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Cellulose electro-active paper (EAPap) is an attractive material of electro-active polymers
family due to its smart characteristics. EAPap is thin cellulose film coated with metal elec-
trodes on both sides. Its large displacement output, low actuation voltage, and low power
consumption can be used for biomimetic sensors/actuators and electromechanical system.
Because cellulose EAPap is ultra-light weight, easy to manufacture, inexpensive, biocom-
patible, and biodegradable, it has been employed for many applications such as bending
actuator, vibration sensor, artificial muscle, flexible speaker, and can be advantageous in
areas such as micro-insect robots, micro-flying objects, micro-electromechanical systems,
biosensors, and flexible displays.

Keywords: cellulose, electro-active paper, actuator, piezoelectrics, smart material

INTRODUCTION
In last few decades, electro-active polymers (EAPs) have received
significant attention due to their ability to fabricate large displace-
ment actuators. Cellulose is an endless source of raw materials
for environmentally friendly and biocompatible products, and its
offshoot are used for optical films,coatings, laminates,pharmaceu-
ticals, and textiles. The shear piezoelectricity in polymers of biolog-
ical origin such as cellulose and collagen was reported very early in
1950; Fukada experimentally demonstrated the piezoelectric coef-
ficients of wood and verified that oriented cellulose crystallites
are responsible for the observed piezoelectricity (Fukada, 2000).
The piezoelectric effect exhibited by cellulose film depends on
various factors, type of wood, environmental conditions, and ori-
entation of samples. Regardless of these early studies, the prospects
of cellulose as an ultra light weight material for electromechani-
cal transduction applications have not been fully explored. The
early investigation on EAPap actuator characterized by chemically
treated paper with thin electrodes on its both sides shows reason-
able performance (Kim and Seo, 2002). When 2 MVm−1 of exci-
tation electric field was applied to the paper actuator, more than
3 mm tip displacement was observed from the 30 mm long paper
film. However, the actuation frequency was low and force output
of the EAPap actuator was also small. The force and frequency
bandwidth was improved by variation in thickness in the EAPap
material at the cost of low actuation voltage and large bending dis-
placement (Yun et al., 2007). In order to enhance the performance
of EAPap actuator, conducting polymer coating on EAPap was sug-
gested, which was previously gold electrodes coated (Deshpande
et al., 2005). The electrode thickness plays a key role in the perfor-
mance of actuator. Other techniques employed to achieve smart
actuators were use of a single-walled carbon nanotube/polyaniline
coated cellulose electro-active paper (EAPap) hybrid actuator and

by mixing multi-walled carbon nanotubes and cellulose (Yun et al.,
2006; Yun and Kim, 2007). Carbon nanotubes-mixed cellulose-
EAPap actuator exhibited the highest mechanical power output.
The investigation on in-plain strain under electric fields reveals
that high Young’s modulus of EAPap is promising for its use as arti-
ficial muscle. The electrical power consumption was <8 mW/cm2,
which is beyond the safety limit of microwave power in air, which
direct to the possibility for achieving microwave driven EAPap
actuators (Kim et al., 2007).

The potential of cellulose EAPap for smart application is
promising. Addition of poly(ethylene oxide)-poly(ethylene glycol)
(PEO-PEG), conductive polymer, and carbon nanotubes coatings
improved the displacement output and force output of EAPap
actuators (Mahadeva et al., 2009a). Cellulose EAPap can be char-
acterized as biosensor since it is biodegradable, biocompatible,
capable of broad chemical modification, and hydrophilic (Kim
et al., 2008d). The direct piezoelectric effect extends its possibility
to be used as self powered vibration and strain sensor for struc-
tural health monitoring, energy scavenging transducers, flexible
speaker in acoustic applications, and beam vibration control.

EAPap DISCOVERY AS SMART MATERIAL
Kim et al. (2006b) reported the discovery of cellulose as a smart
material that can be used for biomimetic sensor/actuator devices
and micro-electromechanical systems. This smart cellulose was
termed as EAPap. Considering the cellulose structure and process-
ing of cellulose-based EAPap, its actuation mechanism is combina-
tion of ion migration and dipolar orientation. Figure 1 depicts the
concept of EAPap bending actuator. Cellulose EAPap is a film of
regenerated cellulose and morphologically, regenerated cellulose
consists of ordered and disordered regions. The ordered domains
are composed of crystalline and amorphous sections, and water
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Abas et al. Cellulose electro-active paper

FIGURE 1 | Concept of EAPap bending actuator: (A) EAPap actuator, (B) cellulose microfibril, and (C) water molecules bonded with hydroxyls. Adapted
with permission from Kim et al. (2006b).

molecules attached to hydroxyl groups can be found in large dis-
ordered regions. During the fabrication process, sodium ions were
injected in the fiber. When electric field was applied, these ions
migrate to anode, selective ionic, and water transport across the
polymer, which direct to bending of actuator. Consequently, the
large ordered region is responsible for the dipolar orientation,
leading to permanent polarization, which results into piezoelectric
behavior.

ELECTROMECHANICAL BEHAVIOR AND PROPERTIES
The evaluation of electromechanical coupling is very essential to
utilize EAPap for broader applications. To compute piezoelectric-
ity of EAPap, piezoelectric charge constants of EAPap were inves-
tigated using quasi-static direct piezoelectricity. Induced charge
on the surface of electrode was measured for different speci-
mens when the mechanical stretching was applied to the EAPap.
Piezoelectric charge constant of 45° sample has the largest value,
which shows the same pattern observed in the electromechanical
behavior test. In-plane piezoelectric charge constants of EAPap
are very similar to commercial piezoelectric polymer films PVDF
(Kim et al., 2008b). XRD patterns showed that samples fabricated
by electrospinning and stretching method enhanced crystallinity
of cellulose film, which improves piezoelectricity of EAPap (Yun
et al., 2008b). Wet drawing method with different stretching con-
ditions during the fabrication process of cellulose film reveals
that EAPap is sensitive to drawing ratio and material orientation
(Yang et al., 2009). Another effective way to enhance the piezo-
electricity of EAPap is using electrically aligned cellulose film.
The application of external electric fields induces formation of
nanofibers in the cellulose, resulting in an increase in the crys-
tallinity index (CI) values (Yun et al., 2009). Theoretical model
for electromechanical actuation behavior of CBC-EAPap shows
good correlation with the experiment results, which can be help-
ful to predict and understand the electromechanical behavior of
EAPap devices such as artificial muscle, biomimetic pump, and
other potential applications (Jang et al., 2009).

Mechanical properties of EAPap are heavily dependent on the
humidity and temperature conditions. The elastic strength and
stiffness gradually decreases with the increase of both humid-
ity and temperature. The measured value of Young’s modulus of
EAPap ranges from 4 to 9 GPa, which is relatively on the higher
side as compared to other EAP materials. Layered and oriented
cellulose-EAPap is a complex anisotropic material in term of elastic
and plastic deformation, creep. It is also dependent on tempera-
ture and humidity (Kim et al., 2008a). EAPap creeps at elevated
temperature, the elastic behavior varies inversely with temperature
and with the bias angle tested. However, the overall viscous behav-
ior of the EAPap tested was relatively complex (Kim et al., 2008c;
Lee et al., 2009a). Hydrothermal behavior of EAPap showed that
the creep resistance varied by changing the orientation of EAPap
samples (Kim et al., 2009).

APPLICATIONS AND FUTURE FORECAST
Cellulose-EAPap actuation mechanism, which is combination
of piezoelectric effect and ion migration effect associated with
constituent of cellulose materials and their material properties,
demonstrates its potential for many applications. Due to exciting
actuation phenomenon, EAPap can be used for sensors and actu-
ating devices. Kim et al. (2006a) studied a micro-patterning tech-
nique regarded as micro transfer printing, a gold (Au) electrode
pattern for a surface acoustic wave (SAW) MEMS device on cellu-
lose EAPap. Cellulose-based EAPap shows potential as biosensor
since it is eco-friendly, sustainable, biocompatible, good mechan-
ical strength and stiffness, and hydrophilic nature. However, some
challenges needed to be addressed in terms of consistency, material
robustness, and niche application progress (Kim et al., 2008d).

Electro-active paper performance and material characteriza-
tion shows promise for light weight smart and hybrid actua-
tors, which make use of converse piezoelectric effect (Yun et al.,
2008a; Mahadeva et al., 2009b). More recently, a remotely powered
and controlled actuator made by using a dipole rectenna array
along with modulated microwaves was investigated. Modulated
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Abas et al. Cellulose electro-active paper

FIGURE 2 | Cellulose paper applications: (A) micro-flying object; (B) micro-insect robots; (C) biodegradable MEMS; (D) thin flexible EAPap speaker
film after electrode formation. Adapted with permission from Kim et al. (2006b, 2011).

microwave power transmission is very valuable technology for
remotely driven actuators, biomimetic robots, and remote sens-
ing units (Yang et al., 2013). EAPap also shows fair quality results
when tested as vibration sensor and for beam vibration control
(Lee et al., 2009b; Kim et al., 2010a,b). Acoustic characteriza-
tion of cellulose EAPap for flexible film type speaker suggests
that piezoelectricity of EAPap can be used in acoustic applica-
tions (Kim et al., 2011). The reasonable piezoelectric coupling
coefficient and ability to withstand high vibration amplitude due
to flexible nature can help to develop EAPap energy harvesting
wireless sensor nodes. Cellulose film coated with different size
metal electrode was excited under different acceleration input to
examine its possibility for flexible energy harvesting transducer
(Abas et al., 2014a,b). The tests on EAPap demonstrate the feasi-
bility of cellulose EAPap for haptic applications (Yun et al., 2010).
Cellulose–silica/gold one-dimensional nano-composite was pre-
pared by sol-gel cross linking process, and was investigated for
electronic applications due its optical, electrical, and mechani-
cal properties (Kim et al., 2014). Figure 2 shows cellulose paper
applications.

CONCLUSION
A review of cellulose EAPap is presented from its discovery to real
world technology applications. Cellulose paper has been investi-
gated as a smart material and can be used as biomimetic actuators
and sensors. Its smart characteristics and actuation mechanism
makes it suitable for many applications including micro robotics,
MEMS devices, flexible speaker, micro pumps, remotely controlled
actuators, and a possible application as self powered wireless sen-
sor node. There is a lot of potential in cellulose EAPap for a smart
material. Nevertheless, some issues exist in terms of consistency,
material robustness, environmental effects, and future applications
development.

ACKNOWLEDGMENTS
This research was supported by the Basic Science Research Pro-
gram, through the National Research Foundation of Korea (NRF),
funded by the Ministry of Education, Science and Technology
(NRF-2011-0021720).

REFERENCES
Abas, Z., Kim, H. S., Zhai, L., Kim, J., and Kim, J. H. (2014a). Electrode effects of

a cellulose-based electro-active paper energy harvester. Smart Mater. Struct. 23,
074003. doi:10.1088/0964-1726/23/7/074003

Abas, Z., Kim, H. S., Zhai, L., Kim, J., and Kim, J. H. (2014b). Possibility of cellulose-
based electro-active paper energy scavenging transducer. J. Nanosci. Nanotechnol.
14, 7458–7462. doi:10.1166/jnn.2014.9566

Deshpande, S. D., Kim, J., and Yun, S. R. (2005). Studies on conducting polymer
electroactive paper actuators: effect of humidity and electrode thickness. Smart
Mater. Struct. 14, 876–880. doi:10.1088/0964-1726/14/4/048

Fukada, E. (2000). History and recent progress in piezoelectric polymers. IEEE Trans.
Ultrason. Ferroelectr. Freq. Control 47, 1277–1290. doi:10.1109/58.883516

Jang, S. D., Kim, J. H., and Kim, J. (2009). Modeling of electromechanical behavior
of chitosan-blended cellulose electroactive paper (EAPap). J. Appl. Phys. 105,
103510–103516. doi:10.1063/1.3129699

Kim, G. H., Ramesh, S., Kim, J. H., Jung, D., and Kim, H. S. (2014). Cellulose-
silica/gold nanomaterials for electronic applications. J. Nanosci. Nanotechnol.
14, 7495–7501. doi:10.1166/jnn.2014.9551

Kim, H. S., Kim, J., Jung,W.,Ampofo, J., Craft,W., and Sankar, J. (2008a). Mechanical
properties of cellulose electro-active paper under different environmental con-
ditions. Smart Mater. Struct. 17, 015029. doi:10.1088/0964-1726/17/01/015029

Kim, H. S., Li,Y., and Kim, J. (2008b). Electro-mechanical behavior and direct piezo-
electricity of cellulose electro-active paper. Sens. Actuat. A Phys. 147, 304–309.
doi:10.1016/j.sna.2008.05.003

Kim, J., Ampofo, J., Craft, W., and Kim, H. S. (2008c). Modeling elastic, viscous
and creep characteristics of cellulose electro-active paper. Mech. Mater. 40,
1001–1011. doi:10.1016/j.mechmat.2008.07.001

Kim, J.,Yun, S., and Lee, S. K. (2008d). Cellulose smart material: possibility and chal-
lenges. J. Intell. Mater. Syst. Struct. 19, 417–422. doi:10.1177/1045389X07083140

Kim, H. S., Yang, C., and Kim, J. (2009). Hygrothermal behavior of electro-
active paper actuator. J. Mech. Sci. Technol. 23, 2285–2290. doi:10.1007/s12206-
009-0352-1

Kim, J., Bae, S. H., and Lim, H. G. (2006a). Micro transfer printing on cellulose
electro-active paper. Smart Mater. Struct. 15, 889–892. doi:10.1088/0964-1726/
15/3/026

Kim, J., Yun, S., and Ounaies, Z. (2006b). Discovery of cellulose as a smart material.
Macromolecules 39, 4202–4206. doi:10.1088/0957-4484/25/9/092001

Kim, J., Jung,W., and Kim, H. S. (2007). In-plane strain of electro-active paper under
electric fields. Sens. Actuat. A Phys. 140, 225–231. doi:10.1016/j.sna.2007.06.041

Kim, J., Lee, H., and Kim, H. S. (2010a). Beam vibration control using cellulose-
based electro-active paper sensor. Int. J. Precis. Eng. Manuf. 11, 823–827.
doi:10.1007/s12541-010-0099-8

Kim, J., Lee, H., Kim, H. S., and Kim, J. (2010b). Vibration sensor characteristics
of piezoelectric electro-active paper. J. Intell. Mater. Syst. Struct. 21, 1123–1130.
doi:10.1177/1045389X10376679

Kim, J., and Seo, Y. B. (2002). Electro-active paper actuators. Smart Mater. Struct.
11, 355–360. doi:10.1088/0964-1726/11/3/305

www.frontiersin.org September 2014 | Volume 1 | Article 17 | 3

http://dx.doi.org/10.1088/0964-1726/23/7/074003
http://dx.doi.org/10.1166/jnn.2014.9566
http://dx.doi.org/10.1088/0964-1726/14/4/048
http://dx.doi.org/10.1109/58.883516
http://dx.doi.org/10.1063/1.3129699
http://dx.doi.org/10.1166/jnn.2014.9551
http://dx.doi.org/10.1088/0964-1726/17/01/015029
http://dx.doi.org/10.1016/j.sna.2008.05.003
http://dx.doi.org/10.1016/j.mechmat.2008.07.001
http://dx.doi.org/10.1177/1045389X07083140
http://dx.doi.org/10.1007/s12206-009-0352-1
http://dx.doi.org/10.1007/s12206-009-0352-1
http://dx.doi.org/10.1088/0964-1726/15/3/026
http://dx.doi.org/10.1088/0964-1726/15/3/026
http://dx.doi.org/10.1088/0957-4484/25/9/092001
http://dx.doi.org/10.1016/j.sna.2007.06.041
http://dx.doi.org/10.1007/s12541-010-0099-8
http://dx.doi.org/10.1177/1045389X10376679
http://dx.doi.org/10.1088/0964-1726/11/3/305
http://www.frontiersin.org
http://www.frontiersin.org/Smart_Materials/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abas et al. Cellulose electro-active paper

Kim, J., Yun, G. Y., Kim, J. H., Lee, J., and Kim, J. H. (2011). Piezoelectric
electro-active paper (EAPap) speaker. J. Mech. Sci. Technol. 25, 2763–2768.
doi:10.1007/s12206-011-0718-z

Lee, S., Kim, J. H., Kang, K., Kim, J., Kim, H. S., and Yang, C. (2009a). Characteriza-
tion of micro-scale creep deformation of an electro-active paper actuator. Smart
Mater. Struct. 18, 095008. doi:10.1088/0964-1726/18/9/095008

Lee, S. W., Kim, J. H., Kim, J., and Kim, H. S. (2009b). Characterization and sen-
sor application of cellulose electro-active paper (EAPap). Chin. Sci. Bull. 54,
2703–2707. doi:10.1007/s11434-009-0219-y

Mahadeva, S. K., Kim, J., Kang, K. S., Kim, H. S., and Park, J. M. (2009a).
Effect of Poly(ethylene oxide)-Poly(ethylene glycol) addition on actuation
behavior of cellulose Electroactive Paper. J. Appl. Polym. Sci. 114, 847–852.
doi:10.1002/app.30450

Mahadeva, S. K., Yun, S., and Kim, J. (2009b). Dry electroactive paper actuator
based on cellulose/poly(ethylene oxide)-poly(ethylene glycol) microcomposite.
J. Intell. Mater. Syst. Struct. 20, 1141–1146. doi:10.1177/1045389X09103222

Yang, C., Kim, J. H., Kim, J. H., Kim, J., and Kim, H. S. (2009). Piezoelectricity
of wet drawn cellulose electro-active paper. Sens. Actuat. A Phys. 154, 117–122.
doi:10.1016/j.sna.2009.07.016

Yang, S. Y., Mahadeva, S. K., and Kim, J. (2013). Remotely powered and controlled
EAPap actuator by amplitude modulated microwaves. Smart Mater. Struct. 22,
017001. doi:10.1088/0964-1726/22/1/017001

Yun, G. Y., Kim, H. S., and Kim, J. (2008a). Blocked force measurement of an electro-
active paper actuator using a cantilevered force transducer. Smart Mater. Struct.
17, 025021. doi:10.1088/0964-1726/17/2/025021

Yun, G. Y., Kim, H. S., Kim, J., Kim, K., and Yang, C. (2008b). Effect of aligned
cellulose film to the performance of electro-active paper actuator. Sens. Actuat.
A Phys. 141, 530–535. doi:10.1016/j.sna.2007.10.014

Yun, G. Y., Kim, J., Kim, J. H., and Kim, S. Y. (2010). Fabrication and testing of cel-
lulose EAPap actuators for haptic application. Sens. Actuat. A Phys. 164, 68–73.
doi:10.1016/j.sna.2010.09.005

Yun, S., Jang, S., Yun, G. Y., and Kim, J. (2009). Electrically aligned cellulose film
for electro-active paper and its piezoelectricity. Smart Mater. Struct. 18, 117001.
doi:10.1088/0964-1726/18/11/117001

Yun, S., and Kim, J. (2007). A bending electro-active paper actuator made by
mixing multi-walled carbon nanotubes and cellulose. Smart Mater. Struct. 16,
1471–1476. doi:10.1088/0964-1726/16/4/062

Yun, S., Kim, J., and Song, C. (2007). Performance of Electro-active paper actuators
with thickness variation. Sens. Actuat. A Phys. 133, 225–230. doi:10.1016/j.sna.
2006.03.007

Yun, S. Y., Kim, J., and Ounaies, Z. (2006). Single-walled carbon nan-
otube/polyaniline coated cellulose based electro-active paper (EAPap) as hybrid
actuator. Smart Mater. Struct. 15, N61–N65. doi:10.1088/0964-1726/15/3/N02

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 18 July 2014; accepted: 15 September 2014; published online: 30 September
2014.
Citation: Abas Z, Kim HS, Kim J and Kim J-H (2014) Cellulose electro-
active paper: from discovery to technology applications. Front. Mater. 1:17. doi:
10.3389/fmats.2014.00017
This article was submitted to Smart Materials, a section of the journal Frontiers in
Materials.
Copyright © 2014 Abas, Kim, Kim and Kim. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use, dis-
tribution or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

Frontiers in Materials | Smart Materials September 2014 | Volume 1 | Article 17 | 4

http://dx.doi.org/10.1007/s12206-011-0718-z
http://dx.doi.org/10.1088/0964-1726/18/9/095008
http://dx.doi.org/10.1007/s11434-009-0219-y
http://dx.doi.org/10.1002/app.30450
http://dx.doi.org/10.1177/1045389X09103222
http://dx.doi.org/10.1016/j.sna.2009.07.016
http://dx.doi.org/10.1088/0964-1726/22/1/017001
http://dx.doi.org/10.1088/0964-1726/17/2/025021
http://dx.doi.org/10.1016/j.sna.2007.10.014
http://dx.doi.org/10.1016/j.sna.2010.09.005
http://dx.doi.org/10.1088/0964-1726/18/11/117001
http://dx.doi.org/10.1088/0964-1726/16/4/062
http://dx.doi.org/10.1016/j.sna.2006.03.007
http://dx.doi.org/10.1016/j.sna.2006.03.007
http://dx.doi.org/10.1088/0964-1726/15/3/N02
http://dx.doi.org/10.3389/fmats.2014.00017
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Smart_Materials
http://www.frontiersin.org/Smart_Materials/archive

	Cellulose electro-active paper: from discovery to technology applications
	Introduction
	EAPap discovery as smart material
	Electromechanical behavior and properties
	Applications and future forecast
	Conclusion
	Acknowledgments
	References


