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Abstract — Cell cultivation devices that mimic the complex
microenvironment of cells in the human body are of high
importance for the future of stem cell research. This paper
introduces a prototype of an electromechanical stimulation
platform as a modular expansion of an earlier developed
mechanical stimulation device for stem cell research. A solution
processable ink from PEDOT:PSS and graphene is studied as a
suitable material for fabrication of transparent stretchable
electrodes. Challenges of electrode integration on a flexible
membrane using this material are critically discussed.
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I. INTRODUCTION

Functionalities of cells and tissues in the human body
greatly depend on biochemical, mechanical and electrical cues
expressed by the cellular microenvironment [1-7]. This
microenvironment is largely responsible for cell maturation
and functional fate [2-3] [5-6]. Standard in vitro cell
cultivation technologies are merely able to recreate the
biochemical cues present in the human body. Therefore, they
fail to mimic the entirety of the microenvironment, which
makes them unsuitable as physiologically relevant in vivo
models [8]. Thus, the development of a biomimetic cell
cultivation  device that recreates complex cellular
microenvironments is of high importance especially for stem
cell research.

One step in this direction has been taken by J. Kreutzer et.
al in [9] through the development of a controlled mechanical
stimulation device for stem cell research. The system is
proposed as a modular mechanical stimulation platform for
stem cells. Hereby, a partial vacuum pressure is applied to a
cavity in a two-shell system with an attached flexible
membrane. The vacuum pressure causes the inner shell to
buckle inwards causing an equiaxial in-plane strain of
maximal 10 % to the membrane. Stem cells attached to the
membrane through covalent functionalization experience a
controlled equiaxial strain. Fig.1 shows the system and its
functionality. Pressure control allows various stretching modes
to be realized, such as static and sinusoidal strains. Other
mechanical cell stimulation platforms do not allow the
simultaneous application of classical optical imaging

standardly used in cell cultivation, as they are either non-
transparent or bulky [10-13]. The described pneumatic
stretching device is a small modular system exploiting high
optical quality compatible with standard analytics in cell
cultivation and  customizable  stimulation  features.
Polydimethylsiloxane (PDMS) as the main material allows
rapid prototyping [14] of the stretching platform. However,
due to its hydrophobic nature [15] it is challenging to use as a
base for fabricating composites [16-18] with solution
processable materials.
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Fig. 1. Schematic working principle (A) and photograph (B) of
pneumatic stretching device. Optical capabilities are illustrated by
fluorescence microscope image (C) of cardiomyocytes. (Adapted from
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The aim of this case study is to introduce a flexible,
transparent thin-film electrode as a modular expansion into the
described mechanical stretching system to create an
electromechanical stimulation platform.



Hereby, it is of high importance that functional properties of
the existing system are not compromised, but enhanced
through the straightforward addition of an electrical module.
Electrode materials applied for this task need to be highly
stretchable and transparent to sustain the excellent optical
properties of the system. Also the material of choice needs to
be easy to pattern on PDMS, compatible with
biofunctionalization procedures as well as relatively cheap and
suitable for rapid prototyping.

Stretchable conductors made of special polymer blends
have gained interest in all kind of device prototyping that are
out of scope with classic silicon technologies. Poly(3,4-
ethylendioxythiophene):polystyrene sulfonate (PEDOT:PSS)
is a widely studied, solution processable conductive polymer
commonly used for a variety of unconventional, mechanically
challenging applications in biomedical engineering, such as
fabrication of electronic skin [19-20], BioMEMS fabrication
for electrical stimulation of neuronal cells [21] and thin film
sensor fabrication for biosensing [22-25]. The native
PEDOT:PSS has shown a limited stretching capability [21].
The conductivity and stretchability [21, 26-27] of
PEDOT:PSS ink can, however, be further enhanced by
incorporation of graphene. Incorporation of graphene into the
base polymer enables the formation of reorganized conduction
paths, as observed in bare graphene [28-29] or carbon-
nanotube films [30-32]. The use of graphene/PEDOT:PSS ink
was recently demonstrated as electrode material for
piezoelectric thin-film sensors [26-28] and material for
photonics [26]. Its chemical and mechanical properties [26-27]
make it a suitable base material for the study addressed in this
paper, as only 10 % in-plane elongation is required.

This paper focuses on exploring fabrication of thin-film
electrodes and strategies to integrate graphene/PEDOT:PSS
electrodes into the described mechanical stimulation platform.

Il. EXPERIMENTAL

A. Fabrication of Equiaxial Stretching Device

The basic equiaxial stretching device was fabricated and
characterized earlier by Kreutzer et. al [9]. Briefly, the system
consists of two main components: (1) the system base
consisting of two concentric PDMS shells irreversibly bonded
to a glass cover plate and (2) a 120 pm thick, stretchable
PDMS membrane.

PDMS (Sylgard 184, Dow Corning, USA) for prototyping
of the shell structures and the membrane was prepared using a
standard protocol. The silicone elastomer pre-polymer (base)
was mixed with a cross linker (curing agent) thoroughly in a
10:1 w/w ratio. Followed by removal of trapped air in the
mixture with a vacuum chamber and mold casting or spin
coating of the material for the desired structure. Finally, the
structure was cured for 10h at 60°C in an oven (Binder GmbH,
Germany).

The concentric shells were punched from a PDMS disk (h=
7 mm) using custom made punching tools to create a thin
inner shell (t = 1.5 mm) and stabilizing outer shell (t = 6.5
mm) with a cell cultivation chamber (t = 12 mm) in the middle

and a vacuum pressure cavity (t = 2 mm) between the shells.
The shells are irreversibly bonded to a glass cover plate using
oxygen plasma (Diener Electronic GmbH, Ebhausen,
Germany) at 0.3 mbar and 30 W for 15 s. The glass cover
leaves an opening for the cell cultivation chamber and a
connection hose to the vacuum cavity.

For the stretchable membrane, PDMS was spin coated on a
polystyrene (PS) plate for 30s at 700 revolutions per minute
(rpm). After curing, the assembled system base was
irreversibly bonded to the membrane with oxygen plasma
(Diener Electronic GmbH, Ebhausen, Germany) at 0.3 mbar
and 30 W for 20 s. Finally, the assembled system was peeled
from the PS plate and used for experimental preparation.

B. Conductive Polymer

A commercially available, solution  processable,
PEDOT:PSS based ink was used in fabricating electrodes on
PDMS. The material is a conductive ink composed of
graphene and PEDOT:PSS (denoted graphene/PEDOT:PSS in
the following sections). The graphene/PEDOT:PSS ink is
formulated for inkjet printing (P3014 Graphene Ink,
Phene™Plus Series, Innophene Co., Thailand). It is a dark
blue liquid that does not dissolve once crystallized and was
used as purchased without additives.

C. Electrode Fabrication

The general hydrophobic nature of PDMS [15] hinders the
direct fabrication of well-adhered thin films from solution
processable materials [16-18]. To promote adhesion and allow
even surface coverage, the PDMS membranes were rendered
hydrophilic by applying oxygen plasma (pressure: 0.3 mbar,
power: 30 W, duration: 120 s) to the PDMS membrane.

Four different deposition strategies for the incorporation of
a conductive, transparent thin- film onto the PDMS membrane
were evaluated. Hereby, two general integration strategies
were distinguished: (1) large area thin-film applications, such
as spin coating and spray coating, and (2) micropatterning of
thin films through microcontact printing and channel casting.

Large area deposition techniques were conducted prior to
assembly of the stretching device to the stabilized PDMS
membrane. The ink was spin coated in a three-step protocol:
10 s at 200 rpm, followed by 500 rpm for 30 s and 10 s at 100
rpm. Hereby, multiple coating rounds allowed layering of the
ink material. Similar layers were achieved through spray
coating of ink at a pressure of 3 bar on a 60°C heated
membrane. The samples were heated using a standard hotplate
throughout the deposition process. After deposition, the inks
were allowed to crystallize at 60°C for 20 min in an oven
(Binder GmbH, Germany).

To pattern areas with conductive ink, microcontact
printing technique using soft lithography was applied. Positive
PDMS stamps patterned with groove structures (height h = 6
pm, distance d = 10 — 30 um) were plasma oxidized at 0.3
mbar and 30 W for 15 s. To overcome the fast crystallization
of conductive inks, ink material was applied to the originally
prepared membrane followed by immediate stamping. The
structures were allowed to crystallize in an oven



(Binder GmbH, Germany) at 60°C for 20 min. After
crystallization, the stamps were carefully peeled from the
substrate.

D. Resistance Measurements

Resistance of the fabricated films were measured using a
multimeter in a two-point (Fluke 175, Fluke Vertriebsges.
m.b.H., Austria) and a four-point (Keithley 2425 100 W
Source Meter) probe set-up, which was described previously
in [36].

E. Stretching Experiments

Stretching tests were conducted using the fabricated
equiaxial stretching devices under applied partial vacuum
pressure. The partial vacuum pressure was controlled using an
in-house developed stretching system described earlier [9].
The systems were equiaxially stretched in a stepwise
procedure to a maximum static strain of 10 % at 400 mbar in
50 mbar increments. Between each pressure step, the static
strain was maintained for 2 - 5 min.

Electrical characterization of the films was performed
during static strain using the two-point set-up and the
multimeter under manual dry contact.

F. Microscopic Analysis

After material deposition, system fabrication and
throughout the stretching experiments, optical microscopy
images (Axio Observer.Z1, Carl Zeiss AG, Germany) were
taken from all samples. Hereby, transmitted light, phase
contrast and fluorescence imaging techniques at 100x and
200x magnification were utilized.

I1l. RESULTS AND DISCUSSION

A. Thin-Film Electrode Deposition

Oxygen plasma treatment resulted in a low water contact
angle (< 15 °) and therefore in high wettability of the
substrate. This allowed the applied inks to form thin-films
with high transparency in the desired area for all the
deposition methods.

It was possible to form large electrodes covering the
complete circular cell cultivation area (d = 12 mm) using spin
and spray coating. The formed thin-film electrodes display an
optical transparency close to pure PDMS and are homogenous
throughout the electrode area. Thus, they would allow live
imaging of cells. Microscopy images of the resulting
electrodes in comparison to pure PDMS can be seen in Fig. 2.
Furthermore, the resistivity of the deposited electrodes was at
100 + 10 W for spin coated electrodes and 80 + 11 W for spray
coated electrodes. However, upon release of the PDMS
membrane from the PS plate during system assembly cracking
of the thin-film structures occurred. Crack formation, as
illustrated in Fig. 2, was observed throughout the complete
electrode area limiting its optical properties for the envisioned
applications. Resistivity measurements of the cracked
electrodes showed non-significantly different values. So the
electrical functionality of the material layer was retained.

layers on before (A,C) and after membrane (B,D) membrane release.

Patterning of electrodes by microcontact printing resulted
in regular patterned electrodes on the PDMS substrate.
However, microscope imaging and resistivity measurements
of the structures suggested that the patterns did not form
homogenous and continuous layers with measureable
electrical activity. Furthermore, as observed with large area
electrodes, crack formation upon substrate release rendered
the structure non-usable.

The previously reported results suggest that the out-of-
plane displacement of the membrane during substrate release
exceeds the Young’s modulus of the material resulting in the
observed crack formation. Therefore, only deposition methods
applicable to a released substrate already incorporated into the
final stretching device are expected to sustain the desired
device properties. Spray coating and channel casting can be
applied to the assembled system and therefore became main
focus of further studies.

Spray coating of large area electrodes on the released
PDMS membrane delivered results comparable to electrodes
fabricated on the PS supported membrane. Channel casted
electrodes displayed a resistivity of 150 + 12 W. However,
induced out-of-plane stress on the electrode material from the
probes used for electrical characterization caused easy crack
formation and ultimately breaking of the material resulting in
high difficulties to achieve repeatable measurements.

B. Stretching of Electrodes

Stretching characterizations of conductive polymeric
materials have generally been done in uniaxial [17, 27, 35, 37]
or biaxial [38-40] stretching modes. Z. Bao et. al [17] reported
that a basic PEDOT:PSS can withstand strains of up to 12 %
without cracking in uniaxial stretching mode. Furthermore,
low strain values (< 30 % elongation) do not significantly (> 5
%) change the resistivity of the material. Functionality tests of
electrodes made from a conductive polymeric material under
equiaxial strain have not yet been studied. Thus, we
characterized the deposited electrodes under applied strain to
verify the suitability of the material in equiaxial stretching.



signs of delamination can be observed at 1.25 % strain in comparison to
homogenous coatings at 0 % strain. At maximal strain (10 %) delamination
and cracking effects become increasingly apparent.

Hereby, electrodes fabricated using spray coating
displayed partial delamination of the electrode layer from the
PDMS membrane as early as 1.25 % applied strain (vacuum
pressure: 100 mbar). This is illustrated in Fig. 3.

During step-wise strain increase to 200 mbar (strain: 5 %),
the material buckled around the partially adhered electrode
material. Above 5 % strain, the material did cause the
substrate to exhibit cracking and functional loss. The
resistivity of the electrode throughout the stretching procedure
increased by 50 % from 80 + 11 W to 120 £ 10 W. Hence,
while the material retained its electrical properties, it
experienced non-homogenous strain because of the partial
delamination, and affected the PDMS substrate in a negative
way.

Delamination of the electrodes fabricated by channel
casting was initially observed starting from the edges of the
reservoir at 3.75 % applied strain (vacuum pressure: 150
mbar). The effect continued along the channel side until the
maximum strain of 10 % was reached. Fig. 4 shows optical
microscopy images of this process. Simultaneously, small
cracks started to form within the electrode material at 3.75 %
applied strain. As previously, the electrode retained its
electrical properties and only exhibited a 25 % increase in
resistance from 150 + 12 W to 200 = 15 W. Delamination
could only be observed at the sides of the channel as well as
inside the reservoir and was not accompanied with buckling of
the electrode material or signs of stress within the PDMS
membrane. Adhesion of ink to PDMS at the bottom of the
channels seems to retain, while adhesion at the sides is low.
But continuous delamination throughout repetitive stretching
cycles could be observed, causing the electrodes to become
loose and fixated only through the geometrical shape of the
channel. In addition, the material also shows crack formation
under equiaxial strain that limits the optical properties and
therefore application potential for our envisioned platform.

Throughout the stretching procedure both spray coated and
channel casted electrodes retain their electrical functionality.
Even after multiple stretching cycles, the measured resistivity
returns to the measured initial values in resting state. Also no
significant change in resistivity over time (> 2 weeks) in
resting state could be detected. However, maximal peak
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Fig. 4. Channel casted graphene/PEDOT:PSS throughout stretching
procedure. Initial signs of delamination can be observed at 3.75 % strain at the
structure edge. Delamination continuous along the channel edges and bottom
until at hiahest possible strain (10 %) the channel sides are comoletelv free.

resistivity values, especially in channel casted structures,
could not be reached after the first stretching cycle due to
delamination of the electrode material from the substrate.

IV. CONCLUSION

The application potential of a solution processed electrode
for incorporation in an equiaxial mechanical stimulation
device for stem cell cultivation was shown. The applied
graphene/PEDOT:PSS ink is initially compatible with cell
cultivation conditions, as it is non-water soluble and non-toxic
after curing. Hence, electrode integration and functionality on
a stretchable substrate was studied as key factors for the
envisioned cell applications. Hereby, electrode integration
without extensive surface treatment for adhesion promotion
was placed in the focus of this study.

Fabricated electrodes display features of material fatigue
(e.g. crack formation) already at low equiaxial strains, which
stands in contrast to previously described strain values in
uniaxial. However, in [17] thin films contained 1 % Zonyl and
adhesion promotion was achieved utilizing long exposure to
ultraviolet/ozone. As we aimed to use minimal surface
treatment, only oxygen plasma exposure for short terms was
used.

On the other hand, the electrical properties of the material,
similar to the observations in [17], were retained before,
during and after stretching, which makes them a material with
potential for the envisioned application, given different
integration procedures.

In this case study, solution processed graphene/
PEDOT:PSS electrodes showed finally only a limited use for
the envisioned electromechanical stimulation platform in stem
cell research. The degradation of optical properties through
crack formation render the systems non-functional for live cell
imaging and experimental follow up. Adhesion promotion
between PDMS and the solution processed
graphene/PEDOT:PSS film is another challenge in the current
approach. The applied oxygen plasma treatment to
hydrophilize the substrate did not provide stable adhesion.
Stronger chemical treatments, such as surface hydrolysis or
exposure to ultraviolet/ozone [17], are needed to provide



sufficient adhesion. In addition to the reported difficulties with
the integration procedure, it is questionable if the systems
would be compatible with classic surface biofunctionalization
protocols for conductive polymers [21-25], because in the
current approach multiple surface materials (PDMS,
graphene/PEDOT:PSS) are present in the cultivation area.
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