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A B S T R A C T

Three-dimensionally interconnected carbon nanotubes (CNTs) in a vertically aligned CNT

(vCNT) forest are potentially desirable for retaining their electrical functionality under

various elastic deformations after being incorporated into elastomeric materials. Here,

we report a class of highly stretchable and reliable elastic conductors based on the elasto-

mer-infiltrated vCNT forest with micro-patternability enabled by a facile and accurate

contact-transfer patterning approach. The stretchable conductors show electrical and

mechanical robustness over a wide range of tensile strains of up to �450% and fully-

stabilized response characteristics after some pre-conditioning. In addition, the electrical

performance of the stretchable conductors is also found to be fairly retained without sig-

nificant degradation in response to other types of elastic deformations such as bending,

twisting, and folding. In this way, we demonstrate a piezocapacitive strain gauge that

can measure large tensile strains as high as �150% with superior linearity, sustainability,

and reversibility of the resultant capacitive responses. We show that the strain gauges

can be used to monitor large-scale static and dynamic motions of human parts in real time.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Elastic conductors play an important role in a new class of

stretchable electronics as electrodes and interconnects that

can retain their performance (e.g., conductivity) without

significant degradation under various elastic deformations

such as stretching, bending, twisting, folding and so on. A
number of conductive materials, such as metallic thin-films

configured into waves or buckles [1–9], metallic nanowires

(NWs) [10–15], graphene [16–18], and carbon nanotubes

(CNTs) [19–37] have been used to fabricate such elastic con-

ductors by introducing electrical conductivity to elastic mate-

rials such as polydimethylsiloxane (PDMS). CNTs in particular

have gained great attention as one of the most important con-
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ductive materials in stretchable electronics due to advantages

such as high aspect ratio, good electrical conductivity, and

mechanical robustness. Therefore, a variety of attempts have

been carried out to realize CNT-based elastic conductors, such

as conductive polymer nanocomposites prepared by embed-

ding CNTs into a polymer matrix [19–26], polymer-infiltrated

CNT forests or networks [27–29], CNT films coated or trans-

ferred onto elastic substrates [30–33], and CNT ribbons or

fibers stacked on elastic substrates [34–37]. The micro-

patternability of CNT-based elastic materials (CEMs) is also a

critical issue for integration with stretchable devices. Shadow

masks have been most widely used thus far to fabricate

micrometer- or millimeter-scale patterns of CEMs [29–32].

For example, CNTs dispersed in solution can be patterned

directly on polymer substrates based on a spray coating pro-

cess with a shadow mask [30,31]. CNT-inlaid elastomeric pat-

terns can also be obtained by spray coating on a glass

substrate with a shadow mask and subsequently transferring

the patterns to elastomeric materials through a typical repli-

cation process [29]. Vacuum-filtered CNT percolation net-

works can be patterned on a silicone substrate treated

selectively with oxygen plasma based on a shadow mask

through a direct contact-and-transfer method [32]. A shadow

mask can also be used to fabricate the CNT/polymer nano-

composite patterns by squeezing the composited material

into opening area of the shadow mask [24,25]. Although pat-

terning processes based on shadow masks are quite straight-

forward, they generally suffer from inferior critical dimension

(CD) control. High-precision shadow masks such as laser-

ablated thin plastic films can be used to enhance the resolu-

tion of resultant composite patterns [25]. The main draw-

backs of this approach are the requirements for complex

and expensive setups to prepare shadow masks with accurate

pattern holes. Moreover, the fabrication might become more

time consuming and inefficient because a specialized process

must be employed repeatedly for individual designs and each

new layout. Another solution is to use photolithographically-

defined polymer masks instead of the shadow masks.

Although more accurate patterning of CEMs is possible in this

approach thanks to well-established photolithographic tech-

niques, additional processes are inevitable, such as manual

removal of excessive nanocomposite after squeezing by a

razor blade, resulting in the complexity in fabrication [26].

Here, we report an alternative method for demonstrating a

highly stretchable and patternable elastic conductor based on

a vertically aligned CNT (vCNT) forest and simple contact-

transfer patterning approach. The vCNT forest is a promising

conductive pathway for stretchable conductors because of the

three-dimensional (3D) interconnections among the CNTs in

the forest. In addition, the proposed contact-transfer pattern-

ing technique allows for the simple and accurate fabrication

of micro-scale CNT forest patterns in arbitrary shapes. After

infiltrating highly elastic polymer, the CNT forest patterns

can behave as a stretchable conductor that is robust against

various elastic deformations. In this way, we demonstrate a

piezocapacitive strain gauge based on the CNT forest elastic

electrodes and intermediate elastic insulating layer, ensuring

highly linear, stable, and reversible responses for tensile

strain up to 150%. Finally, the practical usability of the pro-

posed strain gauges was demonstrated by monitoring human
motions in real time after integrating the devices onto parts

of the body (the finger and knee joints) undergoing large

bending deformations.
2. Experimental details

2.1. Synthesis of vertically aligned carbon nanotube
(vCNT) forest

The vCNT forest used as a conducting medium in this study

was grown on a four-inch oxidized silicon substrate deposited

with a supporting catalytic metal layer of iron (Fe) and a bar-

rier layer of alumina (Al2O3) by a thermal CVD process. In

detail, �10-nm-thick Al2O3 and �2-nm-thick Fe layers were

sequentially deposited on a cleaned oxidized silicon wafer

by atomic layer deposition (ALD) and electron-beam evapora-

tion processes, respectively. The catalyst-deposited samples

were then placed in a CVD chamber under a hydrogen (H2)

flow rate of 700 sccm, a pressure of 80 mbar, and a tempera-

ture of 625 �C for 30 s to establish the catalytic islands as a

seed for growing CNTs. CNT growth was subsequently carried

out by adding 50 sccm of ethyne (C2H2) gas. For the growth,

the pressure and temperature of the chamber were kept at

80 mbar and 675 �C, respectively.
2.2. Fabrication of stretchable conductors and strain
gauges

The vCNT conductor patterns were first defined by removing

the unnecessary parts of the vCNT forest by a selective con-

tact-transfer technique using a PDMS stamp, which was pre-

pared by standard soft-lithographic molding and replication

processes. For this, a �70-lm-thick photoresist (PR, JSR-

THB-151N) mold was first patterned on a cleaned four-inch

silicon wafer using a photolithography process. Next, liquid

PDMS (with a 20:1 weight ratio of the base polymer to the cur-

ing agent) was poured onto the mold substrate, followed by

curing at 70 �C for �20 min. The curing time was optimized

to make the PDMS surface sticky since the sticky surface of

the elastomeric stamp facilitates easy contact-transfer pat-

terning. The elastomeric stamp was finally prepared by peel-

ing off the solidified PDMS from the mold substrate. The

prepared PDMS stamp was then brought into contact with

the vCNT forest using a manual xyz-stage. When lifted off

the stamp, unnecessary vCNT parts in the area of physical

contact were selectively removed, leaving the desired vCNT

conductor patterns on the donor substrate. After that, the

vCNT conductor patterns remaining on the donor substrate

were transferred entirely onto the Ecoflex substrate (with a

1:1 weight ratio of the base polymer to the curing agent)

through the contact-transfer technique. The vCNT forests

patterned on the Ecoflex substrate were then infiltrated with

a liquid Ecoflex solution, which was diluted with a volatile

solvent (toluene) in a weight ratio of 5:1, by a drop-casting

process in order to assure the mechanical robustness and

reversible behavior of the elastic conductors without severe

performance degradation even under repetitive operation.

After fully evaporating the volatile solvent at 70 �C for 2 h,

the fabricated elastic vCNT conductor was packaged through
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drop-casting a protective liquid Ecoflex and subsequent cur-

ing at 70 �C for 2 h.

To demonstrate a piezocapacitive strain gauge, two elastic

vCNT electrodes were first prepared by the aforementioned

fabrication procedures, except for the final curing step of

the protective Ecoflex layer. The two stretchable electrodes

prepared with uncured Ecoflex layers were then aligned care-

fully to allow for an overlapping area of 1 · 1 cm2, and then

thermally cured at 70 �C for 2 h under slightly pressurized

conditions to ensure strong bonding between the two elec-

trodes for mechanical and electrical stability.

2.3. Characterization

An automatic test stand (JSV-H1000, JISC) equipped with a

push–pull force gauge (H-10, JISC) was used to apply tensile

strain to the vCNT conductor clamped to the stage at both
50 μμm

Fig. 1 – Cross-sectional SEM image of the vertically aligned carb

(the magnified SEM image clearly indicates three-dimensionally

figure can be viewed online.)
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Fig. 2 – Fabrication procedures of the stretchable vCNT conducto

technique (inset figures: fabricated stretchable vCNT conductor a

can be viewed online.)
ends, and a digital multimeter (U1253B, Agilent Technologies)

interfaced with a computer through RS-232 data cable was

employed to measure and record the electrical resistance

with respect to the applied strain in real time.

The capacitive responses of the fabricated strain gauge

were measured using an LCR meter (model-6375, Microtest)

connected to a computer with a data cable, while applying

the external forces by a motorized stage equipped with a force

gauge.

3. Results and discussion

3.1. vCNT forest

In general, CNTs consist of metallic and semiconducting

nanotubes as grown by chemical vapor deposition (CVD).

Even though one third of the whole nanotubes, the metallic
500 nm

on nanotube (vCNT) forest prepared by thermal CVD process

interconnected CNTs in the forest). (A color version of this

ning vCNT transfer
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rs based on simple two-step contact-transfer patterning

nd cross-sectional SEM image). (A color version of this figure
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CNTs are the dominant paths in current flow. Fig. 1 shows a

scanning electron microscope (SEM) image indicating a

cross-sectional profile of the prepared vCNT forest. In partic-

ular, it can clearly be seen that the CNTs formed 3D conduc-

tive networks by being entangled with each other, as shown

in the magnified SEM image in Fig. 1. This provides clear evi-

dence of the fact that the vCNT forest is one of the most effi-

cient candidates for conducting materials in stretchable

electronics.

3.2. vCNT forest-based stretchable conductors

Thus far, PDMS has been the material most widely used for

stretchable substrates due to its good flexibility and easy

accessibility. Nevertheless, the stretchability of PDMS-based

elastic conductors is typically restricted to �100% strain or

less, which might originate from the fracture limit of PDMS.

In this study, Ecoflex, an extremely soft elastomeric material,
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was employed to extend the usable strain range by overcom-

ing the limits of the PDMS. Micro-patterning of the proposed

elastic conductors was achieved simply by transferring the

necessary portions of the vCNT forest onto the Ecoflex sub-

strate by a two-step contact-transfer patterning method, as

illustrated schematically in Fig. 2.

The proposed two-step contact-transfer approach can be

useful alternative for fabricating CNT-based elastic conduc-

tors by enabling the preparation of arbitrary shapes of the

vCNT forest patterns, as shown in Fig. S1 (see Supporting

information). The fabrication method ensures two key merits

of high patterning accuracy and process simplicity, because

the micro-patterning of the vCNT conductors is based on

well-established photolithography and simple contact-trans-

fer methods. Based on the two-step contact-transfer

approach, a ribbon-shaped vCNT conductor was successfully

prepared, as shown in the digital and cross-sectional SEM

images in Fig. 2. In particular, the height of the fabricated
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vCNT conductor was maintained similarly compared to that

of as-grown forest, which may imply that vertical architecture

of the CNTs is also fairly retained even after experiencing the

process.

The electrical performance of the fabricated vCNT-based

elastic conductors was first characterized by observing the

strain-dependent electrical resistance using a two-probe

technique under stretching deformation. Fig. 3(a) shows the

resistance change ratio (DR/R0) of the vCNT conductor as a

function of the applied tensile strain up to 500% with a con-

stant loading speed of 5 mm/min. The resistance change ratio

was increased linearly with a slope of �0.3 as the applied ten-

sile strain increased up to �450%. This means that 3D con-

ductive networks of the vCNT forest in the Ecoflex matrix

could be deformed gradually in a stable manner, indicating

predictable electrical performance even under relatively high

strain. In addition, the retention of the electrical performance

of the device under high strain is probably attributed to the

fact that many of contact junctions among the vCNTs entan-

gled densely in elastomer matrix still maintain electrical con-

nection upon stretching due to ‘‘contact junction shift’’ [38],

as illustrated schematically in Fig. S2 (see Supporting infor-

mation). Electrical failure of the fabricated vCNT conductor

was observed at �450% strain, at which the resistance was

unstably increased with a very steep slope, as shown in

Fig. 3(a). The sudden increase in electrical resistance might

have originated from loss of a number of conductive networks

among the vCNTs due to the application of tensile strain

higher than the critical value that can retain fairly stable elec-

trical performance in response to stretching deformations.

Fig. 3(b) presents the change in resistance under continu-

ous loading (stretched to maximum strain) and unloading
(released to 0% strain), with the increased maximum strain

ranging from 10% to 200% having a constant loading speed

of 12 mm/min. Although the tendency of the change in resis-

tance with respect to the applied strain is similar to the result

in Fig. 3(a), the resistance did not return perfectly to its start-

ing value even when the applied strain was fully removed to

0% at each stage, as shown in Fig. 3(b). This hysteretic electri-

cal behavior of the vCNT conductor at each stretching/

releasing stage was probably due to the increment of its resis-

tance from several reasons. Some 3D electrical networks in

the vCNT forest have been broken when the vCNT conductor

was exposed to tensile strain. In addition, interfacial contacts

between neighboring vCNTs could be subjected to change in

the direction of decreasing contact areas after experiencing

such strain level, even though the vCNT conductor physically

returned to its original length. This might have led to a resis-

tance increase in the released state for each stage with

respect to the unstrained value. In addition, the starting resis-

tance (Rs) at each stage was increased gradually with increas-

ing maximum strain (inset of Fig. 3(b)). This means that the

vCNTs undergo more events that can irrecoverably deform

the vCNT networks under higher strain loading conditions.

Nonetheless, the resistance change was found to be highly

reversible in the low strain range (up to �50% strain), indicat-

ing low hysteresis less than 5% with respect to the initial

resistance (R0). In addition, even with the application of high

strain (200%), the vCNT conductor exhibits an excellent

reversibility after a few stretching/releasing cycles, as shown

in Fig. 3(c) (where R# means the initial resistance value for

each cycle.). It should be noted that the initial resistance

was increased �16.2% compared to the case in Fig. 3(b),

because the vCNT conductor was previously exposed to
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200% strain, which resulted in lower resistance change ratio

under the same strain loading (200%). The resistance change

ratio became almost constant while maintaining small devia-

tions less than 2.5% for each cycle after the fifth stretching/

releasing cycle. This was probably attributed mainly to the

stabilization in the released state (inset of Fig. 3(c)), which

means that the vCNTs in the Ecoflex matrix physically

reached the most stable state after the initial conditioning

phase.

Further, the response characteristics of the vCNT conduc-

tors to other types of deformations, such as bending and

twisting, were also investigated. Fig. 3(d) shows the resistance

change of the fabricated vCNT conductor due to the applied

cyclic bending deformations under a bending radius of

�2 mm. The resultant resistance change remained almost

constant only within the range of 3.2–3.4% for each bending
cycle. In addition, the vCNT conductor was also tested under

severe twisting deformations of up to 1800 degrees (5 turns).

The change in electrical resistance was found to be relatively

insensitive to the applied twisting deformation by �1080

degrees (a �33% increase with respect to the untwisted resis-

tance), as shown in Fig. 3(e). At 1800 degrees, a considerable

increase of the resistance was observed, which may have

been dominantly due to the presumable physical damage to

the parts exposed to the largest stress under the extreme

twisting. Nevertheless, the resistance of the vCNT conductor

returned to the slightly higher value (�14% higher) compared

to the untwisted state when the applied twisting deformation

was fully released.

As a demonstration for practical applicability, the electri-

cal characteristics of a simple light-emitting diode (LED) cir-

cuit integrated with the fabricated vCNT conductor under
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various elastic deformations were investigated. The light

intensity of the LED with the applied turn-on voltage of 4 V

was almost retained without significant change, even when

the vCNT conductor was subjected to stretching, twisting,

bending, and folding deformations, as shown in Fig. 4. These

experimental observations show the feasibility for the pro-

posed vCNT conductor to be operated well in applications

even under various elastic deformations while maintaining

the stable electrical performance.

3.3. Piezocapacitive elastic strain gauges

Based on the vCNT conductors, a highly elastic piezocapaci-

tive strain gauge capable of detecting the external forces by

measuring a strain-dependent change in electrical capaci-

tance was successfully demonstrated, as shown in Fig. 5.

The strain gauge consists of two stretchable vCNT electrodes

prepared by the aforementioned fabrication technique, with

the elastomeric insulating layer between the two electrodes,

as shown in Fig. 5(a). In the proposed piezocapacitive strain

gauge, the protective Ecoflex layers act both as electrically

insulating layers in between the two stretchable electrodes

and bonding layers to form a parallel-plate capacitor.

Fig. 5(b) shows the capacitance change ratio (DC/C0) of the

fabricated strain gauge with respect to the applied tensile

strain up to 150%. The capacitance increased linearly as the

gap distance between the two electrodes decreased under
the applied tensile strain. In this way, a gauge factor (GF, DC/

C0/e) of �1 was obtained and retained stably during holding

for 3 min at 150% tensile strain, as shown in inset in

Fig. 5(b). The performance stability of the strain gauge was

further examined by observing its gauging properties under

stepwise tensile strains up to 100% of strain (stretching first

by 10% at a speed of 12 mm/min and subsequent holding

for �1 min). The GFs obtained from each stage were almost

1, and were also retained well without any fluctuation for

each holding-duration, as shown in Fig. 5(c). The inset in

Fig. 5(c) also indicates reliable sensor responses under repet-

itive stretching/releasing cycles, showing excellent reversibil-

ity. The sensor responses for other types of deformations

such as twisting, bending, and folding were also found to be

fully reversible. The capacitance in each deformed state was

returned to its original value without any hysteretic behavior

when all the applied deformations were fully released, as

shown in Fig. 5(d).

All the experiments clearly indicate that the proposed

piezocapacitive strain gauge is highly applicable to practical

applications owing to its remarkably stable and reliable per-

formance. In principle, the piezocapacitive elastic strain

gauge can also react with pressure applied perpendicular to

the device. The linear and reversible change in capacitance

of the fabricated strain gauge was also observed with the

application of a normal compressive force of up to �10 N

(corresponding to �56.5 kPa in pressure), as shown in Fig. 5(e).
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To demonstrate the potential of the piezocapacitive strain

gauges capable of reacting with high strains ensuring both

the mechanical robustness and electrical stability in practical

applications, we integrated them onto parts of the body (the

finger and knee joints), which usually experience large bend-

ing motions. Fig. 6(a) and (b) show the capacitive responses

(DC/C0) of the fabricated devices under repetitive simple bend-

ing/straightening motions of the finger and knee, respectively,

after mounting the devices on the joint regions. In both situ-

ations, the resultant changes in capacitance were quite uni-

form under similar levels of bending at each bending/

straightening cycle, revealing high reversibility.

Further tests were carried out to explore the ability to

sense dynamic motions of body parts by operating an exercise

bike with the fabricated device attached to the knee joint, as

shown in Fig. 6(c). Upon operating the machine, the sensor

mounted on the knee joint experiences repetitive stretching

and releasing states depending on the knee motions. Thus

the continuous motions of the human knee can be detected

as continuous changes in capacitance of the device. The cor-

responding capacitance changes are provided in Fig. 6(d). The

maximum changes in the capacitance of the device were

measured when a pedal of the bike was at the highest posi-

tion (corresponding to knee bending), while the capacitance

changes were minimized in the lowest position of the pedal

(corresponding to knee straightening) during the operations.

The capacitive responses of the device were quite reversible

and stable without large deviations for each operating cycle.

In addition, different pedaling speeds on the machine were

also detectable in real time using the fabricated device. With

increasing pedaling speed (and more rapid knee motion), the

period of the capacitive response became shorter, and vice

versa, as shown in Fig. 6(d). These demonstrations clearly

suggest that the proposed piezocapacitive strain gauges have

the possibility to be employed in practical sensing applica-

tions dealing with large strain deformations such as large-

scale human motions, owing to their wide detectable range

of strains of up to 150% and reliable mechanical and electrical

functionalities.

4. Conclusions

In this work, we present highly stretchable conductors by

incorporating a conductive vCNT forest into highly elastic

Ecoflex substrate based on a simple and accurate two-step

contact-transfer patterning technique. The vCNT conductors

showed reliable mechanical and electrical performance under

various even severe elastic deformations. A simple LED dem-

onstration also revealed the feasibility of the vCNT conduc-

tors in practical use. As a potential application of a vCNT

conductor, highly elastic piezocapacitive strain gauge was

fabricated by employing them as stretchable parallel-plate

electrodes in an elastomeric platform. The capacitive

responses of the fabricated strain gauge were found to be

highly linear over a wide detectable range of strains and pres-

sures without any irreversible degradation in both mechani-

cal and electrical functionalities. In addition, no hysteretic

behavior in the strain gauge was observed, even when other

types of deformations (twisting, bending, and folding) were
imposed on the device. After mounting the strain gauge on

the joint regions of the finger and knee, the large-scale static

and dynamic motions of the body parts were successfully

monitored in real time, indicating potential for diverse appli-

cations where the detection of high levels of strain deforma-

tions is needed.
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