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a  b  s  t  r  a  c  t

This  paper  describes  a novel  cellulose/poly(3-hydroxybutyrate)  blend  based  electroactive  polymer.  The
fabrication  process,  bending  actuation  test  and  its characteristics  are  investigated.  To  prepare  this  new
EAP, cellulose  and  PHB  were  dissolved  in  trifluoroacetic  acid.  The  solution  was  cast  to  form  a  film  followed
by  depositing  thin  gold  electrode  on  both  sides  of  the  film.  The  characteristics  of the  cellulose/PHB  film
were  investigated  by  Fourier  transform  infrared  spectra,  scanning  electron  microscopy,  X-ray  diffraction
eywords:
ellulose
oly(3-hydroxybutyrate)
ending displacement
ifetime

differential scanning  calorimetry,  tensile  test  and  dynamic  mechanical  analysis.  The  bending  performance
was  evaluated  in  terms  of  free  bending  displacement,  electrical  power  consumption  output  and  lifetime
test  under  ambient  conditions.  Primary  results  show  that this  cellulose/PHB  blend  EAP  is  less  sensitive  to
humidity and  it  shows  higher  bending  displacement  and  longer  lifetime  than  pure  cellulose  EAP at  room
humidity  condition.  These  results  indicate  that  this  new  cellulose/PHB  blend  EAP has  potential  for  many
biomimetic  applications.
. Introduction

Cellulose is a linear polymer made up of glucose molecules
inked by �-(1-4)-glycosidic linkages. There are four principle
ources of cellulose. The majority of cellulose is isolated from
lants. A second source is the biosynthesis of cellulose by dif-
erent microorganisms, including bacteria (Acetobacter xylinum),
lgae, and fungi among others. The other two  less common
ources include the enzymatic in vitro synthesis starting from
ellobiosyl fluoride, and the chemosynthesis from glucose by ring-
pening polymerization of benzylated and pivaloylated derivatives
Eichhorn et al., 2001; Takayasu & Fumihiro, 1997). As an envi-
onmentally friendly and renewable biomaterial, plant cellulose
onstitutes about 2 × 1012 tons of the total annual biomass pro-
uction photosynthesized by carbon dioxide fixation on land
nd in sea (Klemm,  Heublein, Fink, & Bohn, 2005). Cellulose has
een widely used in textile, food, paper, etc. Nowadays, lots
f cellulose applications take advantage of its biocompatibility,
ydrophilicity and chirality for the immobilization of proteins and

ntibodies for the separation of enantiomeric molecules as well
s the formation of cellulose composite with synthetic polymers
nd biopolymer. As one of new applications, cellulose has been
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discovered as a smart material which responds to an ith electric
field (Kim, Song, & Yun, 2006; Kim, Yun, & Ounaies, 2006). Such
materials are made up of cellulose fibers dissolved in a solvent
and cast as a sheet. Thin gold electrodes were deposited on both
sides of the cellulose film, and when an electric field was applied
across the thickness of the film, it showed a bending deforma-
tion. This cellulose film is a kind of electro-active polymer (EAP)
(Bar-Cohen, 2004). Cellulose EAP has merits as a smart mate-
rial in terms of lightweight, dryness, biodegradability, abundance,
low price, large displacement output and low actuation voltage.
Cellulose EAP material will enable inexpensive and lightweight
bio-mimetic actuators, microelectro-mechanical systems (MEMS)
devices, smart wallpaper, e-papers, etc. Cellulose EAP material is
also promising as biosensors since it is biodegradable, biocompat-
ible, sustainable, capable of broad chemical modification and has
high mechanical stiffness and strength. The discovery of an elec-
tromechanical coupling effect in wood dates back to 1950 when
Bazhenow reported a piezoelectric response in wood (Bazhenow,
1961). Fukada experimentally verified the piezoelectric coefficients
of wood, and demonstrated that oriented cellulose crystallites were
responsible for the observed shear piezoelectricity (Fukada, 2000).
These previous research results imply that cellulose has potential
to be used as an electro-active polymer. However, cellulose EAP is

very sensitive to humidity, its maximum bending performance was
shown at high humidity condition (90% RH), and its performance
is degraded quickly with time (Kim, Song, et al., 2006; Kim, Yun,
et al., 2006). To overcome the drawbacks, various attempts have

dx.doi.org/10.1016/j.carbpol.2011.08.038
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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een made to improve cellulose EPA’s performance. As one of the
pproaches, polypyrrol and polyaniline conductive polymers were
oated on cellulose EAP (Deshpande, Kim, & Yun, 2005a, 2005b).
he conductive polymer-coated cellulose EAP exhibited a large dis-
lacement output, but it was still sensitive to humidity and the
egradation was not improved. Another attempt was to mix  car-
on nanotubes (CNT) with cellulose (Yun & Kim, 2007; Yun, Zhao,
ang, & Kim, 2006). This CNT-mixed cellulose EAP can increase the
echanical power output and resonance frequency, but it was  also

till sensitive to humidity. So, preparing cellulose EAP with high
erformance in room humidity condition is required to make this
mart material useful in future practical application.

Poly(3-hydroxybutyrate) (PHB) is saturated aliphatic polyester
ynthesized and accumulated by a variety of bacteria as a reserve
nergy source (Zahra et al., 2009). PHB isolated from the bacte-
ia is a partially crystalline polymer. PHB has many remarkable
haracteristics such as biodegradability, biocompatibility, optical
ctivity and anticruor (Savenkova et al., 2000; Zhao, Deng, Chen,

 Chen, 2003). It is a truly biodegradable material suitable for two
romising applications: one is as a viable candidate for relieving
nvironment concerns caused by disposal of non-degradable plas-
ic; the other is to provide new-type biomedical materials. At the
ame time, PHB also has piezoelectricity and it can be used as
lectro-active material.

In the present research, cellulose/PHB blend film is used to pre-
are a novel EAP material. We  expect that the cellulose/PHB blend
AP shows improved bending performance compared with pure
ellulose EAP in terms of free bending displacement output, elec-
rical power consumption and lifetime.

. Materials and methods

.1. Materials

Cotton cellulose (MVE, DPw 7450) was purchased from Buck-
ye Technologies Co., USA. The poly(3-hydroxybutyrate) (PHB), a
hite powder sample was kindly provided by Tianjin TianLu Co.

td. (China), Mw = 430,000 Mw/Mn = 1.49 (obtained by G.P.C. in chlo-
oform at 30 ◦C). It was purified by precipitation in n-hexane from
hloroform solution, subsequently precipitated in methanol from
hloroform solution. Hydrochloric acid (36.5–38%) was  purchased
rom Sigma–Aldrich, USA. Trifluoroacetic acid (>99%) was pur-
hased from Daejung Chemical & Metals Co. Ltd. Sodium hydroxide
bead, 98%) was purchased from Samchun Pure Chemical Co. Ltd.

.2. Preparation of cellulose/PHB blend film

Cotton cellulose was  cut into small pieces, soaked into water
vernight, squeezed and filtered to remove the water. The same
rocess was performed four times with methanol and once with
cetone. The treated cotton cellulose and PHB powder were heated
nder reduced pressure at 110 ◦C for 2 h. Then cotton cellulose was
ixed with PHB powder at 50:50 weight ratios and dissolved in

rifluoroacetic acid at room temperature. The transparent cellu-
ose/PHB blend solution was kept in sealed glass bottle for future
se. The clear mixture solution was spin-coated on wafer and dried
t room temperature for 12 h. To ensure complete elimination of
he solvent, the films were then dried at 60 ◦C for 6 h. Transpar-
nt films can be obtained by peeling them off from the wafer.
fter that, the films were soaked in 1 N NaOH at room tempera-

ure for 1 day to remove the acids. They were then washed with

unning tap water for 8 h, and then immersed in deionized (DI)
ater for 24 h. Since sodium ions were entirely removed by running
ater, its concentration in the film was negligible. And then the
lms were immersed in hydrogen chloride aqueous solution (the
mers 87 (2012) 650– 657 651

concentration of hydrogen chloride is 1%) for 2 h, and then washed
with tap water and DI water for 12 h to remove little ionic
molecules. And then the films were dried in air for 24 h.

2.3. Gold electrode coating

Gold electrodes were deposited on both sides of the cellu-
lose/PHB film by using a physical vapor deposition system. The
size of the sample was 15 mm × 40 mm.  The thickness of the gold
electrodes was  so thin (0.1 �m)  that the gold electrodes did not
significantly affect the bending stiffness of the cellulose/PHB blend
film.

2.4. Characterization

Scanning electron microscopy images of the film were taken
with a microscope (Hitachi S-4200, Japan) to study the morpho-
logical difference of the films. The surface and cross-section of
the films were sputtered with gold, and then observed and pho-
tographed at an accelerating voltage of 15 kV. FT-IR spectra were
obtained using a Perkin-Elmer System 2000 FT-IR spectrophotome-
ter. The sample was cut into very little particles and characterized
by a Fourier transform infrared spectroscopy for the evaluation of
chemical structures. The sample was formed in a KBr pellet. The
obtained data were transferred to the PC for the line fitting. X-ray
diffraction (XRD) patterns were recorded on an X-ray diffractome-
ter (D/MAX-2500, Rigaku), by using Cu K� radiation at 40 kV and
30 mA.  The diffraction angle ranged from 5◦ to 40◦. Differential
scanning calorimetry (DSC, Model NETZSCH STA 409) was  per-
formed under a continuously renewed nitrogen atmosphere (flow
rate, 20 mL/min). The sample was heated from room temperature to
400 ◦C at the heating rate of 10 ◦C/min. Tensile test specimens were
prepared by cutting the membranes to 10 mm wide and 65 mm
long strips using a precise cutter. Young’s modulus of samples were
found from the tensile test results conducted according to ASTM D-
882-97 as a standard test method for tensile elastic properties of
thin plastic sheeting. Tensile test was done on a universal testing
machine in ambient condition. Two ends of the specimens were
placed between the upper and lower jaws of the instrument, leav-
ing a length of 50 mm of the film in between the two jaws. Extension
speed of the instrument was 2 mm/min. For each test, four samples
were used to calculate the average value and derivations. Dynamic
mechanical analysis (DMA) was conducted in tension mode on a
DMA  2980. Temperature scans were run from −40 ◦C to 50 ◦C at a
heating rate of 2 ◦C/min with a frequency of 1 Hz. Five replicates
were tested for each sample.

2.5. Bending performance

The bending performance of the cellulose/PHB blend EAP was
evaluated in terms of bending displacement, electrical power con-
sumption and durability with respect to the actuation frequencies,
voltages, and time variations. The test was  conducted in the bend-
ing displacement measurement system, which consists of a high
precision laser doppler vibrometer (LDV) (Keyence, LK-G3001(P)V),
a current probe (Tektronix, TCPA300), and a function generator
(Agilent, 33220A). A sample is supported vertically in air. The func-
tion generator sends out the excitation AC voltage. The input signal
generated from the function generator is applied to the sample and
it produces a bending deformation. The bending displacement of
the sample is measured by the high precision LDV and the signal

is converted to the displacement through the computer. Simulta-
neously, the current probe measures the input current supplied
from the function generator. The measured current signal is also
analyzed simultaneously by the computer.
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ig. 1. SEM images of cellulose (A and B) and cellulose/PHB blend (a–c) (A, a: surface

. Results and discussion

.1. SEM images

SEM observation can give information of the morphological
hange and miscibility. Cellulose/PHB blend EAP was made using
olution casting. The SEM images of the surface and cross-section of
he cellulose and cellulose/PHB blend EAP are shown in Fig. 1. Since
he gold layer was so thin, it can be assumed that the surface SEM
mages can represent the true surface morphology. For pure cel-
ulose film, the surface morphology is very uniform and smooth;
he cross-section morphology is typical layer-by-layer structure
Fig. 1B). For cellulose/PHB blend EAP, the surface is rather smooth
nd no phase separation can be observed. A lamination structure
an be observed from the cross-section images (Fig. 1b). This kind
f structure has been reported previously as nematic ordered cellu-
ose (Kondo, Togawa, & Brown, 2001). Generally, we can calculate
he average thickness of each layer using SEM images with high
agnitude (the SEM images are not all presented). For pure cel-
ulose EAP, the average thickness of each layer is about 50 ± 4 nm,

hereas for cellulose/PHB blend EAP, the average thickness of each
ayer increases to 200 ± 30 nm (Fig. 1c). The reason might be due to
hology; B, b: cross-sectional morphology, c: high magnification for selected region).

the fact that since the process of cellulose regeneration and PHB
formation happen simultaneously, PHB molecules and cellulose
molecules can interpenetrate with each other to form a uniform
cellulose/PHB blend. Thus, no obviously phase separation can be
observed. All these results indicate that cellulose and PHB were
blended well. Also, this good miscibility guarantees the uniformity
and stability of the bending performance.

3.2. FT-IR

Fig. 2 depicts the FT-IR spectra of PHB, cellulose and cellu-
lose/PHB blend film. For pure PHB (Fig. 2a), the peak at 3433 cm−1

refers to hydroxyl end groups. Peaks at 2973 cm−1, 2889 cm−1 and
2741 refer to C–H stretching vibration. A sharp and steep band
observed at 1726 cm−1 is assigned to C O stretching vibration. The
peak at 1283 cm−1 refers to C–O stretching vibrations. In the case
of pure cellulose (Fig. 2b), a broad band at 3450 cm−1 is attributed
to O–H stretching vibration. Band at 2820 cm−1 represents the

aliphatic C–H stretching vibration. A sharp and steep band observed
at 1080 cm−1 is due to the presence of C–O–C stretching vibrations.
Spectra obtained for cellulose/PHB blend (Fig. 2c) display basically
the bands observed for the two  individual components. Only the
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Fig. 2. FTIR spectra of PHB (a), cellulose (b) and cellulose/PHB blend (c) film.

requency is shifted to lower region. As we known, the frequency
ifference is considered as a measure of the average strength of
he intermolecular hydrogen bond (Liang, Wu,  Zhang, & Xu, 2008).
he frequency difference between that intermolecular interactions
etween the two polymers occur. However further measurements
uch as Raman spectroscopy would be necessary to clarify this.

.3. XRD analysis
Fig. 3 shows X-ray diffraction patterns of cellulose, PHB and
ellulose/PHB blend films. Regarding the crystalline structure of
ellulose, it is known to be classified into four crystallization types,

Fig. 3. XRD patterns of cellulose (a), PHB (b) and cellulose/PHB blend (c).
Fig. 4. DSC curves of PHB (a), cellulose/PHB blend (b) and cellulose (c).

viz. celluloses I–IV, and their crystalline structure are able to be
transformed from one type to another (Jung, Benerito, Berni, &
Mitcham, 1977). As seen from Fig. 3a, for pure cellulose three
peaks located at 12.1◦, 19.8◦ and 22◦ assigned to (1 1 0), (1 1̄ 0),
and (2 0 0) can be observed, which represent cellulose II crystalline
structure. Yokouchi, Chatani, Tadokoro, Teranishi, and Tani (1973)
had reported that PHB crystallizes in an orthorhombic lattice struc-
ture (P212121: a = 0.576 nm,  b = 1.320 nm and c = 0.596 nm (fiber
axis), �-form) with their chains in the left 2/1 helix. Characteris-
tic XRD diffractiongram of pure PHB film is given in Fig. 3b, which
agrees with the report in the literature. Two strong scattering inten-
sity peaks are detected at 2� value of 13◦ and 17◦ assigned to
be (0 2 0) and (1 1 0) of the orthorhombic unit cell respectively.
For cellulose/PHB blend film, diffraction patterns show the PHB
characteristic peaks with a decrease intensity and cellulose II char-
acteristic peaks (Fig. 3c).

The crystallinity index for cellulose obtained form X-ray diffrac-
tion data was  calculated according to the literature method (Segal,
Creely, Martin, & Conrad, 1959). This method is fast and easy. It
uses the height of the (2 0 0) peak and the minimum between (2 0 0)
and (1 1 0) peaks, assuming that intensity of (2 0 0) represents both
crystalline and amorphous parts while the minimum intensity at
the mentioned location is for amorphous part only.

CrI = I(2 0 0) − I(am)

I(2 0 0)
(1)

where CrI is the crystallinity index, I(2 0 0) is the intensity at (2 0 0)
peak (2�  = 22◦) and I(am) is the intensity at the minimum between
(1 1 0) and (2 0 0) peak. The estimated crystallinity index of the
cellulose is 65% and for cellulose/PHB blend it is 52%. That result
indicates that the crystallinity index of cellulose in the cellu-
lose/PHB blend film decreases approximately 10% by blending the
PHB. We  suggest that it might be due to the strong intermolecu-
lar reaction between cellulose and PHB, which makes the cellulose
molecular chains difficult to orientation.

3.4. DSC test

To further investigate the crystallinity of the cellulose/PHB

blend film, we conducted differential scanning calorimetry (DSC)
study. DSC thermograms of the cellulose/PHB blend film with pure
PHB and cellulose for comparison are displayed in Fig. 4. For pure
PHB, two  sharp endothermic peaks located at 173 ◦C and 278 ◦C can
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e observed. These two peaks are attributed to melting transition
f the PHB crystalline and thermal decomposition of PHB molec-
lar chain. In the case of pure cellulose, a broad peak is observed
t 127 ◦C, which should be due to the recrystallization of cellulose
uring the heating process. And a small peak located at 320 ◦C is
ound which is attributed to the melting transition of the cellulose
rystal. For cellulose/PHB blend, the DSC curve has some changes.
he melting temperature of PHB is shifted to higher temperature
hile the thermal decomposition temperature of PHB is shifted to

ower temperatures. The recrystallization and melting temperature
f cellulose are not changed but the peaks area become smaller,
hich means the crystallinity of cellulose decreases in the blend

ompared with pure cellulose. These results indicate that the strong
ntermolecular reaction between cellulose and PHB occurs during
he solution blending as we suggest in XRD discussion.

.5. Tensile test

To investigate the mechanical characteristics of cellulose/PHB
lend film, the tensile test was performed according to ASTM D-
82-97 standard test method. The tensile strength, elongation at
reak and Young modulus of the cellulose, PHB and cellulose/PHB
lend are shown in Fig. 5. Compared with the values observed
or pure cellulose, the tensile strength, elongation at break and
he Young’s modulus experiment a small decrease with the addi-
ion of PHB. Pure cellulose and PHB present a tensile strength of
12 MPa, 25 MPa, elongation at break of 8.0%, 4.5% and Young’s
odulus of 4.12 GPa, 0.6 GPa, respectively. The values observed

or cellulose/PHB blend are 74 MPa  for the tensile strength, 7.2%
or elongation at break and 2.5 GPa for the Young’s modulus. This
ehavior may  be associated with the result that the crystallinity
f cellulose decreases due to irregular structures caused by strong
nteractions between cellulose and PHB chains with PHB blending.

eanwhile, the Young’s modulus values can be used to calculate
he stiffness and resonance frequency of bending performance for
he samples.

.6. DMA  test

The dynamic mechanical properties of cellulose/PHB blend was
xamined by DMA  and compared with pure cellulose and PHB. The
oss modulus curves and tan ı curves for pure PHB, cellulose and
ellulose/PHB blend are shown in Fig. 6. For pure PHB, glass relax-
tion peak can be observed on both curves around 25 ◦C. For pure
ellulose, the loss modulus is much lower than pure PHB since it
s in the glassy state below 50 ◦C. The relaxation peak observed in
an ı curve around −25 ◦C is assigned to �-relaxation. After blend-
ng cellulose with PHB, loss modulus for blend increases about one

agnitude and both the �-relaxation of cellulose and glass relax-
tion of PHB are shifted to lower temperature. Lower transition
emperature indicates that decreased energy is required for the
hain to perform the motion. The change in energy requirement
s likely due to the restraint of cellulose and PHB chains caused by
he strong intermolecular reaction between these two polymers.

.7. Bending displacement

The bending displacement of pure cellulose EAP and cellu-
ose/PHB blend EAP under AC activation voltage was measured at
he tip of the samples with the laser vibrometer. The test was per-
ormed as a function of frequency under different activation voltage
t room condition. Fig. 7b shows the typical actuation behavior of

ellulose/PHB blend EAP under different excitation voltage (peak
o peak, ranged from 3 V to 7 V) at room condition (25 ± 0.5 ◦C
nd 30 ± 5% RH) and pure cellulose EAP (Fig. 7a) used as compar-
son. As seen in Fig. 7, when the actuating voltage increases, the

Fig. 5. Tensile strength (a), elongation at break (b) and Young’s modulus (c) of
cellulose, PHB and cellulose/PHB blend.
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Fig. 6. Loss modulus (A) and tan ı (B) as a function of 

ending displacement tends to increase for both cellulose and cel-
ulose/PHB blend EAP. The maximum bending displacement values
f 1.32 mm is achieved for cellulose/PHB blend EAP at actuating
oltage of 7 V at room humidity conditions, which is higher than
hat of pure cellulose EAP (0.92 mm).  We  think the increase of bend-
ng displacement of cellulose/PHB blend EAP might be attributed to
he piezoelectricity of PHB. The resonance frequency is also shifted
rom 5.5 Hz for pure cellulose EAP to 5.0 Hz for cellulose/PHB blend
AP. The resonance frequency of EAP can be theoretically calcu-
ated based on the classical beam theory (Rao, 1990). Supposing the
old electrode layer is so thin (∼100 nm)  that its stiffness is neg-
igible, the resonance frequency of the EAP is proportional to the
oot of Young’s modulus (Tahhan, Truong, Spinks, & Wallace, 2003).
n this case, the main reason for resonance frequency decrease is
he Young’s modulus decrease with blending PHB in the blend.
he decrease in the stiffness also can result in a larger bending
isplacement.

To investigate the humidity effect on the cellulose/PHB blend
AP, we perform the bending displacement test under the differ-
nt relative humidity levels, such as 50%, 60%, 70%, 80% and 90%.
ll tests were performed under room temperature at 25 ± 0.5 ◦C.
ig. 7c shows the measured maximum bending displacements at
ifferent relative humidity levels at 7 V and resonance frequency.
or pure cellulose EAP, its maximum bending displacement is very
ensitive to environmental humidity condition. At low humidity
evel (room humidity), its maximum bending displacement is very
ow. However, with humidity condition increasing, its maximum
ending displacement increases almost linearly. The highest value

s achieved at 90% humidity condition in this test. For cellulose/PHB
lend EAP, the humidity sensitiveness of bending displacement
ecomes less compare humidity.
.8. Electrical power consumption

Fig. 8A and B shows the electrical power consumption of
ure cellulose EAP and cellulose/PHB blend EAP at the ambient
rature (©: PHB, �: cellulose, �:  cellulose/PHB blend).

condition. With actuation voltage increasing from 3 V to 7 V, the
electrical power consumption level is increased from about 20 mW
to 70 mW for pure cellulose EAP and from 35 mW to 140 mW for
cellulose/PHB blend EAP, respectively. Under low actuation voltage
(such as 3 V and 4 V), the electrical power consumption variation
with the frequency is very low, less than 5 mW for both pure cellu-
lose and cellulose/PHB blend EAP. While for high actuation voltage
(such as 6 V and 7 V), the electrical power consumption variation
with the frequency becomes big. However, the electrical power
consumption of cellulose/PHB blend EAP is 104 mW and 119 mW
when it is excited with 6 V and 7 V at resonance frequency. This
value is higher than that of pure cellulose EAP, which is about
42 mW and 56 mW.  The increased electrical power consumption
might be due to the increased piezoelectricity associated with
blended PHB. Although the electrical power consumption of the
cellulose/PHB blend EAP is higher than pure cellulose EAP, the net
electrical power consumption calculated by diving by electrode
area is about 17 and 20 mW cm−2 for 6 V and 7 V at 5 Hz. These
values are lower than that of the microwave power limit that can
damage living organs.

3.9. Lifetime

The lifetime is one of the important characteristics of EAP. One
drawback of cellulose EAP is that its performance degrades rapidly
with time, especially under high humidity condition. It might be
associated with solvent residues, electrolytic gas or electrode dam-
age. The lifetime was tested as the bending displacement variation
with time at resonance frequency and actuation of 7 V at room
humidity condition. Fig. 8C shows the lifetime result of cellu-
lose/PHB blend EAP as comparison with pure cellulose EAP. As seen
in Fig. 8C, the initial bending displacement is about 0.95 mm  for

pure cellulose EAP and kept stable at this value for about 60 min.
Then, it decreases almost linearly. After actuating for 6 h, its bend-
ing displacement reduces to 0.65 mm,  which remain only 68%
of initial value. However, for cellulose/PHB blend EAP, the initial
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Fig. 7. Bending displacements of pure cellulose EAP (a) and cellulose/PHB blend
E
h
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AP  (b) at room condition and maximum bending displacements (c) at different
umidity condition.

ending displacement is about 1.3 mm and then drops to 1.125 mm
n few minutes. After that, the bending displacement increases
lowly and saturates to 1.225 mm after about 1 h. For the next 2 h,
he bending displacement is very stable. After that, the bending dis-
lacement decreases slowly. After actuation for 10 h, the bending
isplacement reduces to 0.96 mm.  The bending displacement out-
ut loss is about 26%. The initial drop of the bending displacement

ay  be associated with initial aging of the material for the electri-

al actuation. Nevertheless, this cellulose/PHB blend EAP shows a
etter lifetime in room humidity condition.
Fig. 8. Electrical power consumption (A: pure cellulose EAP; B: cellulose/PHB blend
EAP) and lifetime test (C) at room condition.

4. Conclusion
Cellulose/PHB blend EAP was prepared by dissolving cellulose
and PHB with weight ratio 50:50 in trifluoroacetic acid as co-
solvent followed by air drying at ambient. Its characteristics were
investigated by SEM, FT-IR, XRD, DSC, DMA  and tensile test. SEM
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mages show that cellulose and PHB has good miscibility and the
ellulose/PHB blend has uniform structure. FTIR, XRD and DSC test
esults confirm the existence of cellulose and PHB in the blend. In
ddition, a decrease in crystallinity and mechanical properties is
bserved for cellulose/PHB blend compared with pure cellulose.
he bending performances such as bending displacement, elec-
rical power consumption and lifetime were evaluated under AC
oltage at an ambient condition by changing the actuation voltage,
requency and time. The bending displacement of the cellulose/PHB
lend EAP increases with the actuating voltage increasing. The max-

mum bending displacement of 1.32 mm,  which is higher than that
f pure cellulose EAP, is achieved at actuating voltage of 7 V and the
esonance frequency of 5 Hz. As for electrical power consumption,
lthough the value is higher than that of pure cellulose EAP it is still
ower than the safety limit of microwave which may  damage living
rgans. In terms of durability, bending lifetime for 10 h only lose
bout 26% performance degradation at room humidity level, which
eans this novel cellulose/PHB blend EAP has excellent durabil-

ty and is more promising for potential application in sensors and
ctuators than pure cellulose EAP.
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