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Abstract

Living tissues in the body receive various types of stimuli, including mechanical strain, pressure, and varied chemical envi-
ronments. In contrast, conventional cell cultures are processed under in vitro conditions, which are not similar to the actual
body’s environment. To precisely simulate the human body environment, a dynamic cell culture device capable of applying
mechanical stimulation to cells is needed. In this study, an acrylic dielectric elastomer electroactive polymer (EAP), is intro-
duced as a driving component for a dynamic cell culture device with a simple structure. The device is composed of separated
upper and lower modules with a driving film at the center, By assembling these components, the electrodes on the surface of
the driving film are isolated but still connected by columns that can transfer the deformation of the driving apparatus to the
culture membrane. The culturing performance of cells according to the mechanical stimuli was experimentally investigated
and compared. Tensile strain was found to provide the highest improvement in cell development rate, reaching up to 32.3%.

These results highlight the utility of EAPs for compact and biocompatible dynamic cell culture device design.

Keywords Dielectric elastomer - Cell culture device - PDMS (polydimethylsiloxane) - Composite electrodes

1 Introduction

The cell cytoskeleton plays many important roles in cel-
lular function, in addition to providing structural rigidity.
The cytoskeleton is composed of microfilaments that enable
cell migration and differentiation, intermediate filaments
that withstand mechanical stress and support organelles,
and microtubules involved in cell motility, cell differentia-
tion, and intracellular transport. These components play an
essential role in determining cell morphology, motility, and
mechanical properties. The cytoskeleton is also linked to
the extracellular matrix (ECM) by focal adhesion, which
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mechanically connects the ECM, the cell membrane, and
the nucleus to each other.

The mechanism of dynamic cell cultures are still not
clear, and requires further study [1]. Various attempts to
effectively transfer physical stimuli to cells have been made,
including flowing culture medium or applying a compres-
sive or tensile load. Culturing cells in these dynamic envi-
ronments is known to produce different results from static
cell cultures. Rashidi et al. [2] applied fluid shear stress to
hepatocyte-like cell (HLC) through the Quasi-Vivo® system
(Kirkstall Limited, UK) and found it improved the metabolic
capacity and somatic cell phenotype of HLC. Dhein et al.
[3] used a FlexCell stretch system (FlexCell International
Corp., USA) to apply periodic mechanical stretches to car-
diomyocytes, allowing the cardiomyocytes to be grown in
an inclined direction approximately 11°-25° to the stretch
axis within 24 h. Kaspar et al. [4] devised an experimen-
tal method to give the cells a uniform elongation with a
four-point bending device and performed a two-day test for
30 min a day. The result confirmed excellent cell prolifera-
tion, increasing by 10-48% compared to a static cell cul-
ture. Lam et al. [5] showed that myoblasts (C2C12) rapidly
realign within 24 h by periodically applying compressive
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force to a polydimethylsiloxane (PDMS) dish with wavy
microfeatures.

Jung et al. [6] designed a dynamic cell culture appara-
tus delivering 1% strain to cells cultured on a silicon film
using an EAP actuator made of an OMMT-containing sili-
cone film. Davis et al. [7] demonstrated that shape memory
polymers that can deliver mechanical stimuli to cells while
maintaining high cell viability and adhesion can be used to
control cell alignment in cell cultures. In addition, Brown [8§]
compared the main characteristics of various culture devices
for the delivery of mechanical stimuli to cell and tissue cul-
tures. Three signaling systems regulate cellular activity:
chemical, electrical, and mechanical [9]. Mechanical loads
can be further classified into tensile, compressive, and shear
forces. There are significant effects on the cell proliferation
rate, substrate formation rate, and alignment direction when
cells are periodically placed under tension for a short time.

Experimental results show that aortic endothelial cells are
reoriented with minimal matrix deformation in response to
periodic uniaxial tension [10]. Winter et al. [11] imposed
cyclic uniaxial tension for 60 min on bone marrow stromal
cells from rat femurs. The intermittently stimulated cells,
with alternating 15-min stimulation/rest loading sets, were
more affected than the continuously stimulated cells. These
osteoblast-like cells appear to respond better to intermittent
deformation than to continuous deformation.

Dynamic cell culture devices require large scale power
sources, usually motors, to simulate the body environment
and induce cell deformation. A sterile environment in a CO,
incubator is also generally required to create an environment
suitable for cell growth. Motors not only take up space in
narrow incubators, but also are difficult to sterilize, which
can lead to contamination of cultured cells.

In this study, we report a small dynamic cell culture
device using electroactive polymers (EAPs) as a driving
apparatus, which deforms according to the applied voltage.
Dielectric elastomers, a widely used class of EAP, exhibit
responsive behavior similar to muscles [12—-14], and can
realize various mechanical behaviors in response to applied
voltages with relatively fast reaction speed [15, 16], mak-
ing it useful as a small actuator for dynamic cell culturing.
The EAP actuator can transfer tensile or compressive stress
(or strain) to the cell according to the magnitude and fre-
quency of applied voltage. Because the cell culture device
can be connected to the outside power source by a simple
electrical connection, this approach is space-efficient with
no risk of contamination. Fibroblasts extracted from human
lungs were cultivated using a dynamic cell culture device
described above to test its performance.
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2 Experimental

2.1 Materials and structures of the cell culture
device

The cell culture device designed in this study consists
entirely of PDMS except for the driving apparatus. PDMS
is a dielectric elastomer and biocompatible polymer with
no cytotoxicity. It also has excellent insulation perfor-
mance, elasticity, and moldability, making it is useful in
many research fields, such as sensor and actuator fabrica-
tion, in addition to biotechnology [17-22]. The driving
apparatus is composed of a dielectric elastomer film with a
flexible electrode pasted on the surface. EAP actuators can
be fabricated in various ways depending on the material
and driving method [23-26]. Because high frequency is
not required to transmit stimulus to the cell, acrylic elas-
tomer (VHB 4910, 3 M, USA) was used to induce high
deformation through the actuator [27]. The dielectric con-
stant of the acrylic elastomer used in this study is 5 F/m,
the Young’s modulus is 0.5 MPa, the breakdown strength
is 100 MV/m [28], and the energy density is 3.2 J cm™
[29]. This material is suitable as a large deformable actua-
tor because of its high force density.

To supply a stable driving voltage, a flexible electrode
with robust electrical resistance under deformation is
required. Conductive carbon grease (M.G. Chemicals,
Canada) has a relatively low electrical resistance (114
Q cm) and high electrical conductivity and was used with-
out inhibiting the deformation of the dielectric elastomer.
This mixture of conductive carbon black and grease is
commonly used for EAP electrodes.

2.2 Fabrication process of modules

The cell culture device is composed of an upper and lower
PDMS module. The upper module has an area for the
cell culture, and the lower module contains the EAP thin
film, which acts as the driving apparatus. The thin film is
abutted against columns running through both the upper
and lower modules. A 3D printer was used to fabricate
molds for the PDMS modules. The outer dimensions of
the printed structure were similar to existing cell culture
dishes with a diameter of 55 mm, and a culture area 25 mm
in diameter. Because inverted microscopes are generally
used for observing cells in culture, the bottom of the upper
module should be transparent [30]. Therefore, the mold
for the upper module was made of acrylic, and the culture
area was mirror-surfaced to facilitate cell observation and
cell culture. Grid patterns were added to the mold to help
identify the position of the cells under a microscope. The
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upper portions of the two molds are shaped like a spoke to
allow air bubbles to escape during vacuum decompression,
while also allowing the modules to be mechanically cou-
pled when they are assembled. The PDMS and the curing
agent were mixed at a mass ratio of 10:1, and gas bub-
bles were removed by vacuum depressurization. First, the
lower mold was placed in a petri dish, and the bubble-free
PDMS mixed solution was added. After assembling the
upper mold, secondary bubble removal was performed by
applying vacuum. After curing for 12 h or more in an oven
at 40 °C, the PDMS module was separated from the mold.

2.3 Fabrication of EAP actuator (driving film)

EAP actuators made of 1 mm thick acrylic elastomer
(VHB4910) films were pre-stretched by 600% for high
driving displacement. To hold the pre-stretched dielectric
elastomer in place, a ring-shaped fixing frame made of poly-
carbonate was used. The frame had an outer diameter of
32 mm, an inner diameter of 25 mm, and was 1.5 mm thick.
A flat stretching device (Fig. 1), capable of simultaneously

Fig. 1 Pre-stretching device and
fabrication process

stretching in eight directions, was designed to accomplish a
uniform and stable pre-strain (600%).

To prepare the driving apparatus, the film was cut along
the outer circumference of the frame while maintaining the
deformation state by fixing the frame on both sides of the
stretched acrylic film. A thin layer of conductive carbon
grease was coated on both sides of the film to construct an
electrode. Carbon grease is easy to handle and maintains
large deformation compared to other electrode materials
because the conductive carbon powder is mixed in a grease-
based viscous matrix [31]. As shown in Fig. 2, in order for
the developed cell culture apparatus to be driven, the upper
and lower modules must be firmly fastened, and electric
power must be effectively supplied to the electrode located
on both sides of the driving film. Therefore, a thin, flexible,
and conductive PDMS film was used to connect the power
supply to the electrode, without altering the shape of the
fastener.

To make the conductive PDMS composite electrode film,
PDMS, and a curing agent were mixed at a 10:1 mass ratio,
conductive carbon black powder was mixed with this PDMS
solution at a 17:3 mass ratio, and bubbles were removed by
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Fig.2 Cross-section of the
modules and major parts

Upper module

Culturing
part

Fastening part

Conductive PDMS film

Lower module

applying vacuum for 1 h. The PDMS solution containing
carbon black was uniformly applied on a PET film with a
thickness of 200 pm, and cured at 80 °C for 1 h to produce
a flexible electrode. The resistivity of the film is rather high
(37.5 kQ cm), but EAP is a dielectric elastomer, which acts
as a capacitor, and the resistance of the electrode only affects
the charge rate of the electrodes when a voltage is applied.
This does not affect the deformation of the EAP. As shown
in the cross-sectional view of Fig. 2, two conductive PDMS
driving films are connected to the carbon grease electrodes
on the top and bottom surfaces of the acrylic film to serve
as wires.

The designed cell culture device is divided into a culture
area and a driving apparatus, as shown in Fig. 2. The bot-
tom of the culture area is a membrane which is deformed by
the driving film through a column in the upper module. The
cells are cultured in a space completely independent of the
driving apparatus. The driving apparatus is composed of the
columns and membranes of both modules and the dielectric
elastomer (circular driving film). When the upper and lower
modules are completely tightened in the axial direction, the
upper and lower columns are brought into contact with the
driving film between them, and the driving film is fastened.

When electric power is applied to the driving film, it
deforms, inducing axial movement of the contacted col-
umns. This produces mechanical deformation to the culture
area in the upper membrane. The upper module is easily
replaceable to facilitate cell seeding for cultivation, and
the top membrane of the upper module is able to directly
incubate cells. In addition, the upper module membrane
spatially separates and insulates the driving apparatus from
the culture unit, thereby preventing damage to the cells by
the current. The shape of the bottom of the upper module
enables fastening to the lower module, and the height of the
upper module is matched to the column height (5.2 mm) to
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Driving
part

minimize focusing problems caused by membrane deforma-
tion during microscope observation.

The two mating columns move in the axial direction
according to the level of activation in the circumferential
direction to fix the rim of the circular driving film, which
can be easily replaced when damaged. The column of the
lower module provides additional pre-tension to the circular
driving film when the modules are engaged, of the circular
acrylic driving film under electric fields. As shown in Fig. 2,
the lower module is grooved in the crucible, also transferring
the elastic force of the driving film to the membrane.

Varying elastic forces in the membrane control the defor-
mation of the device, as the axial load applied to the columns
is disrupted from equilibrium by the driving film due to the
applied voltage (see Fig. 3a). When no voltage is applied,
the elastic forces of the driving film and the upper mod-
ule membrane are stronger than that of the lower module
membrane, therefore the upper module membrane is kept
in a planar state. When a voltage is applied, the driving film
expands, and the elastic force relaxes, causing the columns
to rise from the elastic force of the lower module membrane.
This results in deformation of the upper module membrane.
To amplify the deformation, two layers of driving film (see
Fig. 2) were used in this study.

2.4 Calculation of the driving deformation

To evaluate the exact amount of strain applied to the cells
according to the applied voltage, the vertical displacement
of the columns were measured. The deformation occur-
ring in the culture area (upper membrane) was estimated
using an analytic approach and was verified by finite ele-
ment analysis (FEA). Movement of the driving apparatus
was photographed by attaching a visual marker to the center
of the culture area. Resulting images were processed using
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MATLAB to measure the vertical displacement. By using
a voltage amplifier (Trek-623B, USA) and a function gen-
erator (Agilent 33210A, USA), a sine wave voltage signal
with an amplitude of 0.5-4.8 kV (peak voltage +2.4 kV)
and frequency of 1 Hz was applied to the EAP driving film.
The amount of radial deformation in the driving film gradu-
ally increased, due to displacement occurring in the opposite
direction of gravity at the center of the circular film. Cell
growth is greatly affected by radial strain from the circular
culture dish (the membrane of the upper module). The strain
distribution occurring on the surface of the culture dish was
calculated as described below.

The membrane of the culture dish is assumed to be a thin
circular plate, and a concentrated central force is applied
under the clamped edge condition at the rim [32]. The flex-
ural rigidity (D) of the plate is defined by Eq. 1 where the
membrane thickness (7) is 0.5 mm. The Young’s modulus
(E) and Poisson’s ratio (v) of PDMS are 2.66 MPa and 0.5,
respectively [33].

EP
D= —
12(1 - v2) M

The deflection with respect to the radius of the membrane
can be calculated by Eq. 2. Here, P is the concentrated force
acting on the center, r is the radius of the membrane, and a

— Lower module

Elastic force
from EAP + upper
module membrane

Driving film activation ‘
(expansion of the film})

T Elastic force from
lower module membrane

Upper module

,,,,,,,,,,,,,,,,, . / membrane

is the maximum in-plane radius (radius of culture area, see
Fig. 3b) of the membrane.

The 4 mm-diameter column transfers the force from the
driving film, which affects the actual deflection of the mem-
brane, and needs to be considered in this calculation.

P 2, T 2 2)
= — 2 l -+ —_
w(r) 16”D< Pint 4= r @
Therefore, the pseudo-deflection (w:]rl ax), which has the
same radial slope as the actual membrane of the upper mod-
ule (Fig. 3b), was introduced. By using this relationship and
Eq. 4 the axial load P was estimated.

W \%%
max — max 3
a—>b a )
, Pa?
= = 4
Wnar =0 = 162D ¥

As a result, the deflection with respect to the radius can
then be expressed by the following equation:

Wha 0 S 7 < b
wir) = ﬁ(%zlni +a? - r2>,b <r<a )
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The radial strain of the circular plate is defined by Eq. 6,
and the double derivative of Eq. 5 with respect to » becomes
Eq. 7. The radial strain is finally defined by Eq. 8. Where z is
distance from the centerline of the plate, for radial strain to
occur at the surface, the value of z must be at least 0.25 mm.

d*w
& =17 (6)
Pw 0,0<r<b
— =9 P(ml)+pP 7
an () )y <a (7)
4rzD
0,0<r<b
0= (B o e

The strain distribution calculation from this analytic
approach was verified by FEA using a commercial finite ele-
ment code, ABAQUS. For the finite element modeling, the
membrane and column of the culture area were considered,
and the edge of the PDMS membrane was fixed. Linear anal-
ysis was performed under the condition that the maximum
displacement of the center of the driving apparatus in the
z-direction due to column movement was 0.33 mm. Linear
hexahedral elements (C3D8R) were used for the analysis,
and the approximate element size was set to 0.125 mm. The
number of elements and nodes were 244,626 and 219,362,
respectively.

2.5 Cell culture experiments

The cell culture process is illustrated in Fig. 4. For the upper
module, where the cells are directly cultured, sterilization
was performed for 2 min using oxygen plasma equipment
to increase sterilization. During this process, oxygen plasma
treatment enhances cell adhesion on the surface of PDMS.
When the PDMS surface deforms the strain can be trans-
ferred to the cells thru the focal adhesion. Bonding spots
called ‘focal adhesion’ are formed between cells and PDMS
surface during cell culture. This focal adhesion connects
solid surface, adhesive protein and actin filament so the cells
can fix or move themselves to the surface. Sterilization of
the lower module, where the driving apparatus is assem-
bled, was first performed using an autoclave, followed by
alcohol and UV sterilization after the driving film had been
mounted. MRC-5 fibroblasts (ATCC CCL-171) derived from
human lungs were used for the culture. The upper module
was seeded with 1 ml of cell suspension containing 100,000
cells, and the culture medium was Dulbecco’s modified
Eagle’s medium (DMEM, Gibc0®, Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% fetal bovine
serum (FBS, Gibco®, USA) and 1% antibiotic—antimycotic

solution (Gibco®, Thermo Fisher Scientific, Waltham,
Mass., USA).

Prior to the stimulation application experiment, the
cells were cultured in an incubator overnight at 37 °C, 95%
humidity, and 5% carbon dioxide concentration to confirm
cell adhesion. The culture medium was replaced and the
cells were cultured for another 24 h to increase the num-
ber of cells. In the driving experiment, a function generator
(Agilent 33210A, USA) was connected to a voltage ampli-
fier (Trek-623B, USA), and an AC sine wave was applied
to the module with a peak of+ 1.5 kV, which induced
0.33 mm maximum vertical displacement of the column.
To estimate the loading effects on cell development, cell
states were investigated immediately following and 24 h
after stimulation. Cells were stained by replacing the culture
medium with 1 ml of fresh medium containing two drops
of NucBlue® Live ReadyProbes ™ Reagent (NucBlue®,
Thermo Fisher Scientific, Waltham, MA, USA) to confirm
the exact number of cells.

The cell thickness has the range of 0.5~ 1.5 pm [34]. To
compare the number of cells under each condition only the
cells attached on the surface of the driving part which can
be identified by the focusing state of a microscope were
counted. Cell counting was carried out by using Imagel
(NIH, US) which counts the stained cell nuclei but the sphe-
roid was excluded in the cell counting.

3 Results and discussion
3.1 Driving displacement of the cell culture device

Figure 5a shows the displacement generated by applying
a 1 Hz AC voltage with a sine waveform. When the peak
voltage is +2.5 kV, the Z-axis displacement is 0.67 mm. The
load, P, of 4.635x 107> N can be obtained by substituting
0.33 mm in w,, (when the applied voltage is+1.5 kV) in
Eqgs. 3 and 4. By inserting the values of a (12.5 mm), b
(2 mm) and D (3.694 x 1072 Nemm) into Eq. 8, the radial
strain of the membrane can be found, as shown in Fig. 6a.

To precisely investigate the exact strain distribution, FEA
was performed. Because of the actual shape of the column
attached to the membrane and its flexibility (hyperelastic-
ity) the strain distribution near the column is little bit dif-
ferent from the calculation result (Eq. (8)), but the trend of
gradually decrease of the radial strain was similar to the
calculated result. The overall strain distribution was found
to range from — 0.3 to 0.4% when maximum displacement
of the column occurred, as shown in Fig. 6. The radial strain
of the membrane at r=6.4 mm is estimated to be zero. As
a result, the generated strains are tensile when the radius is
less than 6.4 mm and compressive when the radius exceeds
this value (see Fig. 6).
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Fig.4 Cell culture process
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Due to the dielectric elastomer having the same structure
as the parallel plate capacitor, charge and discharge occur
quickly when an alternating voltage is applied, and deforma-
tion of the EAP occurs in the same pattern as the absolute
value of the voltage. The relationship between the voltage
signal and the resulting radial strain is shown in Fig. 5b,
where two maxima can be found in a 1 Hz cycle. Note that
the membrane is deformation free at neutral voltage neutral.

3.2 Cell culture experiment

The results of the cell culture are shown in Fig. 7. A con-
trol group with no mechanical strain and the same culture

Observation of
culture results

Application of dynamic stimuli

duration was maintained to investigate the effect of radial
strain on cell development. After 1 day, the development
rate of control group was below 1%, while the develop-
ment rate of dynamic cell was 4.37% when a 1 Hz radial
mechanical strain was applied (Fig. 4). The development rate
changed based on the level of strain, as shown in Fig. 7b—f.
The edge of the driving film had the highest compressive
strain (— 0.362%), which produced the highest development
rate, 10.7% (Fig. 7b). At r=9 mm, the strain and develop-
ment rate was found to be — 0.294% and 7.99%, respectively
(Fig. 7¢).

Measurements near the center (r=6 mm) displayed
— 0.071% of strain, and the cell development rate
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Fig.5 Radial strain distribu- (a)
tion of the culture area: a radial

strain distribution from the ana-

lytic calculation, b FEA result

of strain distribution and the

corresponding cell differentia-

tion rate

Radial strain
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decreased to 4.37%, as shown in Fig. 7d. When r=5 mm,
0.044% of tensile strain occurred and the cell development
rate drastically increased to 13.5% (Fig. 7e). Although the
absolute magnitudes of strain were similar at r=35 and
6 mm (— 0.071% vs. 0.044%), the cell growth results were
quite different, indicating a cell preference for tensile
strain. The driving film produced the highest cell devel-
opment rate (32.3%) at the location of maximum tensile
strain (0.596%) near the column (r=2, Fig. 7f).
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From these experimental results, we find that when
dynamic stimulus is imposed, viable cells develop at a rate at
least four times greater than static cultures. Interestingly, the
cell development rate is affected not only by the magnitude
of the stimulus, but also the type of stimulus (compressive
vs. tensile).

Because this dynamic cell culture device uses high volt-
age, electric fields generated around the cells may affect
development, array, and transporting of cells, as previously
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described [35, 36]. However, because the dielectric elasto-
mers in our device have the same shape as a parallel plate
capacitor, the electric fields generated by electrodes that
propagate outward cancel each other and become zero.

The improvement in cell viability in our dynamic cell
culture apparatus is not influenced by an increased electric
field. There are several similar studies on dynamic cell cul-
turing using different devices. Winter et al. [11] invented a
device that provides tensile force to cells but used electric
motor as the driving unit, making it too large and difficult to
sterilize. In contrast, our device is easy to sterilize and can
simultaneously apply various stimuli to cells.

Based on these results, we find that the dynamic cell culture
device designed in this study can effectively deliver stimulus

n n n i i i
05 06 07 08 09 1
Time(sec)

i
0.1 02 03 04

Strain distribution at +750V

Strain distribution at peak voltage(+1500V)

to cells through a simpler process than previous methods. In
addition, the operation requires connecting only a pair of wires
inside the incubator, greatly reducing contamination risk and
improving space efficiency. Because the upper module acts
as a dish, it is possible to apply stimulation to existing cell
culture experiments, enabling further stimulation application
experiments without needing to develop new culture methods.

4 Conclusions
A cell culture device made of a biocompatible material

(PDMS) was designed with separated modules and a dielec-
tric elastomer actuator. The upper module membrane, which
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Fig.7 Results of 24-h cell culture: a control group [strain: 0% (static
state), cell differentiation rate: 0.432%]. Experimental groups of b
compressive strain: 0.362%, cell differentiation rate: 10.7%. ¢ Com-
pressive strain: 0.294%, cell differentiation rate: 7.99%. d Compres-

serves as a culture plate, has a mirror surface and enables
accurate observation of cells. The device can be miniatur-
ized and simplified in structure, and is operated through a
wire connection to reduce the risk of contamination, allow-
ing for operation in existing incubators.

Owing to the mechanism by which the circular driving
film is deformed, the culturing area (upper membrane) expe-
riences a progressively increasing radial deformation from
edge to center. Using this property, both radial compressive
and tensile strains can be applied to cells being cultured.
The magnitude of strain can be manipulated by adjusting
the voltage applied to the driving film.

To confirm the feasibility of using this dynamic stimulus
to improve cell culturing, human lung fibroblast was used for
culture experiments. By regulating the voltage applied to the
driving film, a 1 Hz mechanical stimulation was imposed on
the cells in culture, generating periodic displacement for 1 h.

The cell development was observed 24 h after the end
of the stimulus application to evaluate the cell culture per-
formance. When maximum tensile strain (0.596%) of the
culturing cells occurred, the number of cells increased
by 32.3%. Cells that experienced maximum compressive
strain (—0.362%) increased by 10.7%. The control group
with no dynamic stimulus had an increase of less than 1%.
Our results show that cell development is improved through
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cell differentiation rate: 32.3%

mechanical strain, and tensile deformation produces greater
effects than compression.

The use of a PDMS EAP actuator avoids several tech-
nical problems that have limited previous device architec-
tures, such as poor biocompatibility, electric breakdown,
contamination, and a variety of stimuli. The upper module
membrane spatially separates and insulates the driving film
from the culture unit, thereby preventing contamination and
damage to the cells by electrical current. This also helps to
avoid breakdown of the dielectric elastomer under high driv-
ing voltage conditions.

The actuator made of dielectric elastomers usually have
high deformation during driving condition, therefore flex-
ible electrodes which provide stable electric conductivity
are essential. In this study, carbon grease was used for this
purpose but it has relatively short service life [31]. For a
long-term service more efficient flexible electrodes need to
be tried and it is known that CNT [37], AgNWs [38], eutec-
tic GalnSn alloy [39] are promising materials for fabricat-
ing flexible electrodes. As proved in Kaspar’s experiments
[4] dynamic cell culture is effective even the stimulating
period is short relative to the conventional static cell culture.
However, it was also proved that the period and cycle of the
applied stimuli also affected the cell development according
to Winter’s experimental study [11].
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However, the developed culturing device can only provide
in-plane mechanical stimulus to the attached cells, which is a
major limitation of this approach. To develop more efficient
cell culturing, various additional mechanical stimuli should
be applied to the cells [40, 41]. Devices with multiple modes
of operation should be developed because favorable cultur-
ing conditions may change according to the type of cells.
Moreover, loading period and cycle should also be consid-
ered to find the most appropriate condition for cell culture.
The development of a three-dimensional cell culture device
using an electroactive polymer actuator with a correspond-
ing extracellular matrix is a good candidate to address these
needs, and is the focus of our future work.
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