which

is typical for spherical silver NPs. The SEM images in Fig.

1(d) show the morphologies of the Ag/ANF films, where the

Ag NPs uniformly envelope the ANFs, forming a three

dimensional percolating network throughout the entire mate-

rial. The forces between NPs and ANFs include a large com-

ponent of hydrogen bonds as can be concluded from FT-IR

spectroscopy [Fig. S3 (supplementary material)]. After a

mild thermal annealing process, the Ag NPs in Ag/ANF

films aggregated due to the coalescence of the active surface

atoms of the NPs [Fig. 1(e)]. The inset in Fig. 1(e) is a photo-

graph of the free-standing Ag/ANF film with a thickness of

about 10 lm [Fig. S4 (supplementary material)].

FIG. 1. (a) Schematic illustration of the process to prepare the Ag/ANF film

with the kirigami pattern. SEM images of ANF films with (b) low and (c)

high resolution. The SEM image of the (d) as-prepared and (e) annealed Ag/

ANF films. The inset in (e) is a photograph of the Ag/ANF composite.

FIG. 2. Electrical conductivity of Ag/ANF composite films. Conductivity of

Ag/ANF films as a function of (a) Ag NPs’ volumetric fraction and (b)

annealing temperature. (c) IV characteristic measured along the top and bot-

tom surfaces of the 100 �C annealed film compared with that measured

through the film thickness (bulk). (d) The through-film bulk IV characteristic

for the 100 �C and 150 �C annealed films.
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Figure 2(a) shows the electrical conductivity of the Ag/

ANF films as a function of Ag fraction from 16.2 vol. % to

45.3 vol. %. The Ag fraction calculations were based on the

Ag mass content, which was measured by thermogravimetric

analysis [TGA, Fig. S5 (supplementary material)]. At a Ag

concentration of 16.2 vol. %, the conductivity was 36 S cm�1;

however, as the Ag content increased to 25.9 vol. % and

34.7 vol. %, a dramatic rise in the conductivity was observed,

resulting in conductivities of 536 S cm�1 and 1060 S cm�1,

respectively, originating from formation of self-assembled per-

colation pathways in the material. Further increased Ag load-

ing to 41.1 vol. % and 45.3 vol. % resulted in only slightly

increased conductivities to 1420 S cm�1 and 1570 S cm�1,

respectively. Figure 2(b) presents the electrical conductivity of

Ag/ANF films (41.1 vol. % Ag NPs) as a function of annealing

temperature, while the annealing time was maintained at 4 h.

When the temperature was below 150 �C, the increase in con-

ductivity as a function of temperature was slow. Conductivity

increased rapidly between 150 and 200 �C due to the partial coa-

lescence of Ag nanoparticles resulting in lattice-to-lattice con-

nectivity between them. The increased intensities of the X-ray

diffraction (XRD) peaks provide evidence that thermal anneal-

ing improved the Ag NPs’ crystallinity and reduced crystal

defects [Fig. S6 (supplementary material)]. After thermal

annealing at 200 �C, the conductivity of the films was observed

to be as high as 230 000 S cm�1, which is approaching the con-

ductivity of many metals. A further increase in the annealing

temperature to 250 �C elevated the conductivity to 243 000 S

cm�1. The conductivity of Ag/ANF films at different tempera-

tures as a function of annealing time is provided in Fig. S7 (sup-

plementary material). The mechanisms of conduction in the

Ag/ANF films were also investigated. Figure S8 (supplementary

material) shows the temperature dependence of the conductivity

for 100 �C and 200 �C annealed Ag/ANF films, where the con-

ductivity linearly declines with increasing temperature from 5 K

to 300 K, indicating metallic conduction behavior.

The uniformity of the conductance throughout the depth

of the film can be gauged by evaluating the current-voltage

(IV) characteristic on both the surface and through the bulk.

As shown in Fig. S9 (supplementary material), the conduc-

tance can vary slightly as the probe tip pressure, applied to the

film surface, is modified because the flexibility of the Ag/

ANF film can affect the area of the contact as well as the

degree of film compression. Thus, in all subsequent experi-

ments, a constant probe tip pressure (1.9 kPa) was applied.

The current-voltage curves for the 100 �C annealed Ag/ANF

film [Fig. 2(c)] show that even the films with moderate

annealing exhibited conductivity suitable for the majority of

the devices. Although the top-most surface has the highest

conductivity, the resistivity is low throughout the bulk and at

the bottom surface. The substantial increase in conductivity as

the annealing temperature increases from 100 �C to 150 �C is

reflected in the through-film bulk IV curves [Fig. 2(d)].

Figure 3(a) shows the stress-strain behavior of the Ag/

ANF films annealed at different temperatures. The tensile

strain decreased from 2.0% to 1.2% and the strength declined

from 37.7 MPa to 30.2 MPa as the temperature was increased

from 50 �C to 250 �C. However, the Young’s modulus

increased from 2.7 GPa to 3.1 GPa when the annealing tem-

perature increased from 50 �C to 150 �C, which is attributed

to the sintering of the Ag NPs at higher temperature. Further

increases in the annealing temperature resulted in a slight

decrease of the Young’s modulus [Fig. 3(b)]. There is a

trade-off relationship between improved conductivity and

degraded mechanical properties with regard to the annealing

temperatures. Therefore, the optimal annealing temperature

was chosen to be 200 �C, which gives composites with an

electrical conductivity of 230 000 S cm�1, a tensile strength

of 34.1 MPa, and a Young’s modulus of 3.1 GPa.

FIG. 3. Mechanical properties of Ag/ANF composites. (a) Stress-strain

curves. (b) Dependences of strength and Young’s modulus of Ag/ANF films

as a function of annealing temperature.

FIG. 4. FEM results. (a) Stress-strain

curves for non-patterned and kirigami-

patterned sheets, both experimentally

measured (dotted lines) and FEM results

(solid lines). The inset shows the

deformed shape of the kirigami-film at

21% strain. (b) Spatial evolution of the

maximum principal stress in the kiri-

gami patterned Ag/ANF film as the

solid is deformed, for one strain below

buckling (1%) and two strains following

bi-stable deformation (3.5% and 11%).

FIG. 5. Conducting kirigami patterned nanocomposites with the zero con-

ductance gradient. (a) Electrical conductance versus strain of 100 �C and

150 �C annealed Ag/ANF films. (b) Variation in the IV characteristic of the

100 �C annealed Ag/ANF film cut into a kirigami pattern as the top-surface

is probed along the arms of the pattern (A–F) maintaining the base contact

point at O, as shown in the inset.
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Finite element modelling (FEM) was used to investigate

the stress-strain response of pristine and kirigami patterned

Ag/ANF films. The experimental stress-strain results of the

corresponding films are also presented for comparison

[Fig. 4(a)]. For pristine films, the deformation occurs via the

in-plane stretching of Ag/ANFs within the matrix; the stress

grows unabated until structural failure (black dotted line).

The FEM stress-strain curve of the pristine film (solid red

line) shows tensile behavior similar to its experimental

result. For the kirigami film, the initial elasticity growth

resembles the deformation curve of the pristine films, indi-

cating that the deformation is initially restricted to the in-

plane stretching. When the applied tensile stress exceeds a

critical buckling load (corresponding to 7.5 MPa in the fig-

ure), the planar deformation is unstable, and the strips start

to bend and twist out-of-plane [Fig. 4(a) inset]. The kirigami

films exhibit out-of-plane deflection due to a mechanical bi-

stability detailed in previous reports.25,36 The subsequent

motion of the rotating strips distributes the stress growth into

the bending and torsional modes, an out-of-plane deforma-

tion that enables the kirigami-film to enhance the stretchabil-

ity of the solid. The FEM (solid purple line) replicates the

general stress-strain trends observed in the experiments (blue

dotted line), revealing that the geometric parameters and

boundary conditions are in agreement with our understand-

ings. The FEM-derived maximum principal stress distribu-

tion in the kirigami patterned Ag/ANF film as it is deformed

is presented in Fig. 4(b). It demonstrates that although the

stress is initially concentrated at the interior corners of the

cuts, the kirigami pattern can divert the stress growth into

bending modes and thereby effectively control the deforma-

tion. Subsequent deformation is localized at the edge of the

cuts, leading to hardening of the materials and finally to

fracture.

Compared with pristine Ag/ANF films, the tensile strain

of Ag/ANF kirigami-films increased to more than 100%, and

the films can be reversibly stretched. Figure S10 (supplemen-

tary material) shows images of the kirigami patterned Ag/

ANF films at different strains (0, 25%, 50%, 75%, and

100%). It is worth noting that the extension of the kirigami

films can be further improved by increasing the cut length

and decreasing the spacing between the cuts. Generally,

increasing the cut length softens the material, and increased

spacing between the cuts makes the sheet more rigid.26

Importantly, the kirigami-structured films are not only

highly stretchable but also retain remarkable conductance. As

shown in Fig. 5(a), the conductance of Ag/ANF films that

annealed at 100 �C and 150 �C remained nearly constant dur-

ing stretching. Figure 5(b) shows the surface (top) current

measured between an arm of the pattern (A–F) and the fixed

contact point (O) on the edge of the Ag/ANF film [Fig. 5(c)

inset]. The relative constancy of the IV curves as one takes

measurements across the pattern demonstrates that the

increase in resistance that accompanies a longer conductive

path is small compared with the measurement variability

associated with replacing the contact upon the film. The

excellent conductance is maintained along the entire kirigami

pattern. The resistance derived from the slopes and across the

six measured (and averaged) positions is 16.3 6 5.9 X.

The electrical conductivity and conductance gradient of

kirigami-structured Ag/ANF films are compared with those of

other typical stretchable conducting materials in Table I. The

comparison indicates that kirigami patterned Ag/ANF films with

higher conductivity and zero conductance gradient occupy a spe-

cial place among stretchable conductors. The macroscale com-

posite made from the polydimethylsiloxane channel network

filled with liquid metal—the eutectic Ga-In alloy (EGaIn)—may

also display the zero conductance gradient. However, this ability

is limited by the melting point of Ga-based liquid metals which

is reported to be between �19 �C andþ11 �C. Liquid mercury

can expand this range to �38.8 �C. Considering the widely dis-

cussed applications of stretchable conductors as skin-contact sen-

sors and electronics, toxicity can be problematic for both types

of composites based on liquid metals.

In conclusion, stretchable composite conductors with

high electrical conductivity and high stretchability were

obtained by the incorporation of Ag NPs into the percolating

network of branched ANFs. The optimized films showed a

conductivity of 230 000 S cm�1, an ultimate strength of

34.1 MPa, and a Young’s modulus of 3.1 GPa. After kirigami

patterning, the tensile strain of Ag/ANF composite films

increased from 1% to 2% to>100%, while the conductance

remained constant during stretching. Combined with solid

state nature of the material and its biocompatibility, this

property is expected to be essential for flexible and wearable

electronic devices, among other applications.

See supplementary material for the Ag/ANF film prepa-

rations, finite-element modelling, and characterization.
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EGaIn filled in 3D porous PDMS �24 100 �0 Net-shaped 3D structure 40

Composites from ANF and Ag NPs 230 000 �0 Kirigami structure This work
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