
ORIGINAL ARTICLE

Highly conductive and stretchable conductors
fabricated from bacterial cellulose

Hai-Wei Liang, Qing-Fang Guan, Zhu-Zhu, Lu-Ting Song, Hong-Bin Yao, Xuan Lei and Shu-Hong Yu

Advanced materials that can remain electrically conductive under substantial elastic stretch and bending have attracted

extensive interest recently owing to their broad application potentials, particularly for flexible electronics. Here, we have

developed a simple and inexpensive method to fabricate highly conductive and stretchable composites using bacterial cellulose

(BC) pellicles as starting materials, which can be produced in large amounts on an industrial scale via a microbial fermentation

process. The prepared pyrolyzed BC (p-BC)/polydimethylsiloxane (PDMS) composites exhibit a high electrical conductivity

of 0.20–0.41Scm�1, which is much higher than conventional carbon nanotubes and graphene-based composites. More

importantly, the p-BC/PDMS composites that combine high stretchability with high conductivity show great electromechanical

stability. Even after 1000 stretching cycles at the maximum strain of 80%, the resistance of the composites increased by only

B10%. The resistance increased slightly (B4%) after 5000 bending cycles with a maximum bending radius of 1.0mm.
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INTRODUCTION

Although they possess high conductivity, conventional metal con-

ductors cannot meet the demands for some emerging applications,

particularly for flexible electronic devices,1–3 actuators,4 sensors5,6 and

loudspeakers.7 These limitations have motivated intensive efforts to

develop advanced electrically conductive materials capable of

substantial elastic stretching and bending.2,8–11 One method for

fabricating stretchable conductors is to form one dimensional ‘wavy’

inorganic ribbons or two dimensional ‘wavy’ membranes by releasing

pre-strained elastomeric substrates with conductive materials lying on

them.9,12–16 Such wavy conductive structures have exhibited excellent

conductivity and mechanical stretchability. Another method is to

embed or bond rigid and active electronic components into a soft

rubbery polymer.2,10,17–20 For example, Shin et al.17 fabricated

elastomeric conductive composites by the infiltration of multiwalled

carbon nanotube forests with a polyurethane binder. Someya’s group

developed highly conductive, printable and stretchable composite films

using ionic liquid, fluorinated copolymer and ultralong single-walled

carbon nanotubes (SWNTs).1,2 Transparent stretchable conductors

have also been fabricated by embedding well-aligned carbon nanotube

(CNT) ribbons or graphene films in polydimethylsiloxane

(PDMS).11,19 Although mechanical stretchability was successfully

achieved, most of the above studies demonstrated that the resistance

of the obtained composites increases rapidly with tensile strain

(4100% increase of resistance at 100% strain).5,10,11,17,18

Very recently, a new strategy was developed for generating

stretchable conductors by backfilling an infinite connected network

of conducting fillers (such as single-walled carbon nanotubesaero-

gels21 or graphene foams22) with an elastic polymer. Owing to the

prefabricated three dimensional (3D) network structures, these

composites showed a relatively high electrical conductivity and

electromechanical stability under stretching and bending.21,22

However, the cost of single-walled carbon nanotubes and graphene

fabricated from the chemical vapor deposition process is still high. It

is quite desirable to explore inexpensive, green and scalable processes

to lower the fabrication cost for industrial applications.

Bacterial cellulose (BC) has long been used as the raw material of

nata-de-coco, an indigenous dessert food of the Philippines, for which

one centimeter thick gel sheets fermented with coconut-water are cut

into cubes and immersed in sugar sirup.23 BC can be produced in

large amounts on an industrial scale via a microbial fermentation

process.23,24 It is well known that BC pellicles are composed of

interconnected 3D networks of nanofibers that have a native cellulose

I crystal structure with high-molar-mass, hydrogen-bonded polymer

chains in an extended-chain conformation.23,25 In addition, BC has

been used as a precursor material to prepare graphitized films26 and

carbon nanofibers.27 Inspired by this biomaterial,28,29 we propose to

construct 3D conductive carbon nanofiber networks from BC pellicles

for fabricating stretchable conductors. The major advantages of using

BC as a precursor material include easy fabrication, low cost and its
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mechanically robust 3D network structures, which is a key point for

the electromechanical performance of the final composites. In this

paper, we demonstrate that BC pellicles can be employed as starting

materials for fabricating stretchable conductors. The prepared

pyrolyzed BC (p-BC)/PDMS composites exhibit a high conductivity

and extraordinary electromechanical stability even under high

stretching and bending strain.

MATERIALS AND METHODS

Materials
Purified BC pellicles with fiber content ofB1% (vol/vol) were kindly provided

by Ms CY Zhong (Hainan Yeguo Foods Co., Ltd., Hainan, China). The fibers

were produced by the bacterial strain Acetobacter xylinum using a culture of

coconut milk and sucrose.24 Sylgard 184 silicone elastomer base and curing

agent were purchased from Dow Corning (Midland, MI, USA).

Methods
The BC pellicles were first cut into rectangular or cubic shapes with a sharp

blade, frozen in liquid nitrogen (–196 1C) and then freeze-dried in a bulk tray

dryer (Labconco Corporation, Kansas City, MO, USA) at a sublimating

temperature of –48 1C and a pressure of 0.04mbar. The obtained BC aerogels

were then pyrolyzed under flowing argon at 600–1450 1C to generate black and

ultralight p-BC aerogels. The p-BC/PDMS composites were fabricated by

infiltrating the p-BC aerogels with PDMS pre-polymer, a viscous mixture of

base/curing agent (Sylgard 184, Dow Corning), followed by degassing in a

vacuum oven for 2 h and thermally curing at 70 1C for 1 h.

Characterization
The electrical conductivity of p-BC aerogels and p-BC/PDMS composites was

measured by a two-probe method with the PM5 Analytical Probe System

(Cascade Microtech, Inc., Beaverton, OR, USA) and Keithley 4200 SCS at

room temperature in air. Copper wires were embedded and connected to the

p-BC aerogels with silver paste (Dupont 4929N, DuPont Corporation,

Wilmington, DE, USA) before infiltration with PDMS pre-polymer. The

compressive tests of the BC and p-BC aerogels were performed by using an

Instron 5565A, equipped with two flat-surface compression stages and 500N

load cells. The strain ramp rate was maintained at 10mm per min for all of the

tests. The sample size was measured using a standard caliper. Scanning electron

microscopy was performed with a field emission scanning electron micro-

analyzer (Zeiss Supra 40, Carl Zeiss AG, Baden-Wurttemberg, Oberkochen,

Germany) after coating the samples with an Au layer of approximately 3 nm

using a Sputter Coater (Model BAL-TEC SCD 005).

RESULTS AND DISCUSSION

Figure 1a describes the synthetic pathway. A piece of purified BC

pellicle with the size of 200� 230� 4mm3 was first cut into a

rectangular shape with a sharp blade (step 1). To prevent the collapse

of the gel network, a freeze-drying technique was used to remove the

water from the small piece of BC pellicle to form a porous cellulose

nanofibrous aerogel (step 2). The dried BC aerogel was then pyrolyzed

under flowing argon at 600–1450 1C to generate a black, ultralight

and conductive aerogel (step 3). For measuring the mechanical

properties of aerogels, another BC pellicle with a thickness of

12mm was cut into a cubic shape, freeze-dried and pyrolyzed

Figure 1. (a) The fabrication process of BC-based materials. (1) A large-sized BC pellicle (200�230�3mm3) was cut into the desired shape with a sharp

blade. (2) After freeze-drying of the wet BC pellicles, the ultralight BC aerogel was obtained. (3) Further pyrolysis treatment of the BC aerogel under flowing

argon produced the black p-BC aerogel. (b, c) Scanning electron microscopy images of the BC and p-BC aerogels, respectively.
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(Supplementary Figure S1). The apparent density of the dried BC

aerogels was B7mg cm�3. The porosity was estimated to be 99.56%

based on calculations using a density of 1.6 g cm�3 for the cellulose

nanofibrils.25 During the pyrolysis process, the BC sample gradually

shrank to half of its original size in three dimensions, whereas the

volume shrank by B88%. The obtained p-BC aerogels are extremely

light, and have an ultralow density of 3–4mg cm�3 with a high

porosity of 499.7%. Scanning electron microscopy images of the

freeze-dried BC aerogel reveal a highly porous network structure

consisting of numerous nanofibers (Figure 1b). High-magnification

scanning electron microscopy observation indicates that these nano-

fibers with a diameter of 20–50 nm are highly interconnected with

large numbers of junctions (Supplementary Figure S2).25 After a

pyrolysis treatment, the p-BC aerogels obtain a 3D network structure,

except that the fiber diameter is decreased to 10–20 nm (Figure 1c)

due to the carbonization of the BC and evaporation of volatile species

such as CO, CO2, methanol, and acetic acid during pyrolysis.27 We

propose that this unique 3D network structure is responsible for the

outstanding mechanical and conducting properties of the p-BC

aerogels (see below for details).

Unlike conventional low-density aerogels that are brittle and tend

to break even upon a small compression, the present BC and p-BC

aerogels composed of interconnected nanofibers exhibited high

flexibility, that is, suppression of brittleness. The compressive proper-

ties of the BC-based aerogels were studied quantitatively, and the

results are shown in Figures 2a and b. The BC aerogels can be

compressed without disintegration after being subject to a maximum

strain of 80% with a compressive strength of 18.0 kPa (Figure 2a).

When the compressive load was removed, the BC aerogel did not

return to its original shape because of the strongly interacting surface

hydroxyl groups in the BC nanofibers (the inset in Figure 2a). In

contrast, the p-BC aerogel showed a highly elastic compressibility and

almost completely recovered its original volume after the compression

was released (Figure 2b and inset), although it had a much lower

compressive strength of 2.5 kPa at 80% strain, most likely due to the

reduced density after pyrolysis treatment. The p-BC aerogel was

subjected to a fatigue cyclic compression test (e¼ 80%) by under-

going 100 loading/unloading cycles (Figure 2b). The unloading curves

show that the stresses remained above zero until e¼ 0, suggesting

almost complete recovery of the compressed aerogel and no thickness

reduction after the fatigue test. The degradation at the maximum

compressive strength (at 80% strain) of the p-BC aerogel was only

7.5% after 100 cycles. It is believed that the robust mechanical

properties of the p-BC aerogel are attributed to its unique inter-

connected 3D network structures and elimination of the hydrogen-

bond interaction during pyrolysis.

The flexible p-BC/PDMS composites were prepared by infiltrating

the p-BC aerogels with the polymer resin (Dow Corning Sylgard 184)

under vacuum before curing at 70 1C (the inset in Figure 2c). The

dimensions of the aerogels remained unchanged after infiltrating and

curing. Scanning electron microscopy images of the fracture surface of

the composites show that the carbon nanofibers are homogenously

distributed throughout the polymer matrix (Figure 2c and

Supplementary Figure S3). The electric resistance of the p-BC aerogels

and their composites with PDMS were measured by the two-probe

method. All of the measured current–voltage (I–V) curves showed a

linear dependence, indicating good ohmic contacts between the

composites and the electrodes (Supplementary Figure S4). The results
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Figure 2. (a) Compressive stress–strain curve of the BC aerogel at a set strain of 80%. (b) Cyclic stress–strain curves of the p-BC aerogel at a maximum

strain of 80%, showing a very small permanent deformation after 100 compression cycles. The insets in (a) and (b) show the sequential photographs of the

BC and p-BC aerogels during the compression process, illustrating their different mechanical properties. (c) Scanning electron microscopy image of the

fracture surface of the typical p-BC/PDMS composite. The inset shows the photograph of a bent composite, showing its flexibility. (d) Electrical conductivity

of p-BC/PDMS composites as a function of the pyrolysis temperature.

Conductors fabricated from bacterial cellulose
H-W Liang et al

3

NPG Asia Materials



show that the electrical conductivity of the p-BC/PDMS composites

was approximately equal to that of the initial p-BC aerogels

(Supplementary Figure S4), indicating that introduction of the PDMS

matrix does not damage the interconnected 3D network of carbon

nanofibers. In addition, the electrical conductivity of the p-BC

aerogels and p-BC/PDMS composites increases rapidly with the

pyrolysis temperature (Figure 2d) because higher temperature results

in carbon nanofibers with a higher degree of graphitization.27 The

composites show an electrical conductivity of 40.2 S cm�1 when the

pyrolysis temperature is 41000 1C despite the very low loading of the

active electronic component (o 0.3 vol%). The electrical conductivity

of the composite made from the BC aerogel that was pyrolyzed at

1450 1C reached 0.41 S cm�1, which is much higher than traditional

CNTs and graphene-based composites prepared by solution mixing

with such a low filler content (Supplementary Table S1). For the latter,

electronically active fillers, such as CNTs and graphene nanosheets, are

embedded separately in the polymer matrix, and the electrical

conductivity of these composites is strongly dependent on the

electron percolation between the filler particles.30,31 In contrast, in

our composites, because the infinite interconnected network of

conductive carbon nanofibers remained unchanged even after

infiltrating with an insulating polymer, electrons can move very

quickly through the network it, resulting in a higher electrical

conductivity. When compared with the present method, the

solution mixing method exhibits more versatility, such as allowing

for easy control of the filler content, but the electrical conductivity of

the composite obtained by solution mixing can only be controlled in

a limited range because high filler content likely results in phase

disengagement and fails to form mechanically robust composites. We

also measured the stress-strain curves of the p-BC/PDMS composites

and pure PDMS, and the results are shown in Supplementary

Figure S5. The fabricated p-BC/PDMS composite exhibited high

stretchability with a strain-to-failure rate of 118%, which is some-

what lower than that of the pure PDMS sheet (B150%).

The extraordinary electrical conductivity of the p-BC/PDMS

composites, as well as their good mechanical properties, indicates a

great potential as flexible and stretchable conductors (Figure 3). We

evaluated the stretchability and foldability of the composite con-

ductors by measuring resistances with respect to stretching strain and

bending radii, which were carried out with a high-precision mechan-

ical system (Instron 5565A). The composite fabricated from the BC

aerogel that was pyrolyzed at 1300 1C was tested and had an initial

conductivity of 0.33 S cm�1. The composites remained robust after

repeated stretching–releasing cycles and bending.

We first investigated the resistance variation as a function of

uniaxial tensile strain from 0 to 80% (Figures 3a and b). Note that the

composite remained conductive until it broke at 118% strain

(Supplementary Figure S6). During the first cycle of stretching–

releasing, the resistance of p-BC/PDMS composite increased nearly

linearly with increasing tensile strain (Figure 3a). The resistance

increase (DR/R0) at the maximum strain (80%) is 14.8%, which is

much lower than the reported values for conventional graphene- and

CNT-based stretchable conductors2,10,11,18 and is comparable to that

of emerging single-walled carbon nanotubes/PDMS21 and graphene

foam/PDMS22 composites. When the stretched composite was

released to the unstrained state, we observed 9.2% loss in

conductivity, implying a partial breaking or cracking of the

nanofibrous network. We then performed a second stretching cycle,
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Figure 3 Resistance change of the p-BC/PDMS composite under mechanical deformations. (a) Variation of the normalized resistance (DR/R0) of the

composite as a function of tensile strain up to 80% in the first two stretch-release cycles. The inset shows the stretching process. (b) DR/R0 as a function
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1.0mm. The inset shows the twentieth, thousandth, fivethousandth bending cycles. R0 refers to the electrical resistance of the pristine composite, and DR

refers to the resistance change of the bent or stretched composite relative to that of the pristine composite.
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where the DR/R0 at the maximum strain was the same as that during

the first cycle, and only another 0.3% loss in conductivity was

observed when the strain was fully released (Figure 3a). In fact, except

for the first cycle, the resistance showed no obvious change between

each stretching–releasing cycle. The p-BC/PDMS composite reached a

stable DR/R0 after five stretching–releasing cycles and showed great

reversibility thereafter (the inset in Figure 3b). It is worth mentioning

that there was only 0.8% increase in the DR/R0 from the first to the

thousandth cycle (Figure 3b), which shows the excellent electrome-

chanical properties of the present composites.

We also investigated the resistance variation under bending

deformations, as shown in Figures 3c and d. During the first bending

cycle, the resistance showed a slight increase of 2.0% at a bending

radius of 1.0mm and could recover partially after unbending

(Figure 3c), similar to the results in the stretching tests. As the

number of bending cycles increased, the resistance variation of

composites gradually became stable, and the resistance increased only

by 4.1% even after 5 000 cycles for a bend radius of 1.0 mm (Figure 3b

and inset).

A simple device was demonstrated for lighting a commercial LED

using the p-BC/PDMS composites. As shown in Supplementary

Figure S7, the brightness of the LED did not change significantly

when the p-BC/PDMS composite was twisted or stretched. These

results show the extraordinary electromechanical stability of p-BC/

PDMS composites and their great potential for high-performance

stretchable and flexible conductors. We suspect that the outstanding

electromechanical properties of the composites result from the 3D

network structures of the p-BC aerogels and their robust mechanical

properties, as revealed in Figure 2b. Because the robust interconnected

3D network of carbon nanofibers was preformed and remained

unchanged after infiltrating with PDMS, the conductive nanofibers

within the composite could slide past one other without losing

junction points while being supported by the PDMS during stretching

and bending; thus little variation in conductivity was observed.

CONCULUSIONS

In summary, we have developed a new type of highly conductive and

stretchable conductors using an inexpensive and green material, BC

pellicles, as a precursor, which can be produced in large amounts on

an industrial scale via a microbial fermentation process. The prepared

pyrolyzed p-BC/PDMS composites with a high electrical conductivity

of 0.20–0.41 S cm�1 exhibit extraordinary electromechanical stability

even under high tensile and bending strain. It is believed that the

outstanding electromechanical properties of the composites are due to

the robust and preformed 3D networks of the p-BC aerogels that

provide an interconnected pathway through which electrons can

quickly move. Because of the advantages of the present method, such

as inexpensive and accessible precursor material and easy fabrication,

it is possible to scale up the fabrication process for industrial

applications in large-scale flexible, stretchable and foldable electronics.
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