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Abstract

Wearable sensors, stretchable electronics, and many soft robotic materials must have a balance of conductivity, stretcha-

bility, and robustness. Intrinsically conductive polymers offer a critical step toward improving wearable sensor materials

due to their tunable conductivity, soft/compliant nature, and ability to complex with other coactive molecules (i.e., poly-

acids, small molecules). The addition of synergistic nanofillers has been shown to enhance the conductivity, self-healing,

and mechanical properties of the polymers for soft robotics and wearable applications. The development of a robust polymer

nanocomposite material that offers ultra-stretchability, an autonomous self-healing ability, and enhanced electronic prop-

erties has long eluded researchers. Herein, we show an aqueous polyaniline [PANI]:poly(2-acrylamido-2-methylpropane

sulfonic acid) [PAAMPSA]:phytic acid [PA] polymer complex synthesized with 0.5 wt % silver nanowires (AgNW) to form

a polymer nanocomposite with high electronic sensitivity, unique mechanical properties (a maximum strain of 4693%) and

repeatable/autonomous self-healing efficiencies of greater than 98%. This AgNW polymer complex has an engineering strain

higher than any reported hydrogel or other polymer-based sensor materials, in which the interface between the polymer matrix

and the AgNW is hypothesized to be integral for the formation of the active electrically conductive network and unprecedented

mechanical properties. To illustrate the remarkable sensitivity, the material was employed as a biomedical sensor (pulse, voice

recognition, motion), topographical sensor, and high-sensitivity strain gauge.

Keywords Repeatable self-healing · Polymer electronics · Ultra-stretchable · Wearable sensors ·

Extreme mechanical properties

1 Introduction

Polymer nanocomposites (PNCs) have been utilized in a

number of applied areas including environmental engi-

neering [1, 2], aerospace [3–5], energy storage [6–8], and

biomedical monitoring [9, 10]. As bio-monitoring and wear-

able sensors have become a large area of interest, a definite

need for wearable sensors that are flexible or stretchable,

soft, and highly electrically conductive has emerged [11–

14]. Typical inorganic electronic sensors are rigid and brittle,

and the skin-inspired polymer electronics which allow wear-

ers more flexibility and comfort, unfortunately, have issues

with sensitivity as well as stability over time [9, 10]. For

a polymeric material to be used in a wearable sensor, it

Extended author information available on the last page of the article

must possess comparable properties to the skin in terms of

stretchability and elasticity. Self-healing is a highly ben-

eficial attribute of biological systems. It allows them to

autonomously repair materials in the event of mechanical

damage, and this attribute is desirable in conductive polymers

which will be used as wearable sensors. Polyaniline (PANI)

is a well-studied conductive polymer which has acquired

great interest due to its high conductivity as a result of

its conjugated backbone; yielding itself to potential usage

in electronics [15–17]. A conductive polyaniline (PANI)-

based polymer complex with high stretchability and elasticity

comparable to human skin, and autonomous, repeatable self-

healing properties was developed previously [15, 18]. The

investigated polymer composite is composed of PANI, a

small molecule dopant [phytic acid (PA)], and a polyelec-

trolyte [poly(2-acrylamido-2-methylpropane sulfonic acid)
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(PAAMPSA)]) [15]. PAAMPSA is a hygroscopic polymer

electrolyte with a deprotonated sulfonic acid group. It is used

to not only template the oxidative polymerization of aniline to

form PANI but also to help utilize its electrolytic counterions

to facilitate electron transport and increase conductivity. PA is

a small molecule acid with six dihydrogen phosphate groups.

The PA acts as both a P-type dopant to form the emeraldine

salt form of PANI and a non-covalent crosslinker for the poly-

mer matrix. The sulfonic acid and phosphate groups in the

polymer complex allowed for copious hydrogen bonding and

electrostatic interaction which yielded impressive mechani-

cal properties, and the conductivity of the material measured

to be 2 S/m [15].

To further increase the conductivity of the material and

by extension its sensitivity, silver nanowires (AgNWs) were

added to the polymer complex as a filler for their high

conductivity (6.3 ×107 S/m) and larger surface area com-

pared to other nanowires [19, 20]. The addition of metallic

nanofillers into polymeric piezoresistive sensors to increase

sensitivity is well-studied. In systems where cracking occurs

in the polymeric matrix throughout stretching and move-

ment, or where fractures initially occur, the highly conductive

nanofiller can bridge separated conductive pathways, allow-

ing for the preservation of conductivity in the material as

a whole [21]. One example of the utilization of this bridg-

ing phenomenon showed the sensitivity of polyurethane to

increase by over fifteen times with the addition of multi-

walled carbon nanotubes (MWCNTs), with their bridging

also allowing for an increase in the system’s strain sensing

range [22]. In cases where the nanofillers are supported by

or contained in a material that can maintain a conductive

pathway the separation of the nanofillers, or the formation of

microcracks, can lead to very high sensitivities as a result

of the more conductive metallic pathways breaking [23].

AgNWs are a flexible cylindrical rod shape with a face-

centered cubic (FCC) structure [24]. The FCC lattice is a

closely packed cubic structure. Since there are more atoms in

individual FCC crystal cells than in other cubic cells, stresses

are easily accommodated and more evenly distributed [25].

This superior stress management allows the material to main-

tain its high stretchability and flexibility under mechanical

stresses and strains. Distributing AgNWs into the polymer

matrix produces a conductive yet flexible material due to the

high intrinsic flexibility of AgNWs that arises from their high

average aspect ratio of 1250 [26]. In this electrically conduc-

tive nanowire-based nanocomposite, the interface between

the matrix and the AgNW is integral for the formation of an

active conductive network [24].

The addition of metallic nanofillers into polymeric sys-

tems typically increases conductivity in accordance with

percolation theory, forming connected pathways of these

high-conductivity materials within the polymer matrix,

thus creating a path of least resistance for electrons to

flow, increasing the conductivity of the composite mate-

rial. Additionally, the high aspect ratio of nanowires forms

an interconnected electrically conductive network even at

low volume fractions. However, the introduction of these

non-stretchable, more brittle elements into the soft and com-

pliant network often interrupts the polymer matrix, with

the potential to decrease mechanical properties. While it

was initially hypothesized that the AgNWs would increase

the conductivity and decrease the mechanical properties of

the polymer complex, the AgNW/PNC’s mechanical per-

formance increased drastically. Based off of prior studies,

nanoparticles and other nanomaterials typically improve

self-healing ability in polymeric systems with extrinsic self-

healing properties [27–29], but are unlikely to improve the

self-healing efficiencies of an intrinsically self-healing poly-

mer.

Self-healing is a highly beneficial and desirable attribute

of biological systems that allows them to autonomously

repair materials in the event of physical damage. Recently,

flexible/stretchable electronics and wearable sensor researchers

have been motivated to imitate this behavior in innovative

devices with unique and unprecedented electro-mechanical

properties. Conductive self-healing polymers have been used

to improve a range of electronic and optoelectronics devices,

including wearable sensors and displays for healthcare [9, 10,

30], virtual reality [31], and soft robotics [32], among many

others [18, 33, 34]. There are various physical and chemical

methods utilized in creating self-healing materials such as

containing a healing agent in microcapsules, chemically inte-

grating dynamic reversible bonds, and self-repairing through

intrinsic means [35, 36]. Self-healing routes are typically

divided into extrinsic or intrinsic, and then further subdivided

into autonomic or non-autonomic [37–39]. Non-autonomic

self-healing polymers require the use of an external trigger,

such as heat, light, or force [37]. Conversely, the damage to

the polymer is the only trigger needed for an autonomic self-

healing complex [37]. Self-repair through autonomic means

can occur via Van der Waals interactions or through elec-

trostatic forces and hydrogen bonding. These methods have

been explored recently [40–42] and provide advantages over

the other methods due to the fact that they are autonomous

and repeatable [28]. Van der Waal interactions occur due to

their high polarity, and hydrogen bonding works because of

the dipole—dipole interactions between hydrogen atoms and

carbon, nitrogen, or oxygen atoms [43, 44]. In many systems,

this autonomous self-healing capability is attributed to the

dynamic supramolecular hydrogen bonds and intramolecular

interactions among the polymer chain [45]. This type of self-

healing is the most desirable since healing has few requisites

and is repeatable and fully autonomous, thus improving the

longevity and reuse of the material. A self-healing polymer

complex with dynamic reversible bonds has been synthesized

at room temperature with excellent mechanical properties;
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however, in many cases, hours are needed after deformation

to regain nearly 100% of the original mechanical properties

[46]. Intrinsic self-healing possesses a latent healing abil-

ity that is triggered by damage to the polymer and does not

require the use of a catalyst [39]. While intrinsic self-healing

is appealing because the cross-linking can be rebuilt repeat-

edly, the self-healing mechanisms typically involve covalent

bonding and therefore often require some form of external

stimuli such as heat or light to carry out the reaction. Alter-

natively, extrinsic self-healing often requires the dispersion

of micro-encapsulated catalysts which, when damaged and

released, initiate reactions to reconstruct the cross-linking

networks within the polymer [38]. A major roadblock with

utilizing healing agents is the issue of lack of repeatability

or the “one-and-done” usage [36]. The chemically integrated

dynamic reversible bonds are often based on temperature and

typically either have poor mechanical properties or will only

be able to mend tears and dents at higher temperatures [36].

The drawback of this method is that the polymer has a lim-

ited number of cycles it can be self-healed and often cannot

self-heal in the same location repeatedly.

Recently, Lu et al. [15] have developed an ultra-stretchable

PANI-based polymer complex with a repeatable near-instan-

taneous autonomous self-healing ability that has overcome

many of the hurdles commonly seen in self-healing elec-

tronic polymer materials. However, further improvement of

conductivity and electronic sensitivity is desirable for wear-

able applications, i.e., to accurately detect slight changes in

movement or pressure. To accomplish this, silver nanowires

(AgNWs) were added and dispersed throughout the devel-

oped polymer complex to increase its mixed-ionic-electronic

sensitivity. The investigated polymer composite is com-

posed of PANI, a small molecule dopant [phytic acid (PA)],

a polyelectrolyte [poly(2-acrylamido-2-methylpropane sul-

fonic acid) (PAAMPSA)], and AgNWs (Scheme Fig. 1).

PAAMPSA is a hygroscopic polymer electrolyte with a

deprotonated sulfonic acid group. PA is a small molecule

acid with six dihydrogen phosphate groups. PANI polymer

has acquired great interest recently due to its high conductiv-

ity and potential use in electronics [15–17]. To illustrate the

applicability of these materials, developed biomedical, high-

sensitivity pressure, and topographical monitoring devices

are employed. These detection schemes require materials

with the ability to act as natural skin and would include

adequate properties of compliancy, elasticity, omnidirec-

tional stretching, and the added ability to repeatedly and

autonomously self-heal [15]. In addition to these mechan-

ical properties, other electrical properties are necessary to

ascertain an accurate piezoresistive strain sensor, that can be

used in applications such as soft robotics or wearable biome-

chanical sensors.

2 Results and Discussion

The AgNW/PNC film was prepared via a simple three-step

method previously demonstrated in Fig. 1. The first step is an

in-situ oxidative polymerization of aniline utilizing ammo-

nium persulfate (APS) as an initiator. The APS initiates the

polymerization of aniline by oxidizing it to the emeraldine

form. Then in the presence of the phytic acid, the doped

emeraldine salt form, the most electrically conductive form

of polyaniline, is produced as the solution turns a dark green

color [47, 48]. The reaction occurs via a type 1 ( also known

as zip) templated polymerization with the PAAMPSA acting

as the templating molecule, which helps guide polyaniline

into straighter molecular chains held in place by electro-

static interactions and hydrogen bonding with the sulfonic

acid groups of the PAAMPSA. After the polymerization of

the aniline is completed, the AgNWs are dispersed through-

out the polymer complex solution. It is imperative that the

AgNWs are added post-polymerization so they are not oxi-

dized by the APS, which would decrease their mechanical

performance as well as their conductivity. After sonication

Fig. 1 Schematic illustration showing the simple, aqueous, and scalable synthesis of AgNW/PNC films
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and stirring to ensure homogeneity and minimize the poten-

tial agglomeration of the AgNWs, the solution is solvent

casted in a Teflon petri dish where excess water evaporates.

The color change from clear to green as the aniline rear-

ranges to the emeraldine salt form indicates that the synthesis

for the polymerization was complete. The p-type doping of

PANI utilizing a protic acid increases the crosslinking as

well as the electrical conductivity of PANI [16, 49, 50]. The

unique doping pathways to the emeraldine salt of PANI occur

through either charge-transfer or protonation [49], making

Lewis acids such as PA ideal candidates for p-type dop-

ing of polyaniline. PA has been shown to increase PANI’s

electrical and mechanical properties due to an increase in

the cross-linking [51]. It has been shown that polymer acids

can be used as dopants to stabilize the electrical states of

the polymers [49]. In this case, PA and PAAMPSA act as

protonation agents for doping PANI which aids the cross-

linking of both hydrogen bonding and PANI chains [49, 52].

This, in turn, creates a deprotonated polyelectrolyte, an anion,

and a doped conductive polymer that possesses self-healing

properties due to the cross-linking of hydrogen bonds and

intramolecular electrostatic interactions [15]. Not only is PA

an efficient doping agent for PANI, it is also beneficial in

terms of water dispersibility, allowing for the polymer com-

posite to be synthesized with water as the only solvent [15,

52, 53]. This is important from an industrial perspective as

solubility in common solvents is highly favorable [53]. Aque-

ous processing has the added benefit of being considered a

green and highly renewable process. While many organic

electronic materials are synthesized using multiple organic

solvents [54–56], our developed synthesis is both sustain-

able and scalable. The water solubility of the complex also

allows for the AgNW/PNC to be easily recyclable, as it can

be dissolved in water and solvent casted again as illustrated

in Fig. 1.

The morphology of the AgNW/PNC was observed by

SEM and can be seen in Fig. 2. The AgNWs used in our

nanocomposite have a uniform size with an average diam-

eter of 20 nm (Fig. 2a). The surface of the AgNW/PNC

film was microscopically smooth and flat (Fig. 2b), with

only a few nanowires being visible. Thanks to the high

viscosity of AgNW/PNC suspension, the AgNWs are uni-

formly dispersed in the AgNW/PNC nanocomposite; an

auspicious indicator that edge effects and the casting pro-

cess did not cause the AgNWs to come to the surface of

the material or agglomerate. The nanowires can be seen as

the numerous white dots in Fig. 2c. The EDS elemental

mapping in Fig. 2d, e confirms that the white dots are the

AgNWs. In the cross-section view of Fig. 2c, we see wrin-

kles indicated by the orange arrows, likely a result of the

casting process occurring layer by layer as the kinetics of

phase separation and phase change are dynamically altering

during the entire film formation process [57]. Some impor-

tant effects include thermal gradients near the liquid–vapor

and liquid–solid interfaces, the evaporation rates, and the

concentration-dependent mobilities. The orange dashed cir-

cles depict some AgNWs protruding above the cross-section

which have close-to-parallel angles between the nanowires

Fig. 2 SEM images of AgNW/PNC. a The silver nanowires. b The surface of AgNW/PNC. c Cross-sectional SEM image of AgNW/PNC. d, e

EDS mapping of Ag element on cross-section of AgNW/PNC
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and the cross-section; indicative of some sort of interfacial

interaction with the AgNWs and the material. This is impor-

tant to note as the interfacial adhesion between AgNWs and

the PNC can affect the electrostatic interactions as well the

electron movement as it pertains to conductivity [58]. EDX

data of the neat AgNWs can also be seen in S11 in the SI.

The XPS data collected (Fig. S3, Table S1) confirms that

there are PAAMPSA, PANI, PA, and AgNWs in the polymer

complex. The N1s peak at 398 eV indicates that there is

an NH group in the polymer complex, and with N+, and

N2+. The peaks at 165.91 eV and 131.91 eV correspond

to the deprotonated sulfuric acid groups in PAAMPSA, and

the phosphoric acid groups in phytic acid, respectively. The

N1S peak corresponds to NH and N+ and N2+ respectively.

The large peak at around 365.91 eV shows the Ag3d in the

AgNW/PNC.

While there was concern that the AgNWs may inhibit the

dynamic hydrogen bonding between the PAAMPSA, PANI,

and PA, the excellent autonomous self-healing ability of the

polymer complex is well-preserved with the addition of the

AgNW percolation network. The self-healing properties of

the AgNW/PNC complex were tested according to the pro-

cedure discussed in previous work [15]. The AgNW/PNc

polymer complex showed similar self-healing efficiencies.

When cut and placed back together, the complex takes

approximately 3 h to recover its conductivity, and demon-

strates repeatable conductive healing over multiple cycles.

While it has previously been discussed that the PNC sensor’s

autonomous self-healing ability is a result of dynamic hydro-

gen bonding, the AgNWs appear to contribute. This is likely

as a result of the readily available electrons of silver interact-

ing with the positively charged holes in the doped polyaniline.

These opposite forces attract one another, allowing the poly-

mer matrix to tightly bind to the surface of the AgNWs again

after self-healing. With the stretchability of composite mate-

rials being so closely related to cohesion between the matrix

and filler, [59] this interaction between the AgNWs and poly-

mer matrix is imperative to recover mechanical properties

after self-healing. If this interfacial adhesion didn’t occur,

voids between the AgNWs and polymer matrix would form,

causing losses in both conductivity and mechanical prop-

erties. Figure 3 shows the representative optical images of

self-healed AgNW/PNC film after being cut in half. Note

that the AgNW/PNC film has an appearance of dark green

color (Fig. 3a), a characteristic result of the polyaniline exist-

ing in its doped emeraldine salt form. At the incident angle of

reflection, the film looks shiny (Fig. 3b) which enables us to

observe the self-healing phenomena more easily. The initial

Fig. 3 Optical images of AgNW/PNC film after being cut in half. a The

severed film of the characteristic green-colored PANI in its emeraldine

salt (highly electrically conductive) form. b The shine of the film allows

us to easily view the interface where the sample was cut. The severed

sides are highlighted by dashed lines. c The two severed surfaces were

gently placed in contact with one another to begin the autonomous self-

healing process. d The autonomously healed film after 3 h. e, f The

healed film can be stretched up to 900% strain without rupturing. g

The monitored resistance changes for 5 cut-heal cycles of AgNW/PNC

film at the same location. The value beneath the line was the average

resistance during a 5-s healing window
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AgNW/PNC sample was cut with scissors into two severed

portions. The detached surfaces of these were placed in con-

tact with each other to begin the autonomous self-healing

process. After 3 h, without any external stimuli (force, light,

heat, etc.), the two halves of the film had self-healed into one

and the visible interface at which the sample had been frac-

tured disappeared. The self-healing performance was further

studied in terms of mechanical and electrical properties. Fig-

ure 3e, f shows that the self-healed film can be stretched to

900% strain by hand without rupturing. If pressure is applied

by hand to reconnect the severed pieces of the AgNW/PNC

complex, the electrical conductivity of the AgNW/PNC is

almost entirely restored 3 s after the severed pieces are

connected. This was tested for five cycles, demonstrating

an excellent repetitive electronic self-healing ability; with

>98% of the original electrical conductivity being restored

within those first 3 s. While the autonomous and intrinsic

self-healing of the AgNW/PNc is impressive, its similarity

to previous work merits less of an investigation [15], as the

extreme increase in stretchability as well as the increase in

sensitivity appear to be more enlightening with regards to

how the added AgNWs are functioning within the polymer

complex.

While the increased sensitivity of the polymer complex

with the addition of the AgNWs is substantial and likely

related to the production of interconnected electrically con-

ductive pathways of AgNWs within the sensor, the increase in

mechanical properties remains somewhat enigmatic. In order

to investigate the interfacial interactions between the AgNWs

and the polymer complex, a rheometric study was conducted;

the results of which are shown in Fig. 4. Initially, the study

was conducted between a neat polymer complex sample as

seen in the previous work [15], and the AgNW/PNC sample.

Once that initial study concluded that the rheology of the

two samples was significantly different, it was hypothesized

that the difference in mechanical performance must lie in the

interfacial interactions between the AgNWs and the polymer

complex. As a result, an investigation was done comparing

the AgNW sample to one with silicon carbide nanowires

(SiCNWs, seen in Fig. 4a). SiCNWs are very chemically

Fig. 4 a SEM micrograph of silicon carbide nanowires (SiCNWs)

before (left) and after (right) etching using hydrofluoric acid, a process

utilized to remove oxidized layers from the surface of nanomaterials.

Rheological data showing the b storage modulus (G′), c loss modulus

(G′′), and d damping factor (tanδ =
G′′

G′ ) for the neat polymer complex,

AgNW/PNC, and the SiCNW/PNC
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resistive and thermally stable [60, 61]. They were selected

to confirm that interfacial interactions took place between

the AgNWs and the polymer complex, as they are nonreac-

tive in both acidic and basic conditions [62], and therefore

should not have interfacial reactions with the PNC complex.

The three samples were run utilizing a parallel-plate config-

uration rheometer as the storage modulus (G′), loss modulus

(G′′), and damping factor (tanδ =
G′′

G′ ), were measured versus

frequency, and can be seen in Fig. 4b–d. The storage modulus

or G′ vs frequency graph indicates that all three of the mate-

rials stiffen at higher frequencies, meaning that the material

begins to behave as a viscous liquid, with the hydrogen bond-

ing and self-healing effects inducing less elasticity. However,

it is important to note that the AgNW sample appears to hit

an asymptote, where the frequency no longer causes the stor-

age modulus to increase. This asymptote, where the solid-like

behavior of the AgNW sample occurs at a frequency of 10 Hz,

represents a point where the material’s ability to store energy

elastically levels off. Most likely due to the hydrogen bonding

of the polymeric chains being unable to provide elasticity at

the rate at which the shear stress is being applied. It is impor-

tant to note that before this point the storage modulus for the

AgNW sample is greater than that of the other two, meaning

it is more elastic and has more interfacial adhesion, indicating

a greater degree of non-covalent cross-linking being present

in the material [63]. This broadening of relaxation modes

that occurs in the AgNW sample is typically indicative of the

chain-pinning phenomenon taking place. The AgNWs within

the sample pin polymer chains into one another, helping to

increase entanglements and thus their electrostatic interac-

tions between one another. This phenomenon can increase the

elasticity of materials and is likely the cause of the increase

in stretchability seen in the mechanical testing in Fig. 5. The

damping factor, describing the ratio of the two viscoelastic

quantities, increases somewhat linearly for the neat poly-

mer and SiCNW/PNC samples; however, the AgNW/PNC

sample increases to a point and then once again levels off

and stops changing. The asymptote of the damping factor

correlates to the liquid-like behavior of the AgNW/PNC sta-

bilizing and becoming constant, which could indicate that

the sample has relaxed and rearranged to accommodate the

strain being applied so frequently. This ability of the mate-

rial to rearrange via dynamic hydrogen bonding is shown in

the SiCNW/PNC sample as well but is significantly higher

Fig. 5 Mechanical testing and the results from mechanical testing. a Tensile strain–stress curves for AgNW/PNC and polymer complex films. b, c

Photographs demonstrating the ultra-high stretchability of the AgNW/PNC nanocomposite (∼ 47×)
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in the AgNW/PNC. These two samples demonstrating this

ability support the theory of a chain-pinning phenomenon

occurring in the material, where the nanowires (both AgNW

and SiC) are penetrating multiple polymer chains. This chain

pinning increases entanglements among the polymers in the

material, thus making the material more stretchable. Since

the ability of the polymer matrix to transfer stress to the filler

is an important indicator of tensile strength in a composite

material, it is imperative that the interfacial adhesion of the

polymer matrix and fiber in a composite material are strong

[59, 64]. This interfacial strength at the polymer-nanofiber

boundary can help to decrease porosity within the material

as it begins to stretch [65]. The increase in porosity of a

composite material, particularly the porosity between the

filler and polymer matrix has been shown to decrease the

tensile strength of said composite [66–68]. As the material

stretches, the localized shear strain of atoms at the interface

with the reinforcing filler is less than those further away,

meaning that the polymer matrix can maintain a more con-

sistent density by adhering to the nanofillers, allowing tensile

force to be applied over a more uniform area and increasing

the ultimate tensile strength [59, 69]. One thing that likely

increases the interfacial adhesion between the PNC matrix

and AgNWs is that the AgNWs have a polyvinylpyrrolidone

(PVP) capping agent that is left over at the end of their syn-

thesis (approximately 0.5 wt%). Since the AgNWs have a

pentagonal structure, it is known that the chain length of the

PVP is likely to be a minimum of just under 40,000 repeat

units [70]. Our PAAMPSA molecules have an average chain

length of approximately 3900 repeat units, meaning that the

introduction of this long-chain polymer could help reinforce

the interface and provide entanglement with the polymer

matrix [71]. The OH groups of the AgNWs also contribute to

the dynamic hydrogen bonding throughout the PNC/AgNW

complex.

The AgNW/PNC exhibits an impressive ultra-high stretch-

ability of at least 4693%, as demonstrated in Fig. 5. /hlThe

0.9 mm thick solution cast film with a gauge length of 1.6

cm was stretched to 75 cm before breaking. The elongation

at break is at or above 4963%, where the testing limit of

the tensile tester was reached. With regards to self-healing,

the polymer complex undergoes enough irreversible plastic

deformation at just under 2000% strain, where a very slight

peak can be seen in Fig. 5a. At this strain, the polymer com-

plex undergoes significant necking as the polymer chains

and AgNWs reorganize. As a result, the self-healing mech-

anism sees a significant reduction in its effectiveness, as the

interface of the polymer complex at the breaking point will

be thinner and therefore have less surface area to self-heal

at. Above this strain, the polymer complex may adhere to

itself still; however, the mechanical and electrical proper-

ties will not return to their original states, and therefore, the

complex loses its self-healing ability. With regard to the max-

imum recoverable tensile limit, it can be hard to measure in

such a dynamic material. Since the rheometric study supports

the hypothesis that the material is rearranging to accommo-

date stress, the stress doesn’t change as much relative to the

strain being applied. Due to the large plateau as the tensile

tester operates and stretches the material, and the linearity of

that range relative to the beginning of the test, the maximum

recoverable tensile limit of the AgNW/PNC material should

be 85 kPa. Something important to note, however, is that

while this limit represents where plastic deformation begins

to occur, it is not the limit of the material breaking, but rather

where the material begins to relax in order to accommodate

this stress. In comparison, a recent review of academic strain

sensors found that recently developed strain sensors have a

stretchability from 2 to 1400% [72]. The majority of sen-

sors found were under 600% [73–77]. Hydrogel-based strain

sensors are known to have an exceedingly high stretchability,

but it is uncommon to see electronic hydrogels possessing an

elongation at break over 2000%. In addition, they normally

contain upwards of 80 wt% water, making them environ-

mentally unstable. The AgNW/PNC system, however, is

only roughly 6–8% water based on TGA/DSC, depending

on ambient humidity [15]. While many hydrogels rely on

water to garner mechanical properties as well as facilitate ion

transport to aid in electrical conductivity, the AgNW/PNC

system needs significantly less water, allowing it to maintain

relevant mechanical and electrical performance in a wider

range of humidities and temperatures, affording the complex

potential in a broader range of applications. The mechanical

properties of the AgNW/PNC are still highly dependent on

relative humidity (RH). While under ambient conditions (∼

52% RH), the stretchability of AgNW/PNC is over 4693%.

This is the highest stretchability for a polymer strain sen-

sor to date, to the best of the author’s knowledge. However,

the stretchability dramatically decreases to 770% (still above

most reported strain sensors) under a low humidity condition

(35% RH), corresponding to an 83.6% drop. The ultimate

strength, however, increases from 404 to 1239 kPa with the

decrease in humidity.

This hardening or softening of the material with the change

in humidity and the subsequent change in mechanical per-

formance is related to the water retention of the film. The

three components of the polymer complex network form a

solid polymer electrolyte via their protonation (PANI) and

deprotonation (PAAMPSA, PA). It is well known that the

mechanical properties of a polymer electrolyte differ signif-

icantly between a humid or dry atmosphere. The retained

water promotes proton dissociation which leads to the plas-

ticizing of the film [78]. The inference is that at higher

relative humidity conditions, the mechanical properties of

the AgNW/PNC composite increase alongside the conduc-

tivity as a result of the increased water available in the system

that can aid in the transport of ions. As for the pure polymer
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complex, the effect of plasticizing by water is less signifi-

cant. These effects are best illustrated by how the mechanical

properties of these polymers change due to humidity. While

the polymer complex without AgNWs has a slightly larger

stretchability of 1059% at a lower humidity, the AgNW/PNC

has a much higher stretchability at 52% RH—twice as high

as the neat polymer complex. The Young’s modulus for

the AgNW/PNC material is 86 kPa (c.f., 20–100 kPa for

human dorsal forearm and palm[79]) which indicates that

the material is extremely compliant and soft—suitable for

soft robotics and wearable applications. This was initially

unexpected, as the addition of these crystalline nanowires

was expected to interrupt the polymer matrix and decrease

the mechanical properties. However, upon a deeper review of

literature, there have been many cases of polymer adsorption

to additives within composite materials, causing an increase

in mechanical properties [80–84]. The PAAMPSA’s sulfonic

acid group is likely adsorbing well to the AgNWs, which

not only dissipates van der Waal forces which would other-

wise cause agglomeration among the AgNWs [85], but also

increases the intermolecular forces in the system, thus lead-

ing to the improved mechanical properties. The concentration

of silver nanowires also had an effect on the stretchability and

mechanical performance of the AgNW/PNC. At concentra-

tions well below the optimal loading percent of 0.5 wt%

AgNWs, no change between the AgNW/PNC and PNC was

noticed, and as that loading increased up to 0.5 wt%, both

the stretchability and sensitivity would increase, which has

also been demonstrated with the usage of metallic nanofillers

in other piezoresistive strain sensors [86]. Beyond 0.5 wt%

AgNWs, the additional amount of crystalline AgNWs in

the PNC would interrupt the polymer matrix and make the

material less stretchable. Much further beyond 0.5%, and

the AgNWs would begin to agglomerate, causing massive

defects. At very high loading percentages the solution would

form a powdery material after solvent casting.

As AgNWs are added to a polymer complex, its structure

is changed to increase the number of junctions, and the num-

ber of conductive pathways of the PNC is increased [87].

This explains the increase in electrical conductivity from

1.1 to 2.1 S/m; however, the increase in mechanical prop-

erties upon the addition of the AgNWs into the polymer

complex may be less intuitive. The increase in conductive

paths due to AgNWs is hypothesized to allow the polymer’s

ability to non-covalently crosslink to be more dependent on

its local environment, specifically for factors that increase

the speed of electron charge carriers. The increase in humid-

ity is able to increase the speed in which charge carriers

move, hence, increasing the electrostatic properties of the

AgNW/PNC, resulting in access to higher G Fs [51, 88–90].

The large gauge factor is not due to the high conductivity of

the material and instead occurs due to the high strain sen-

sitivity of the polymer. This increase in sensitivity could be

due to changes in the polymer matrix, specifically, the poly-

mer surface becoming less planar and impacting interfacial

adhesion as the polymer stretches [51]. The interfacial adhe-

sion of the AgNW/PNC is thought to also be dependent on

differing humidity levels, shown previously in epoxies and

other polymers [91].

The electro-mechanical responses of AgNW/PNC and

polymer complex to the tensile deformation are shown in

Fig. 5a. The relative resistance (R R) change is defined in

(Eq. 1), where R0 is the resistance at 0% strain, and �R is

the difference between the resistance under strain (ε) and R0.

R R =

(

�R

R0

)

× 100% (1)

For the neat polymer complex, the maximum relative resis-

tance change is 21,000%. Meanwhile, the maximum relative

resistance change of AgNW/PNC is a dramatic 298,000%,

which is 2980 fold of its initial resistance and 14.2 fold of

the maximum relative resistance change of polymer com-

plex. While the AgNW/PNC will show a smaller change in

resistance at any given strain relative to the neat polymer

complex due to its lower resistivity, an increasing strain will

induce a faster rate of resistance changing for both materials.

To evaluate the performance of the strain sensor, the simplest

metric is the gauge factor (G F). Gauge factor describes the

relationship of relative resistance change and applied strain

by Eq. 2, where �R/R0 is the relative resistance change and

ε is the applied strain.

G F =

(

�R/R0

ε

)

(2)

It is rare to see gauge factor over 10 for electronic materials

with ultrahigh stretchability (εM AX > 1000%) as most highly

stretchable strain sensors have G F around 0.1 to 5. High

gauge factors over 10 are commonly seen in brittle or poorly

stretchable conductive materials[92], which will fail to work

in situations when large deformation monitoring is required.

The AgNW/PNC shows an extraordinarily high gauge fac-

tor of 63.3 at a strain of 4693% (Fig. 6b). The increase in

gauge factor of the AgNW/PNC strain sensor correspond-

ing to applied strains is not as prominent as the increase in

relative resistance corresponding to similar strains. A com-

prehensive comparison of innovative strain sensors in terms

of stretchability and gauge factor can be viewed in Fig. 6c.

The other polymer data (Table S2) indicates that it is unusual

to have a high gauge factor and a high strain simultaneously.

The majority of the gauge factors recorded are under a strain

of 1000%. The two sensors that have a gauge factor higher

than the AgNW/PNC also had their gauge factor calculated

at a strain under 500%, indicating that our polymer has a

higher sensitivity than most other polymers and that it main-
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Fig. 6 Gauge factor, and relative resistance change. a Monitored rela-

tive resistance change and b gauge factor as a function of applied tensile

strain for AgNW/PNC and polymer complex. c Comparison of recent

reported piezoresistive materials with the AgNW/PNC in this study in

terms of G F and maximum strain where “x” represents materials with

AgNWs and “•” represents materials without AgNWs, the square repre-

sents materials that are not repeatedly self-healing [refs: a [98], b [97],

c [96], d [95], e [94], f [98], g [93], h [45], i [15], j (present work)].

d Cyclic stability test of the AgNW/PNC strain sensor: 90 repetitive

cycles of stretch to strain 80% then release back to strain of 0%

tains its electrical sensitivity at higher strains than those with

higher gauge factors [45, 93–99]. While many self-healing

polymers that obtain higher strain usually have lower gauge

factors and lower sensing capabilities [100–102], the high

gauge factor for the AgNW/PNC is significant due to an ini-

tial low resistance [87], increases during stretching [103],

and matrix alignment [87, 103]. The increase in sensitivity

is not due solely to the distance between AgNW’s, instead,

an increased number of junctions in the AgNW/PNC and an

overall increase in the network density [103].

The results of a cyclic stretch-release test of the AgNW/PNC

strain sensor are presented in Fig. 6d. By continuously mon-

itoring the relative resistance change, two groups of values

(at strain 0% and strain 80%) are very consistent without

any noticeable shifts. The difference of relative resistance

changes between each cycle is within 5% for all cycles. This

demonstrates that the AgNW/PNC strain sensor has excel-

lent mechanical and electrical stability and can be used for

dynamic strain sensing without fear of hysteresis or drifting.

An important thing to note is that while many strain sen-

sors can only produce the piezoelectric effect in one direction

or when strained in one motion, the AgNW/PNC is omnidi-

rectional. Figure 7 shows how the relative resistance of the

sensor changes when twisted and flexed over various angles.

The change in relative resistance relative to the flexion angle

in Fig. 7b indicates that the relationship between relative

resistance change and flexion angle is very linear for both

the AgNW/PNC and for the polymer complex. This indi-

cates that the sensor can reliably be used to predict, without

calibration, what angle a finger (or any other joint on the
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Fig. 7 Flexion bending. a Schematic diagram demonstrating the defor-

mations of flexion bending and twisting. b The relationship of relative

resistance changes versus flexion bending angles. (Polymer Complex: 0

to 125◦, AgNW/PNC: 0 to 160◦. c Plot of relative resistance change ver-

sus time for incremental flexion bending deformations. The time period

for each bending angle is 13 s. d The relationship of relative resistance

changes versus twisting angles from 0 to 900◦ for AgNW/PNC strain

sensor

body, regardless of bending radius) has bent from 0 to 180◦.

The larger gauge factor and increase in sensitivity of the

AgNW/PNC relative to the neat polymer complex correlates

to a larger slope in Fig. 7b. Figure 7c illustrates that the rela-

tive resistance change is stable when bent and maintained at

incremental angles. This signifies that over the course of 13 s,

the sensor exhibits no relaxation phenomena, and the relative

resistance will not drift. Figure 7d demonstrates that there is

a quadratic relationship between twisting angles and relative

resistance change. While many strain sensors may strug-

gle to accurately detect twisting motions, the AgNW/PNC

exhibits a high coefficient of determination value for the

quadratic line equation, indicating that accurate changes in

twist angle can still be found fairly easily utilizing the deter-

mined quadratic calibration curve. Being able to measure

twist angles is imperative in numerous biomedical applica-

tions, the most obvious of which involve the radius and ulna.

For a polymer to be used in wearable sensors, it must

possess comparable properties to the skin in terms of stretch-

ability, elasticity, Young’s modulus, and self-healing—being

able to regain both mechanical and electronic properties

with high efficiency. In order to be used in soft robots,

these materials must have excellent stretchability (strain

above 1000%), high toughness, high electrical conductivity,

and low Young’s modulus [104]. Self-healing properties are

necessary to be resistant to internal and/or external mechan-

ical damage caused by wear and tear, cuts, and rips [105].

Additionally, the conductive polymer materials must have

excellent mechanical properties with high electrical con-

ductivities for sensitive measurements or actuation that are

reliable and repeatable, without drift over time. Unfortu-

nately, the crystallinity required to transport charge carriers

in polymers typically results in rigid molecular structures

and thus tend to have poor mechanical properties [106, 107].

This leads to a low fracture resistance, making the polymer

only slightly better than traditional inorganic alternatives.

The AgNW/PNC complex, however, boasts excellent stretch-

ability, high electrical sensitivity, self-healing ability, and a

low Young’s modulus. Compared to 9 other wearable sensors

reported in the field, the AgNW/PNC is twice as stretch-

able as the next closest, while simultaneously exhibiting

a gauge factor that is significantly higher than most other
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available sensors, as seen in Fig. 7c. Additionally, the var-

ied molecular structure and crystallinity of many organic

materials result in irregular mechanical properties, making

it difficult to use in a scalable manufacturing setting. It is

desirable, then, for a stretchable electronic polymer material

to be autonomously self-healing—without intervention, as

well as robust, extremely sensitive, compliant to human skin

for wearable applications, and easily scalable.

The AgNW/PNC can easily be fabricated into a wear-

able strain sensor thanks to its electrically conductive nature,

self-healing ability, and ultrahigh stretchability. The elec-

tronic properties of the AgNW/PNC have unprecedented

sensitivities to physical deformations despite the material

being extremely soft and highly stretchable. This increase

in sensitivity is likely not only a result of the conductivity

increasing, but also a result of the bending, stretching, and

twisting of the AgNW percolation network causing voids

to form. In Fig. 7b, it can be seen that in both the PNC

and AgNW/PNC, the conductivity of the material decreases

with increased flexion angle. This is due to the flexion bend-

ing creating strain, where the displacement of conductive

pathways within the polymer matrix causes the resistance

to increase. When these materials undergo stretching such

as they do during tensile testing, the same displacement and

interruption of conductive pathways also increases the resis-

tance of the material, thus lowering the conductivity. The

reason that the relative resistance change of the AgNW/PNC

is more sensitive with strain applied as a result of bend-

ing and/or stretching, however, is the easier interruption of

the AgNW percolation networks and conductive pathways.

When an individual nanowire experiences strain via the sen-

sor being bent, twisted, or stretched, the polymer complex

which had originally been cast around the AgNWs will no

longer be perfectly flush and interconnected to those AgNWs.

A microscopic void between the AgNW and the polymer

complex will form. As a result, the AgNW percolation net-

work will be susceptible to increases in electrical resistance,

which will increase substantially relative to the resistance

change one would see in the neat polymer complex under

congruent strain.

As demonstrated by its gauge factor, the AgNW/PNC

wearable sensor has an exceedingly high response to delicate

perturbations such as pulse and speech-related vibrations.

This allows it to be used for some fairly delicate applications.

Figure 8a shows the AgNW/PNC wearable sensor success-

fully monitoring the carotid artery pulse of the wearer. Based

on the monitored frequency, the heart rate of the wearer was

found to be around 75 beats per minute which is consis-

tent with the results tested by typical methods. The typical

human pulse consists of three characteristic waves. The main

wave or superior wave, the predicrotic wave, and the dicrotic

wave can all be successfully recorded in a single pulse by

the AgNW/PNC wearable sensor [108]. Figure 8b demon-

strates the sensor’s ability with regard to deep breathing (or

diaphragmatic breathing). Based on the relative resistance

change measured by the sensor, deep breathing will cause a

significantly larger perturbation than the carotid artery pulse.

The intensity of deep breathing is about 15 times that of the

carotid artery pulse based on the monitored signal. The small

waves on the right shoulder of the deep breathing peak are

Fig. 8 Monitoring delicate motions in real time. a Relative resistance

change in response to carotid artery pulse (sensor placed on the right

upper side of the neck, just below the jaw). b Relative resistance changes

in response to deep breath (sensor placed on the throat). c Relative resis-

tance changes in response to light taps on wrist (sensor placed on the

outer wrist). d–f Relative resistance change in response to speaking

words of “Polymer,” “Roll Tide,” and “Thank You” (sensor placed on

the throat) for speech recognition
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believed to be the periodic pulse as well. Figure 8d-f shows

that the sensor is capable of not only detecting vocal vibra-

tions but is capable of differentiating various annunciations

and words. This is exhibited as the wearer said “polymer,”

“roll tide,” and “thank you.” It can be seen that the change in

relative resistance exhibited in the “polymer” pattern, “roll

tide” pattern, and the “thank you” pattern all have different

numbers of peaks, as well as peak sizes which can be used

to differentiate them from one another.

To explore the lower limit of detection of the AgNW/PNC

sensor, we show consistent changes in resistance for minute

pressures over a range of 77 Pa to 390 Pa, as shown in Fig. S4.

The relative resistance change at 390 Pa was around 2% when

applied to the sensor, and the change at a pressure of 77 Pa is

less than 0.01%. The results in Fig. S4 show a repeatable and

consistent relative resistance change for several minute pres-

sure cycles. This data indicates a linear relationship based on

force, with a high coefficient of determination value of 0.97.

The sensor’s limit of quantification appears to be at approx-

imately 200 Pa. Below this threshold the sensor no longer

provides a linear response to the stimuli, meaning that while

we may be able to still detect stimuli beneath this value, we

would be unable to accurately quantify and predict it. The

sensor can still reliably pick up perturbations down to 77 Pa,

just without a linear response. The data also indicates that

the sensors have a lower limit of detection of 0.0259 g/Pa.

The sensor can, however, accurately differentiate pressures

within the range of 200 Pa to 400 Pa by utilizing the linear

relationship between those points.

The sensor also shows promise in applications as a topo-

graphical sensor. Figure 9 shows that the sensor is accurately

able to pick up the general shape of an object using the

piezoresistive effect that results from it being dragged over

a 3-dimensional surface. When dragged perpendicularly

across a 3-dimensional shape, the change in relative resis-

tance as the sensor bends to glide across the surface can be

measured. By doing multiple scans (in this case 4) of the

sensor across the surface, we can plot the change in relative

resistance for the entire outline of the shape. We can then

normalize the data for each sweep, using the noiseless data

as a baseline, thus converting this data into a topographi-

cal map. This demonstrates that the sensor can successfully

scan and therefore identify shapes, lending itself to a variety

of applications in soft robotics and prosthetics.

3 Conclusions

Nanofillers in the form of AgNWs were added to a newly

developed polymer complex. The AgNW/PNC formed shows

excellent mechanical properties, while being autonomously

and rapidly self-healing, with a high G F and self-healing

efficiency. The highly stable electronic properties of the

AgNW/PNC, in conjunction with the high G F , allowed this

to be applied to high-sensitivity force and vibration detec-

tion applications, including biomedical sensing (wearable

motion, pulse, and speech monitoring) and e-skin topo-

graphical sensing. This piezoresistive polymer complex is

significantly more stretchable than other ultra-stretchable

sensors in the field at this time. [109–111]. It also boasts

higher sensitivities than other AgNW-based composites [112,

113]. It is hypothesized that the superior mechanical prop-

erties were due to the increased connectivity, as a result of

polymer chain pinning to the nanofiller, as shown by the rhe-

ological study. The rearrangement of the polymer complex in

the presence of these AgNWs is thought to have accounted for

the increase in sensitivity, as well. Additionally, these mate-

rials have been shown to be highly scalable and processable

from a top-down or bottom-up route, with the added bene-

fit of being compatible with 3D printing. With such robust

stretchability as well as the ability to accurately sense strains

as minute as vocal vibrations, the AgNW/PNC complex

demonstrates great promise in applications such as stretch-

able/soft robotics and biomedical monitoring. In future work,

an increase in conductivity will be targeted, to yield bet-

ter electronic sensitivity while preserving the AgNW/PNC’s

unprecedented mechanical and self-healing properties.

4 Experimental Section

Materials: A 10 wt.% poly(2-acrylamido-2-methyl-1-propa-

nesulfonic acid) (average molecular weight: 800,000) aque-

ous solution and 50 wt.% phytic acid aqueous solution

were purchased from Acros Organics (Fair Lawn, NJ). Ani-

line (ACS grade) and ammonium persulfate (ACS grade)

were purchased from Sigma-Aldrich (St. Louis, MO). Sil-

ver nanowires ethanol dispersion (concentration: 20 mg/mL,

average diameter: 20 nm, average length: 20–30 μm) was

obtained from ACS Materials (Pasadena, CA). All chemi-

cals were used as received without further purification.

Preparation of polymer complex (PAAMPSA-PANI-PA) and

AgNW/PNC: To solution cast the ternary polymer complex

film, the polymer solution was prepared [15], as shown in

Fig. 1. 10 wt.% PAAMPSA (50 g), PA (2.5 g), and monomer

aniline (0.5 g) were mixed together. Then 3.2 g of 21.5 wt.%

of APS aqueous solution was added into the mixture to ini-

tialize the in-situ oxidative polymerization of aniline. The

reaction was maintained at 0◦C in an ice-water bath for

3 h and at room temperature for the subsequent 21 h. The

black free-standing polymer complex film was formed by

drying at 35◦C for 24 h. As for the AgNW/PNC, 2 mL of

AgNWs were added after the polymerization of aniline com-

pleted. After the addition of the nanowires, the AgNW/PNC

mixture suspension was magnetically stirred for 2 h, then son-

icated in a water bath for an additional hour. The dark green
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Fig. 9 AgNW/PNC nanocomposite as a topographical sensor. a The

chosen objects to be scanned: wood alphabet letters “T,” “I,” and “L.”

The height of the letter objects are all 40 mm. b Four horizontal scans

for each letter object by monitoring the electrical resistance. Each hor-

izontal scan records a profile for a width of 10 mm and a length of

50 mm. The electrical resistance is normalized with a range of 0 to 1.

c Heatmaps constructed by normalized resistance scans. d Schematic

diagram of the AgNW/PNC topographical scanner

free-standing AgNW/PNC film was formed by the solution

casting method as well. To allow for even dispersion of the

AgNWs, the suspension was first dried at 50◦C for 5 h, then

at 35◦C for 20 h.

Fabrication of AgNW/PNC strain sensor: To fabricate the

AgNW/PNC strain sensor, the AgNW/PNC film was first

cut into a rectangular shape (length: 40 mm, width: 10 mm,

thickness: 0.9 mm). The electrical wires were connected

at both longitudinal ends. The wired electrically conduc-

tive AgNW/PNC film was then sandwiched by a stretchable

transparent acrylic adhesive tape (3 M, VHB Tape 4910). The

adhesive tape acts as the encapsulant to prevent the film from

contamination and provides additional elastic traction when

the sensor is being stretched. The sandwiched strain sen-

sor was left under ambient conditions for 24 h to achieve

at least 90% of bond strength between the acrylic tape and

AgNW/PNC. The polymer complex strain sensor was fabri-

cated using the same procedure as the control.

Characterization of AgNW/PNC and polymer complex mate-

rial: The chemical bonding of the materials was analyzed by

the Fourier transform infrared spectroscopy (FT-IR, Fig. S1,

PerkinElmer Spectrum Two) with a range between 500 to

4000 cm-1. Thermal gravimetric analysis (TGA) and dif-

ferential scanning calorimetry analysis (DSC) (Fig. S2)

were performed on a Simultaneous Thermal Analyzer 8000

(PerkinElmer Inc.) by heating from 30 to 820◦C in an N2

atmosphere. The heating rate was set at 10◦C/min. Scan-

ning electron microscope (SEM, JEOL 7000 FE SEM) and

energy-dispersive X-ray spectroscopy (EDS) mapping were

employed to characterize the morphology and elemental

composition of the materials. Testing samples were vacuum-

dried for at least 24 h prior to imaging. X-ray photoelectron
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spectroscopy (XPS, Fig. S3) was performed using a Kratos

Axis DLD spectrometer with a monochromatic Al Kα radia-

tion source (hν = 1486.6 eV). The binding energy of the core

level C 1 s peak at 284.4 eV was used as a reference to exclude

charging effects. Tensile tests were carried out on a universal

tensile tester (MTS QTest 25). Testing films were fixed by

pneumatic pressure (20 psi). The gauge length and the strain

rate were set at 16 mm, and 40 mm/min, respectively.

Sensor evaluation: Electrical activity on the sensor was

gathered using a Keithly (2450 Source Measure Unit). The

self-healing tests involved cutting the polymer in half and

then monitoring its relative resistance change for five cycles

over the time span of 80 s. The electrical changes of the sen-

sor were recorded using the (MTS QTest 25); and from this

data, the Gauge factor and maximum resistance were calcu-

lated. Electrical activity was recorded for various bending

angles from 0 to 900◦, with the time span held for each

angle being 13 s. The sensor was taped to a person’s neck

to monitor speech, pulse and breathing patterns. To test the

effect of pressure (Fig. S4), various pressures were applied

on the sensor , and the relative resistance was recorded over

eight cycles. In order to do topographic scans, the sensor was

dragged across objects horizontally while connected to the

Keithly workstation. Various objects of 40 mm in height were

scanned horizontally. Each scan is a length of 50 mm and a

width of 10 mm. Heat maps were then constructed based on

the scans.
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