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ABSTRACT

Cell behaviour in vitro can be regulated by mechanical stimulation. Cytostretch is an
Organ-on-Chip (OOC) platform that allows cyclic stretching tissue in culture. Its pneu-
matic actuation can hinder it from microfluidic systems integration. A dielectric elas-
tomer actuator (DEA) was developed and fabricated in this thesis for Cytostretch as an
alternative actuation method. The DEA consists of a suspended polymer membrane
sandwiched between electrodes, which can induce out-of-plane motion when a voltage
is applied. The functionality of the design was proved in numerical analysis. A complete
process flow was developed and partly implemented for the wafer-scale microfabrica-
tion of this innovative actuator. The top electrodes of the device were fabricated by de-
positing and patterning titanium nitride with stress buffering layers. The quality of the
electrodes was examined and wrinkles were found at corners of certain etching patterns.
The angle of the corner and spacing between corners are proposed to be two factors in-
fluencing the wrinkle formation. This work paves the way to the successful integration
of DEAs for mechanical stimulation of cell tissues within OOC platforms.

vii
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2 1. BACKGROUND

1.1. TIME HAS COME FOR ORGAN-ON-CHIPS
Novel reliable technologies have been expected from the pharmaceutical industry to
solve its current dilemma. Since the 1970s, the cost invested for Research and Develop-
ment (R&D) by the pharmaceutical industry has increased exponentially [1]. However,
the number of compounds entering the market has not increased respectively, leading to
higher development costs per drug [2]. The decreasing of the drug development success
rate during testings [2] can be one of the reasons.

Conventional testing methods used in drug development, mostly in the preclinical
stage, such as cell culture using petri dishes and animal models have their limitations.
The 2D structure of the cell culture cannot sufficiently replicate the 3D dynamic envi-
ronment in vivo. Due to the difference between human and animal physiology, animal
models may not provide enough insights into human responses to the drugs. Certain
existing drugs in the market have to be withdrawn mainly because of cardiac and liver
toxicity which were not predicted in preclinical stage [3]. Therefore, new alternatives are
expected to understand better the mechanism of drugs, corresponding cell behaviours
and organ level interactions, improving preclinical testing accuracy and efficiency.

Organ-on-Chips(OOCs), microfluidic devices designed to simulate physiological func-
tions of tissue and organs [4], might be the solution. The word ’chip’ refers to the mi-
crofabrication methods applied originally in the electronics industry [5]. Most of cur-
rent OOCs are mimicking one specific functional unit of an organ, such as liver [6], lung
[7], kidney [8], heart [9] and gut [10]. Researchers have also developed OOCs reflecting
tissue-tissue interfaces such as blood-brain barrier [11]. Eventually a ’human-on-a-chip’
[12] system is expected by integrating different organ-level functional units.

Polydimethylsiloxane (PDMS) is one of the most common materials used in OOCs
devices. The polymerization of PDMS requires a mixture of two components, a siloxane
oligomer base and a curing agent. The mechanical properties of the PDMS can be tuned
by altering the mixing ratio, yet usually the ratio 10:1 (base:curing agent) is adopted.
PDMS is suitable for biological applications due to its optical transparency [3], biocom-
patibility and permeability [13]. In addition, its mechanical property, especially Young’s
modulus, make it a compliant soft material potentially being the ideal substrate for com-
plex tissue surfaces [14].

Although PDMS is widely applied in microfluidic devices, it certainly has limitations.
The porosity of PDMS allows small molecules such as chemokines and cytokines to dif-
fuse or bind into the polymer. This may cause the difficulty of drug dose control and
estimation during certain experiments [15]. For this thesis in particular, the high ther-
mal expansion factor of PDMS, its hydrophobicity and incompatibility to conventional
lithography have led to fabrication difficulties, which will be discussed in chapter 3.

OOCs and their promising possible applications have attracted more attention from
academia and industry. However, there is still a long way before they mature and reach
a mainstream. Although several OOCs products are commercially available, they are
not integrated into the research and development process from pharma companies [16].
More challenges are expected in future, yet the light of this novel technologies has been
ignited. It is still early to predict but expectations are high that a time for OOCs will come.
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1.2. CYTOSTRETCH, AN ORGAN-ON-CHIP PLATFORM
When designing OOCs to mimic crucial attributes of physiological conditions, one should
consider mechanical forces, displacement and strain that cells normally experience in
vivo. For example, cells in the musculoskeletal system are under weight bearing and
stresses caused by locomotion [17], and cells on intestinal barrier are experiencing peri-
odic contractions induced by muscular layers of the bowel [18]. Mechanical stimulation
plays an important role in various cell stages such as growth, differentiation, migration
and apoptosis (’Programmed cell death’) [19]. An OOC device establishing a dynamic
environment with specific mechanical properties would be valuable to study tissue be-
haviour in vitro.

Cytostretch [20] is an OOC platform that allows cyclic mechanical stretching on the
tissue in culture. The basic structure is a suspended PDMS membrane on a silicon sub-
strate (Figure1.1(a) [20]). Cytostretch platform was originally developed for a Heart-on-
Chip model [21]. When connected to an external pumping system, the PDMS membrane
can be actuated pneumatically (Figure 1.2 [20]).

Figure 1.1: (a)Back view sketch of the Cytostretch; (b) 3D-printed holder with a pumping system for Cy-
tostretch; (c) Top view of the Cytostretch with the holder [20]

Figure 1.2: (a) Cytostretch at relaxed state; (b) Cytostretch inflated with 10kPa from the back of the membrane
[20]
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Compared to other OOCs devices, Cytostretch has an advantage that it can be cus-
tomized and integrated into various applications. By adding or altering certain features
during fabrication, it can be equipped with through-membrane pores, microgrooves
[20], stretchable microelectrode array (MEA) [21] and other sensors [22] [23]. Prelimi-
nary biological tests have been made to assess the functionality and biocompatibility of
Cytostretch. A visible impact has been found on the cultured cardiac monolayer after
applying cyclic stretch for 5 days on Cytostretch [24].

1.3. PROBLEM IDENTIFICATION
It is certain that Cytostretch has been elaborately designed, developed, fabricated and
tested, yet there is still space left for further development. One of the important lim-
itations is that it did not have integrated microfluidic systems. Although the PDMS
membrane can be fabricated with through-membrane pores, lacking the integrated mi-
crofluidic channels can hinder the applications of cross membrane communications
and compounds interchange. In addition, cells can only be cultured on the top side
of the PDMS membrane since the space underneath is designed for the pneumatically
actuated chamber. Interfaces study of two cell types is not applicable to current Cy-
tostretch platform.

Besides the limitation of microfluidic systems, current actuation method of Cytostretch
was not suitable for independent parallel control. A multiwell plate has been developed
for Cytostretch [25], yet cyclic stretching cannot be controlled separately for each well
unless multiple pumping systems are applied. Finding solutions to the limitations of
Cytostretch as discussed above was the original motivation and goal of this thesis. It has
been proposed that if a more compact actuation design can be applied to Cytostretch,
the space originally saved for the air chamber can be used for microfluidic channels. In-
dependent parallel control might be achievable as well. More details will be discussed
later in chapter 2 and chapter 3, yet this is where the initial ideas and inspirations started.

1.4. OUTLINE OF THE THESIS
The goal of this thesis is to develop a polymer-based actuator for OOC platforms. In par-
ticular, this thesis aims at designing an actuator that can induce out-of-plane motion to
provide an alternative actuation method for Cytostretch. In order to achieve this, the full
fabrication process flow was defined with critical steps tested. There are four chapters
in this thesis. The first chapter introduction explains the motivation and goal of this the-
sis, followed by a small review in literature to provide essential background information
in chapter 2. In these two chapters, the basic questions ’why this topic’ and ’What to
achieve’ are answered.

Chapter 3 is the main chapter of this thesis. It presents the whole development flow
of the thesis work. First how the DEA for Cytostretch is designed, then the simulation
results to predict the functionality. The main focus will be addressed on the fabrication
process, as also being one of the research goals, to find applicable steps for patterning
TiN electrodes on soft substrate. The results will be discussed followed by an outlook of
future possibilities. This chapter answers the question ’How to do it ’.

Chapter 4 is a reflection on this thesis. This chapter focuses on the reasoning and



REFERENCES

1

5

evaluations behind the project. After one year of working, what experienced was learned,
what deviated from the plan and what could I improve next time.
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2.1. BASIC PRINCIPLES OF POLYMER-BASED ACTUATOR DESIGN
As mentioned in Section 1.2, a new actuation method might be the solution to current
limitations of Cytostretch. Design principles of polymer-based actuators for cell-on-
chips or organ-on-chips devices will be investigated in this section. Multiple designs,
applications or stimuli-responsive materials were categorized based on basic principles
of physics. Examples will be described in each category as well as discussions about ad-
vantages and limitations. Since the principle of Dielectric Elastomer Actuators (DEAs)
were selected and applied in the design for this thesis, it will be focused and discussed
with more details in the following paragraphs. Due to the page limit, content discussing
polymer-based actuators using thermal, magnetic, mechanical, chemical and optical
principles can be found in Appendix A.1.

2.1.1. PNEUMATIC ACTUATORS
Principle
Polymer-based pneumatic actuators in general use pressure-controlled chambers to de-
form a membrane where the cells are cultured. The air chamber can be designed un-
der the membrane like Cytostretch, from sides like ’lung-on-a-chip’[1] (Figure 2.1 [1])
or surrounding the membrane like ’intestine-on-a-chip’ [2] (Figure 2.2 [2]). Mechanical
stretching is applied to cells during the inflating and deflating processes of the chamber.

Applications
One of the most successful OOCs using pneumatic actuators is the ’lung-on-a-chip’[1].
As shown in Figure 2.1 [1], this device mimics the breathing movement of the lung by us-
ing vacuum chambers and simulates the environment with shear in blood. Further test-
ing with epithelium and endothelium cultured on this device proved that cyclic stretch-
ing (10% at 0.2Hz) can induce cell alignment [1]. When bloodborne immune cells were
incorporated in the fluid, pulmonary inflammation was demonstrated successfully, prov-
ing that this OOC performed integrated organ-level responses [1].

Apart from the example introduced above, there are many OOCs chose to actuate
the device using pneumatic pumps, for example, ’Heart-on-a-chip’ to culture functional
cardiac tissues [3] and ’gut-on-a-chip’ [4] with a similar structure to previous ’lung-on-
a-chip’. During the whole literature study period, it has been found that pneumatic actu-
ators were relatively maturely developed and integrated in OOC products in the market.

Advantages and limitations
In general, polymer-based pneumatic actuators have simple structures that can be fab-
ricated easily. The mechanical load and frequency applied to cells can be tuned by ap-
plying different pressure. Since OOCs and human tissues normally require the actua-
tion frequency between 0.1-5Hz, the response time of pneumatic actuators is sufficient.
Furthermore, one essential advantage is that pneumatic actuators have a relatively long
lifetime. No report of breaking down was found during the literature study when cells
are tested on the device for days. As long as an air chamber is designed, there’s no ad-
ditional requirement for the material or working environment. These advantages make
the pneumatic actuators be adapted into various kinds of OOCs.

However, as also discussed previously in Section 1.3, pneumatic actuators require
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bulky external pressure supplies. This leads to the difficulties of the independent parallel
control of multiple devices. In certain OOCs aiming at studying cell behaviour under
the impact, the response time of the pneumatic actuator is not fast enough [5]. The
design area or the area for cell culture is limited by the space arranged for air chamber.
In addition, once the device is fabricated, no spatial control of the direction of the strain
is possible since the membrane cannot be tuned by applying prestress or actuated partly.

Figure 2.1: ’Lung-on-a-chip’. (A) The OOC device mimics the alveolar-capillary barrier with cells cultured on a
porous PDMS membrane. (B) The stretching of the alveolar-capillary barrier in a living lung during inhalation.
(C)-(D) Structure of the design. Scale bar, 200 µm. (E) Images of the actual device. [1]

Figure 2.2: Bioreactor for culturing human intestine tissues with pneumatic actuators. The location of the cell
culture platform is controlled by pumping or withdrawing air [2].
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2.1.2. ELECTRICALLY RESPONSIVE ACTUATORS

DIELECTRIC ELASTOMER ACTUATORS (DEA)
Principle
Dielectric elastomer actuators are in fact capacitors that can expand when voltage is ap-
plied (Figure 2.3 [6]). The basic structure of DEAs is a elastomer sandwiched by two
compliant electrodes. When voltage is applied, the elastomer will be pressed because of
the electrostatic force between two electrodes. Since the elastomer is not compressible,
it will contract along the direction of the voltage and expand in the plane perpendicular
to that direction. The effective electromechanical pressure p (Maxwell stress) applies on
the elastomer is given by equation:

p = ε0εr E 2 = ε0εr

(
V

d

)2

(ε0 is the permittivity of vacuum, εr is the dielectric constant of the elastomer, E is the
applied electric field, d is the initial thickness of the elastomer film [7])

Figure 2.3: The working principle of DEAs. When a voltage is applied, the polymer will expand in area and
decrease in height [6].

Three materials are normally adopted in DEAs to create large strain and displace-
ment: silicone elastomer, polyurethanes (PUs) and acrylic elastomers [6]. The specifica-
tions of DEAs using different elastomers were summarized by Brochu and Pei [6]. DEAs
can be integrated into devices in macro scale, tissue or organ level and single cell level.
Three examples regarding these three levels will be introduced in the following.

Applications
A bioreactor using a DEA in macro scale
Figure 2.4 [7] and Figure 2.5 [7] describe a bioreactor designed to mimic the contraction
of the intestinal barrier [7]. The device consists of a circular DEA, a rigid frame and a
PDMS well to culture cells. The elastomer between the two electrodes is pre-stretched.
When voltage is applied, the PDMS well is compressed due to the expansion of the elas-
tomer. This bio-reactor can achieve 10% strain at 4.5kV [7]. Cells cultured 21 days on this
bio-reactor were actuated for 4hrs at 0.15Hz to check the strain induced signalling [7].

A DEA to stretch tissue
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DEAs can be applied in OOCs to stretch tissue or functional units of an organ. Professor
Herbert Shea and his group have been working on developing OOCs using DEAs [5, 8–
11]. Figure 2.6 [8] explains one of his works to stretch human tissue in one direction.
Before applying the voltage, silicone based elastomer was prestretched both in x and
y directions yet non-equibiaxial (λx >> λy ) [8]. Material in x direction became stiffer
than y direction, thus the expansion caused by voltage was mainly in y direction. The
whole DEA was covered by a biocompatible elastomer. This suggests more freedom to
select the dielectric elastomer material in future applications. Lymphatic endothelial
cells (LECs) tested on the bioreactor under 10% uniaxial tensile strain at 0.1Hz showed
stretch-induced alignment and elongation [8], being a solid proof of DEAs successfully
interfacing with living cells.

An array of DEAs to stretch cells
By applying the principle of DEAs, a device to stretch one single cell was designed [9]. 30
µm thick PDMS was selected as the polymer with gold electrodes bonded on the top and
the bottom of it. Pyrex substrate with a channel allows uniaxial strain generated since
the membrane displacement was constraint by the substrate in the direction perpendic-
ular to the AA line (Figure 2.7 [9]). The final design in Figure 2.8 [9] has an array of 72
microactuators with nine bottom microelectrodes and eight slots on the substrate. Mi-
croactuators can be operated in groups at three different frequencies. For one single cell
stretcher, 4.7% strain was achieved at a voltage of 2.9kV before buckling [9]. Before the
electrical break down of the membrane, a strain of lower than 10% was measured [9].

Figure 2.4: Working principle of the bio-reactor to mimic intestinal contraction. The polymer is pushed to the
center when the voltage is applied [7].

Figure 2.5: The cross section of the bio-reactor to mimic intestinal contraction. PDMS well for cell culturing is
compressed by the membrane during the actuated state [7].
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Figure 2.6: Equibiaxial and uniaxial design of the bioreactor. (a) Dielectric elastomer expands equally if pre-
stretching is the same in x and y direction. (b)Elastomer is stiffened in x direction by prestretching. Only the
material in the middle of the two electrodes (width=W, length=L) will have cells cultured on top [8].

Figure 2.7: Schematics of a single cell stretcher. PDMS is covered on top with a sheet of electrode. The orange
stripe indicates the location of the bottom electrode. (b) and (d) are cross sections of (a) and (c). Cells on
culture were stretched in AA direction [9].
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Figure 2.8: Final design of 72 microactuators in three groups [9].

Advantages and limitations
DEAs have the advantages of fast response time, low heat dissipation and silent opera-
tion [12]. When integrated into OOCs devices, the direction of the strain can be tuned
by controlling prestretching on the membrane. As demonstrated by previous examples,
several actuators can be combined into one design and be controlled separately. OOCs
using DEAs can achieve a compact design with more design space for microfluidic sys-
tems.

Current DEAs are limited by a few problems to be solved before becoming a mature
option for OOCs applications. DEAs require high driving electric fields to achieve desired
displacement, usually several kV. Because of the applied high voltage, DEAs tend to break
down or buckle after several hours of continuous operation. Although lifetime may vary
from different designs, DEAs may not be a suitable option for long duration experiments.
Besides, the existence of high electric field indicates isolation layers must be considered
into OOCs designs to prevent break down inside the device and between the device and
measurement tools.

Fabrication of the electrodes for DEA is a future problem for this thesis. In general
there are two types of materials that have been used for electrodes, carbon composite
or metals, usually gold. Both carbon composite and gold are not cleanroom compati-
ble. Carbon composite electrodes are fabricated by pad-printing, yet it is still unknown
whether DEAs with carbon electrodes might break down faster than DEAs with metal
electrodes. This concern is proposed because unlike the metal thin film, the particles of
carbon composite might diffuse into the polymer, thus leading to an earlier breakdown.

ELECTRO-RESPONSIVE HYDROGELS

Principle
The electro-responsive hydrogel is a kind of synthetic anionic gel that allows positively
charged surfactant molecules bind to its surface. Electric field is used to direct the sur-
factant binding to produce an osmotic pressure difference between the gel interior and
the solution outside. This difference leads to the bending of the hydrogel [13] . The
driving voltage for electro-responsive hydrogel is low (around several Volt). However,
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applying this kind of hydrogel to OOCs remains to be challenging due to its harsh work-
ing environment for cells (usually acrylic acid bath).

Application
OOCs directly using electro-responsive hydrogel as actuators were not found during this
literature study. However, there is one example using an electro-responsive hydrogel ac-
tuator in cell culture media conditions [14]. Figure 2.9 [14] shows an electrically driven
hydrogel sorter. A hydrogel strip is in the middle of a microfluidic channel with silver
wires positioned at the side. The bending time for the hydrogel from middle to one side
is 0.5s at 0.8V [14]. The biocompatibility of the device is tested by sorting mouse embry-
oid bodies (mEBs). Although the actuator is not at its optimum working environment in
the cell culture media, it succeeded in sorting the cells without causing damage [14].

Advantages and limitations
One of the most obvious advantages of the electro-responsive hydrogel is that it can have
large deformation at low voltage. This type of actuator has been applied in soft robots
design and compliant mechanisms. However, its electromechanical response is rela-
tively slow and dependent on the immersed liquid. These properties indicate that rapid
precise control of electro-responsive hydrogel actuators for OOCs is difficult. How to
improve its performance in tissue compatible environment remains to be discovered. In
addition, this hydrogel may have a leakage problem [15] that could hinder its application
in OOCs.

Figure 2.9: A cell sorter using electro-responsive hydrogel. The movement direction of the hydrogel is flipped
when the electric potential is reversed. The scale bar indicates 1mm [14].

IONIC POLYMER-METAL COMPOSITES (IPMCS)
Principle
The IPMC is another type of electroactive ionic polymer. Similar to the structure of
DEAs, it consists of a polymer sandwiched between two electrodes which allows ion-
exchanging [6]. The mechanism of an IPMC actuator is represented schematically in
Figure 2.10 [6]. When a bias voltage is applied, mobile ions tend to move to the oppo-
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sitely charged electrode, which induce the membrane to swell on one side but contract
on the other side, thus eventually leads to the bending of the membrane [16].

Advantages and limitations
IPMCs require low driving voltage (a few volts) for actuation. Studies have demonstrated
that IPMCs can be applied to soft actuators or robots, for example, ecological imitation
robots from Eamex Corporation in Japan [17]. However, IPMCs have not yet been in-
tegrated into OOCs devices or wafer-level microfabrication process. The possibility of
applying IPMCs into cell-culture environment in micro-scale devices is still to be dis-
covered.

Figure 2.10: A schematic representation of the mechanism of an IPMC actuator [6]

2.1.3. EVALUATION AND SELECTION
Before selecting one principle to redesign a polymer-based actuator for Cytostretch, re-
quirements and wishes for the actuator should be specified.
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Requirements and wishes
The actuator for Cytostretch should:

• Apply only cyclic stretching to the cells in culture at the frequency of 0.1-5Hz.

• Be bio-compatible.

• Be transparent.

• Can be fabricated using conventional cleanroom compatible microfabrication meth-
ods

Apart from the requirements, the actuator for Cytostretch should try to:

• Be as compact as possible.

• Have a long lifetime.

• Allow separate parallel control for multi-well design.

• Be user friendly.

The performances of polymer-based actuators applying different principles as discussed
previously and in Appendix A.1 were summarized into a form (Appendix A.2.1). Based on
this form and the requirements listed above, a specification form (Appendix A.2.2) was
made to help select the principle that could be applied in the design. DEAs were found to
meet most of the requirements and revealed possibilities to be applied in Cytostretch. It
worth mentioning that even though certain types of actuation principles were promising
according to the evaluation forms, they were still not found applied in OOCs designs in
this literature study. Given the time length of the master thesis, it is reasonable to select
one principle that already has several OOCs applications, not being too ambitious to
start an entirely new integration which may require years to complete.

2.2. RESEARCH GOALS AND BOTTLENECKS
The research question of the thesis was the following:

How to design and fabricate a dielectric elastomer actuator for out-of-plane actuation
of cell cultures integrated on the Cytostretch platform?

As explained in Section 1.3, DEAs were selected as the basic principle that would be inte-
grated into the actuator design of this thesis. Most of current OOCs use DEAs to induce
in-plane strain and displacement. Since the original motion of Cytostretch is out of the
membrane plane, a DEAs with similar motion performance can mimic most of its orig-
inal functionality. Modules, sensors or testing tools designed for Cytostretch can still be
applied with minor changes. A DEA with out of plane motion can be adapted into the
flow pumping system in future microfluidic system integration, leading to a compact,
multifunctional actuation. Therefore, the first research goal is to innovate a DEA that
can induce out of plane motion.
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In the design of DEA, which will be explained in the design section in Chapter 3,
PDMS membrane was sandwiched by the top and bottom electrodes. The fabrication
process for putting metal thin film on top of soft substrate like polymers are not yet well
defined. Researchers have tried to put gold on top of polymer using low energy implan-
tation [9, 10] or lift off [18]. However, the method for cleanroom compatible metals in
general, without using wafer bonding or sacrificial layers to transfer membranes is still
a mystery. A wafer-scale conventional cleanroom compatible microfabrication process
is expected to be developed to enable batch fabrication of identical devices in shorter
time, thus defined as the second research goal.
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3.1. INTRODUCTION

Polymer-based actuators, having the advantages of being compliant, lightweight and
biocompatible, are attractive options for OOC platforms. The dielectric elastomer ac-
tuator is a kind of polymer-based actuators that can induce large displacement under
high voltage [1]. DEAs can be applied to design macro scale bioreactor [2], a uniaxial tis-
sue stretcher [3] or arrays for single cell stretching [4]. Most DEA devices have in-plane
stretching. A DEA for out-of-plane actuation is expected to reveal more application pos-
sibilities. For this thesis in particular, a DEA with out-of-plane motion is developed for a
previous OOC platform, Cytostretch [5].

Fabricating DEAs in microscale is challenging due to the difficulty of depositing and
patterning electrodes on top of a membrane, being a soft substrate different from the
conventional one. Researchers have successfully put gold electrodes on top of polymer
using low energy implantation [4, 6] or lift off [7]. However, there are few experience for
depositing and patterning electrodes on soft substrate using conventional cleanroom
compatible process.

In this thesis, a DEA for out-of-plane actuation is designed for Cytostretch. Its func-
tionality is proved by using numerical analysis. Difficulties of complex microscale multi-
layer material modelling and converging the buckling problem is discussed. Process flow
for fabricating TiN electrodes on top of PDMS is developed and tested using conven-
tional cleanroom microfabriation methods.

3.2. DESIGN

In this section, the design and structure of the DEA for Cytostretch is described. First the
basic idea and structure of the actuator is introduced, followed by the final design and
its 3D model. The objective of the design, as also mentioned in Chapter 1, is a DEA that
can induce out of plane motion and cyclic stretch the tissue in culture.

The basic idea of the DEA actuator is a suspended PDMS membrane sandwiched by
electrodes from two sides as shown in Figure 3.1. When a potential difference is applied
between top and bottom electrodes, the membrane tends to decrease in height and ex-
pand in x and y directions. However, the expansion in area is partially constrained by
bonding the membrane to the substrate. As PDMS is not compressible, more material
will be pushed to the free-standing area and lead to buckling of the membrane (Figure
3.2).

Cells or tissue will be cultured in the center area which does not covered by the elec-
trodes, or on possible topology structure on the membrane. This is due to the consid-
eration that the optical transparency in the middle area is helpful to allow alignment
and measurement under standard microscope. The high voltage will be applied to the
bottom electrodes underneath the PDMS membrane. Top electrodes, which has the pos-
sibility to be exposed to the cell culture medium is grounded. This isolates the cells from
getting contact with high voltage directly.
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Figure 3.1: Conceptual design of the DEA: A suspended dielectric elastomer membrane with top and bottom
electrodes from two sides. A rectangular opening is in the center of the substrate from the backside to make
the membrane suspended. The thicknesses of each layer are not drawn on the exact scale.

Figure 3.2: Cross section of the DEA design in off state and actuated state. The blue arrows marked on the
actuated state indicates the movement direction of the dielectric elastomer. Thicknesses of each layer are not
drawn on the exact scale.

A simple 2D estimation is made to calculate the possible displacement of the cen-
ter point of the membrane. The thickness of the PDMS and the difference in thickness
before and after the applied potential field is neglected. The original length is assumed
to be 1000µm and the expansion is uniform. As shown in figure 3.3, if the PDMS ex-
pands 10% in length and the arc formed after the actuation is perfect, the displacement
of the center is roughly 190µm. This calculation is very rough and only for a referential
estimation of the displacement.

Although the initial design concept seems simple, several modifications are neces-
sary before it can be actually fabricated. The bottom electrodes should be properly insu-
lated since it will be connected to high voltage supply. Insulation layers help to eliminate
electric fringe field through the air. For the top electrodes, a buffering layer between the
metal and PDMS should be designed. The reason will be explained in Section 3.3. Lastly,
in order to make the actuator compatible to future tool holders or Printed Circuit Board
(PCB), aluminium contact pads for wire bonding were added to the design. The final
design, as shown in Figure 3.4 , is a complex stack which makes the fabrication very
challenging.
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Figure 3.3: A simple estimation of the displacement of the membrane center after actuation. Equations are
based on the figure on the left. The original location of the membrane is represented by the dot line and
membrane after actuation is the solid curve. A group of equations on the right can be deducted from the left
figure to calculate the value of θ. The height difference between the plat membrane and actuated membrane
can be estimated based on θ.

Figure 3.4: Final design of the DEA with electrodes insulation, stress buffering and contact pads. Top: 3D model
of the DEA. Bottom: cross section of the DEA. Thicknesses of each layer are not drawn on the exact scale.

3.3. MATERIAL SELECTION

PDMS MEMBRANE

In order to achieve desired mechanical stretching and reduce the corresponding voltage,
polymers with relatively high dielectric constant should be considered as the material
for the membrane (refer to Section 1.3.2). A table summarizing properties of different
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dielectric materials was provided by scholars [1]. Compared to acrylic elastomers (com-
mercially available from 3M), the dielectric factor of PDMS (2.8) is relatively low. How-
ever, as a silicone elastomer, PDMS has the advantage of low viscoelastic behavior which
can guarantee the actuation frequency and the repetitive strain [1].

Another important reason to select PDMS as the membrane material is the availabil-
ity of the material and fabrication processes. Compared to the other dielectric materials,
PDMS has the advantages that mature guidelines for depositing and patterning PDMS in
conventional cleanroom compatible microfabrication processes have been established
in the ECTM group. Indeed there is a possibility that certain other polymers may have
better performance than PDMS for the DEA design. This can be further explored in fu-
ture to optimize the DEA devices.

Since the performance of the DEA design for Cytostretch has to be estimated numer-
ically in COMSOL Multiphysics, a series of tensile tests were carried to characterize the
mechanical properties of PDMS for simulations. As shown in figure 3.5, a PDMS sample
was clamped in the Dynamic Mechanical Analyzer(DMA) (TA instruments, Q800). The
sample was pulled until it broke and Young’s modulus of the sample can be calculated
via equation 3.1. The results of measured Young’s modulus of PDMS is listed in table 3.1.

E =
F
A

dl
L

(3.1)

(F is applied force, A is force applied area, dl is change of the length, L is the length of
the sample)

Figure 3.5: A PDMS sample clamped on the Dynamic Mechanical Analyzer (DMA) (TA instruments, Q800) for
tensile testing
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Group No. PDMS Mixing ratio (Base: Curing agent) Young’s modulus (MPa)
1 5:1 0.510
2 10:1 0.297
3 10:1 0.865
4 10:1 0.867

Table 3.1: Young’s modulus of PDMS with different mixing ratio. The result of each group is the average of three
measurements

It can be observed from table 3.1 that Young’s modulus of first two groups are much
smaller than literature (around 1MPa for PDMS with mixing ratio 10:1 [7]). There are two
possible reasons might explain the smaller values. First, the PDMS samples for group 1
and 2 were cured at room temperature for 24h. Although the time should be sufficient
to fully cure the PDMS, there might be a chance that the samples tested in group 1 and 2
were not fully cured. Second, when clamping the PDMS samples on the tensile tester, it
is possible that not sufficient force was applied so the sample slid while being stretched.

Testing group 3 and 4 were therefore designed to measure the Young’s modulus of
PDMS again. This time the PDMS was cured for 1h at 90 degrees Celsius in the oven.
It should be noted that the petri dish for preparing the sample was not melted but got
soft under this curing condition (Figure 3.6). Results measured from these two groups
are closer to the value found in literature. However, there was still a chance that samples
slid during testings. This error cannot be fully eliminated since PDMS samples would be
crushed and torn directly if too much clamping force was applied. PDMS can only be
clamped ’relatively tight’. The average of the Young’s modulus measured in group 3 and
4 (0.866 MPa) was used later in the numerical simulations.

Figure 3.6: A twisted petri dish. The petri dish became soft in the oven for 1h at 90 degrees Celsius. Yet it was
not sticky or melted

TITANIUM NITRIDE ( TIN) ELECTRODES

The microelectrodes for the original Cytostretch was made of TiN. The new DEA design
continues to use TiN as electrodes. TiN has several advantages to be applied in bioelec-
trode applications [8], mostly from fabrication perspectives. First it can be deposited at
room temperature, which is critical to the design as the polymer cannot undertake high
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temperature processes. Second it can be easily patterned with standard lithography and
plasma etching. It does not cause contamination problem inside the cleanroom. In ad-
dition, the material is chemical stable and demonstrates good biocompatibility [8].

TiN may have the problem of very high impedance. There is research work inside
ECTM group to find low impedance alternatives such as carbon nanotube (CNT) and
polymers such as PSS-PDOT. However, for the specific design of DEA, the high impedance
does not influence much on the DEA performance. In theory, a DEA requires little to
no current to operate once it is stabilized. Although the functionality of previous DEA
devices with gold or carbon composite as electrodes has been proved (refer to chapter
1.3.2), one of the research goals as mentioned before is to deposit and pattern electrodes
on soft substrate (PDMS) using conventional cleanroom-compatible processes.

POLYIMIDE (PI) INSULATION AND STRESS BUFFERING LAYERS

As mentioned in previous design section, the bottom TiN electrodes need to be properly
insulated. During the fabrication process of Cytostretch, parylene was first chosen as
the insulation material. However, the fabrication process of parylene was found com-
plicated and making the tool cleanroom incompatible [9]. In addition, etching parylene
results in vertical profiles that can cause step coverage problems when depositing metals
on top of it [10]. Polyimide, being commonly used in microelectronics, was selected later
for the insulation layer material. Showing good chemical resistance [11] and good me-
chanical properties [12], PI can be deposited by simple spin coating. PI LTC9305 from
FUJIFILM was applied in the fabrication process for DEA. It is photosensitive and can
form a thin layer around 1 µm.

Figure 3.7: Contrast of surface topology of TiN landing on PDMS (Young’s modulus around 1 Mpa [7]) directly
(left) and with PI (Young’s modulus around 1Gpa [7]) buffering layer (right)

For the electrodes on top of the PDMS, directly depositing TiN was tried in the begin-
ning. However, the depositing TiN on PDMS process generated much stress that caused
many wrinkles on the surface (left half of Figure 3.7). Wrinkles of this size destroyed the
TiN thin film and led to delamination. The rough surface may lead to severe adhesion
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problems for the following steps. Therefore, a stress buffering layer is needed to fab-
ricate top electrodes. PI (Young’s modulus around 1Gpa [7]) was tried as the buffering
layer and successfully reduced the generation of wrinkles (right half of Figure 3.7).

3.4. FINITE ELEMENT ANALYSIS
Numerical analysis of the DEA actuator is carried out in COMOSL Multiphysics to es-
timate the deflection of the devices. A 2000µmx3000µm platform was meshed with a
20µmx1000µmx2000µm suspended membrane in the center. The geometry dimen-
sions are marked in Figure 3.8 and material properties are listed in Table 3.2. For the
membrane area that should be sandwiched between the electrodes and PI insulation/buffer
layers, the difference of Young’s modulus was considered. If the stack of PDMS, TiN
and PI were piled and modeled directly, there was a meshing problem caused since the
thickness of PI (350nm) and especially TiN (100nm) were very small compared to PDMS
(20µm). This meshing problem led to long time calculation and could not converge.

Figure 3.8: Geometry of the PDMS membrane applied in simulation. Violet area has a fixed boundary con-
straint at the backside representing the membrane was bonded to the substrate. Area E1 and E2 are the PDMS
area sandwiched by TiN electrodes which were considered as a lumped material with effective Young’s mod-
ulus. Area M is the free-standing PDMS cell culture area. Voltage potential was applied between the top and
bottom electrodes

Area Young’s modulus Poisson’s ratio relative permittivity
pure PDMS membrane M 0.866 MPa 0.49 2.75
lumped PDMS (E1 & E2) 50.7 MPa 0.49 2.75

PDMS with Gold electrodes[4] 2.5 MPa 0.49 2.75

Table 3.2: Material properties used in the FEM simulation

A lumped method was adopted to solve this meshing problem. The stack was consid-
ered as a whole block and a combined Young’s modulus was applied. I were not able to
actually measure the Young’s modulus of PDMS with PI layers and deposited TiN elec-
trodes. Therefore, the effective Young’s modulus was calculated using the mathemati-
cal model in Appendix A.3 and result listed in Table 3.2 line 2. One assumption in this
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lumped model is that the adhesion between different layers is perfect and no relative
slide would occur during the whole actuation process.

However, the calculated effective Young’s modulus of the lumped model may not rep-
resent the real situation. The actual value of the Young’s modulus can be influenced by
the adhesion between each layer and the topology of TiN. Similar to the previously dis-
cussed issue of PI stress buffering layer, TiN landing on PI may still have small wrinkles.
The wrinkles can work like small ’springs’ in the complex stacks during tensile testing,
thus influence the final value of the Young’s Modulus. There is a measured Young’s mod-
ulus of 30µm thick PDMS with double side ion-implanted gold electrodes in literature [4]
as listed in table 3.2 line 3. This value was also applied in COMSOL and will be discussed
in comparison with the effective Young’s modulus of lumped PDMS.

After the pre-force, a voltage was then applied between the top and bottom elec-
trodes. The fixed area (violet area) as shown in figure 3.8 represents the membrane that
would be bonded to the substrate (in x and y direction). A small pre-force was applied
to the membrane to disturb the symmetry of this buckling problem so that it can be
converged in COMSOL. After a coupled field analysis, the computed displacement was
plotted in Figure 3.9 and Figure 3.10. It can be observed that the center of the membrane
achieved a displacement of 7.35µm under 3000V using the calculated effective Young’s
modulus (50.7MPa) and 44.7µm under 2167V using the measured Young’s modulus with
gold electrodes found in literature (2.5MPa). Figure 3.11 displays the displacement of
the membrane center versus different voltage applied between the top and bottom elec-
trodes.

Figure 3.9: Profile of the displacement of the membrane when a voltage of 3000 V was applied to the electrodes.
In this model, the effective Young’s modulus of the lumped PDMS-electrodes area (50.7 MPa) was applied
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Figure 3.10: Profile of the displacement of the membrane when a voltage of 2166.7 V was applied to the elec-
trodes. In this model, the measured Young’s modulus of a PDMS membrane with double-side gold electrodes
(2.5 MPa [4]) was applied.

Figure 3.11: Left: Displacement of the membrane center verses applied voltage of the DEA. Two different values
of Young’s modulus were applied in the area of PDMS sandwiched between electrodes. Right: Cross-section
displacement profile of a DEA membrane under different voltage. Effective Young’s modulus (E=50.7 MPa)
calculated using the lumped method was applied. Arc length indicates the distance from one edge of the
membrane which was set to be the starting point of the line plot.From 500µm to 1500µm are the area of the
suspended membrane (refer to Figure3.8).
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The reason to apply two Young’s modulus obtained from different sources for the
PDMS area with top and bottom electrodes (Area E1 and E2 in Figure 3.8) is twofold.
First, since no tools or process were directly available to measure the Young’s modulus of
a stack of multiple materials on a wafer during the time given for thesis, the actual value
of the Young’s modulus can only be estimated. Comparing the simulations results using
different Young’s modulus for Area E1 and E2 can help better understand the mechanism
of DEA. Second, after the fabrication and characterization process of DEA full devices,
the performance of the DEA can be used to trace back the actual Young’s modulus of
Area E1 and E2, based on current simulation results using different values of Young’s
modulus.

Another issue that should be discussed is the convergence problem in buckling prob-
lem modelling in COMSOL. It has been noticed that the model can only converge on
certain discontinuous range of applied voltage. The actuated shape of the membrane
also behaved with certain ’mode shapes’. One assumption to explain the discontinuous
convergence problem is that the stability of the membrane will reach a ’mode switching
point’ while increasing the applied voltage between the electrodes. Simulation cannot
converge until a new stability can be achieved under higher voltage after the switching
point.

3.5. FABRICATION

One of the research goals of this thesis is to deposit and pattern metals on top of soft
substrate using conventional cleanroom compatible microfabrication. This issue was
identified and addressed gradually in the fabrication processes of a complete DEA as
described in previous chapters. In the beginning, the whole fabrication flowchart for a
DEA was designed with detailed recipes, which can be found in Appendix A.4.

The main fabrication steps can be summarized into a schematic diagram as Figure
3.12. First, bask side silicon dioxide (SiO2) was patterned on a double side polished
wafer to define the suspended membrane area, functioning as a hard mask for releas-
ing the membrane in the end. Then, the aluminium bottom contact pad was deposited
and patterned. Later the bottom TiN electrodes were placed with a PI-TiN-PI insulation
structure. 20µm PDMS was spin coated on top of the electrodes. Finally, top TiN elec-
trodes were patterned with a PI buffering layer. After patterning the PDMS and releasing
the membrane, the DEA full devices will be fabricated.

Fabrication experience is already available for the structures underneath PDMS in
our research group, referring to the bottom aluminium contact pad and PI-TiN-PI stack.
Although the patterns were different, a similar sequence of depositing and patterning
material has already been applied in the original Cytostretch fabrication. However, little
information was found to fabricate the structure on top of PDMS. Therefore, the fabrica-
tion process was focused on how to deposit and pattern metals on top of soft substrate
(Figure 3.13), addressed as one of the research goals. Several issues were identified and
solved during this process, which will be explained in the later sections.
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Figure 3.12: Fabrication flow of the designed DEA: (a) SiO2 deposition and backside patterning. (b)Bottom
aluminium contact pad deposition and patterning using conventional lithography. (c) TiN bottom electrodes
deposition and patterning encapsulated by PI insulation layers. (d)PDMS spin coating (e) Top TiN electrodes
deposition with PI stress buffering layer (e) Top aluminium contact pad and PDMS etching

Figure 3.13: Fabrication flow of the top TiN electrodes for DEA: (a) Spin coated PDMS soft substrate (b) PI
deposition and patterning (c) TiN deposition and patterning (d) PDMS etching

3.6. RESULTS

3.6.1. PDMS-PI ADHESION

The adhesion issue between PDMS and PI can be observed in Figure 3.14 (a). The thin
film of PI immediately broke after the spin coating on PDMS. Certain treatment was
tested to change the hydrophobic natural of PDMS thus improve the adhesion. Previ-
ously in the work for Cytostretch, argon plasma was applied to modify the surface of PI
before putting PDMS [9]. However, given the equipment availability of the cleanroom,
only low energy oxygen plasma was possible to treat the surface during the fabrication
process of this thesis. After treating the PDMS surface 30s using 75W oxygen plasma, the
adhesion between PDMS and PI was strongly improved as a smooth uniform PI thin film
was successfully deposited.
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Figure 3.14: (a) 1 minute after spin coating PI on PDMS on a 4 inch wafer. Thin film of PI broke and PDMS un-
derneath was exposed. (b)Cracks on PDMS after oxygen plasma treatment at 1000W with endpoint detection

The influence of low energy oxygen plasma treatment on PDMS to promote PI-PDMS
adhesion can be explained with three mechanisms. First, the plasma can bombard the
polymer surface and lead to a rougher surface, initiating a PDMS-PI interlocking. Sec-
ond, the treatment increases the amount of -OH group, changing the surface from hy-
drophobic to hydrophobic. Third influence, however, being negative to the process,
might lead to the cracking of PDMS (Figure 3.14(b)). In the beginning, the surface of
PDMS will be oxidised and form a silica-like crust after exposure to oxygen plasma [13].
Further treatment will cause the ’crust’ being mechanically stressed and initiate a spon-
taneous cracking on the surface. The correct dose of the oxygen plasma to treat the
PDMS surface was tried for several times before the recipe of 30s at 75w was finalized.

3.6.2. PI DEPOSITING AND CURING

After the low energy oxygen plasma surface treatment process, the PI should be imme-
diately deposited, patterned and cured as soon as possible (less than half day). This is
because the improved surface adhesion is temporary and PDMS surface will return to
its natural hydrophobicity. Figure 3.15(a) presents the ruptured thin film of PI on top of
PDMS cured after waiting overnight (around 10 hrs). As for depositing PI, the thickness
is suggested to be roughly 350nm. Although ideally the thickness of PI should try to be as
thin as possible, the surface of PI thin film will become nonuniform when it is too thin.

To pattern the PI thin film, it should be noted that the time for soft bake and post
exposure bake should be extended. Figure 3.15(b) is a picture of PI detached from the
PDMS layer during developing due to insufficient soft baking and post exposure bake.
Since PI was baked on the hot plate with thick (20µm) PDMS layer underneath, the orig-
inal baking time was not sufficient. This problem was first observed and solved by in-
creasing baking time with PI durimide 7020 but the solution applied to PI LTC9305 as
well for fabricating the DEA full device.
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Figure 3.15: (a)Ruptured PI surface on PDMS after around 10 hrs without curing. (b) Delamination of PI during
developing process on a 4 inch wafer

Last issue caused by PI is the curing process. Standard curing temperature and time
for Polyimide is 60 minutes at 350 degrees. However, this temperature cannot be reached
when the structure has PDMS. A special curing recipe (Appendix A.6) was developed to
cure the PI at a lower temperature using a longer time. After cured with the special recipe,
the wafer with PI-PDMS structure was soaked into Acetone and HTR-D2 developer sep-
arately for 10 minutes to check if the PI was fully cured. There was no delamination
observed after the tests. The curing process was checked again with the Leak-up-Rate
(LUR) test in Trikon SigmaEVG 204. The PI was considered to be fully cured as it passed
the LUR test.

3.6.3. TIN DEPOSITING AND PATTERNING
100µm TiN was deposited at room temperature and landed on PI for the top electrodes
of DEA. Figure 3.16 (a) and (b) are pictures of TiN landing on PDMS with and without
PI buffering layer. The clear and blurry reflections of my phone indicate the different
roughness of the surface (Also refer to Figure 3.7). TiN was then etched in Trikon Omega
201 plasma etcher. The etching time should be strictly calculated to avoid over etching
since endpoint detection is not directly available for etching TiN.

Figure 3.16: (a) TiN deposited on PI-PDMS stack on a 4 inch wafer. The reflective surface indicates a smooth
surface (b) TiN deposited directly on PDMS on a 4 inch wafer. A blurry reflection of my phone can be seen in
the white frame. This indicates a relatively rough surface
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Removing photoresist (PR) after etching TiN was tricky. The PR was bombarded dur-
ing the etching process therefore, formed a hard surface very difficult to remove. There
were two conventional methods to remove PR, oxygen plasma or acetone. Figure 3.17(b)
is a picture of TiN top electrodes using Tepla Plasma 300 at 1000W with endpoint detec-
tion to remove PR. It can be observed that the PI buffering layer was removed together
with PR and the TiN surface became full of wrinkles. If the plasma dose was decreased
to 1 minute at 600W , the PR on the other hand, cannot be removed. The colorful sur-
face of the wafer in Figure 3.17 (a) indicates the nonuniform residual layer of PR. It was
measured that the thickness of PR decreased around 100nm after the plasma, yet the
original thickness was 1.4µm. Acetone was tried to remove PR as well. Figure 3.17 (c)
shows the PR chips on top of TiN after soaking the wafer in acetone for 5 minutes with
gentle stirring. The PR was cracked and some of the PR was removed, yet PR residues
were still found. The solution is to combine the two methods: First treat the PR with
plasma at 600W for 1 minute. Then use the acetone bath at room temperature for 5
minutes. The 1 minute 600W oxygen plasma cleaning was applied again in the end. A
PR-free wafer with patterned TiN electrodes on top of PDMS with PI buffering layer was
shown in Figure 3.18.

Figure 3.17: (a) PR layer on TiN after oxygen plasma cleaning 1 minute at 600W (b) Wrinkled TiN after oxygen
plasma cleaning at 1000W with endpoint detection. (c) PR residue after cleaning the PR with acetone bath (d)
Close up of one pattern to show the cracked polymer (light blue area) and wrinkled TiN surface
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Figure 3.18: Patterned TiN on top of PDMS with PI buffering layer (TIN-PDMS-PI) on a 4 inch wafer

3.6.4. PDMS ETCHING
Etching PDMS membrane after patterning TiN electrodes was tested at last. An alu-
minium hard mask was patterned using conventional lithography as common PR cannot
stand the long etching duration. The recipe for etching PDMS also removes SiO2 and the
Si substrate, therefore it was difficult to define the exact etching time since there was no
relative zero point to measure the step height. Overetching PDMS was almost inevitable.

Before etching, lines of cracks was observed on certain area of the PDMS which was
not covered by the aluminium hard mask. One possible explanation of the cracks is that
during the patterning of aluminium hard mask, the plasma induced silica-like crust on
PDMS surface (similar to oxygen plasma surface treatment) and later cracked due to the
stress. After etching, the aluminium hard mask was removed by wet etching. Fortunately,
no cracks was observed on the patterned PDMS. Figure 3.19 are photos of PDMS before
and after etching.

Figure 3.19: (a) Aluminium hard mask for PDMS etching on a 4 inch wafer (b) Over-etched PDMS (smooth blue
area) (c) The rough Si surface after PDMS etching

3.7. DISCUSSION
The fabrication process of the full DEA devices can be completed by releasing the mem-
brane from the backside after PDMS etching, However, the process wafer was acciden-
tally broken during the manual drying process. Unfortunately, certain tools for process-
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ing were down and developer for PI was running out. There was not enough time to
fabricate a new batch of DEA full devices before the submitting this thesis. However,
as discussed in the result section, all critical steps in the fabrication flow have already
been developed and tested. It can be predicted that DEA full devices can be fabricated
smoothly given the availability of tools and chemicals.

Figure 3.20 (a) (b) (c) (d) are pictures of successfully deposited TiN electrodes (TiN-
PI-PDMS stack) with etching holes of different shapes and dimensions under the mi-
croscope. The surface of TiN was flat in general yet wrinkles were found at the corners
of certain etching holes. The dimensions of the wrinkles were measured and calculated.
Together with different dimensions of the etching patterns, the measured results of wrin-
kles are listed in table 3.3. The wrinkle size was compared with Figure 3.20 (e) which
shows the same patterned TiN directly on PI without PDMS (TiN-PI stack). Except the
PDMS layer, all the other steps to fabricate these two wafers were the same. It can be
suggested that the thermal expansion of PDMS during etching steps was the cause of
the wrinkles.

Figure 3.20: (a)-(d)TiN deposited on PDMS with PI as stress buffering layer (TiN on PI-PDMS stack). Different
geometry of holes were etched to check the influence of the etching. Red bar in all pictures represents 300µm
(a) rectangular 1.5mmx2mm etching hole (b)rectangular 1mmx2mm etching hole (c) circle diameter=1mm
etching hole (d) circle diameter=2mm etching hole (e) TiN deposited on only PI layer without PDMS. Rectan-
gular 1.5mmx2mm etching hole
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From the pictures and the measurement results, two assumptions were proposed.
First, the appearance of the wrinkles are related to the angle of the corner. One explana-
tion of the existence of wrinkles in 3.20 (c) is that during mask design, the circle pattern
was not a perfect circle but approximated with polygons, therefore, there were still very
flat ’corners’ even we cannot see directly. Comparing the etching holes of rectangular
and circles, it can be proposed that the height difference of the wrinkles decrease with
the angles of the corner being more flat. Second, the size of the etching holes can influ-
ence the height difference of the wrinkles. Comparing the two samples inside rectangu-
lar group and circle group respectively, the height difference decrease when the sizes of
the holes are bigger. More samples are needed for future to testify the two assumptions
and eventually conclude a quantitative theory.

shape dimension (mm) wrinkles maximum height difference (µm)
rectangular 1.5x2 at corners 0.39
rectangular 1x2 at corners 0.53

circle D=1 around edges 0.12
circle D=2 no -

Table 3.3: Measurement results of wrinkles of etch holes with different shape or geometry

3.8. CONCLUSION
This thesis has presented the design and numerical analysis of a DEA for OOC platforms,
fabrication of TiN electrodes on top of soft substrate and basic measurements of the fab-
rication results. The DEA design consists of a suspended PDMS membrane sandwiched
by top and bottom TiN electrodes with PI as the insulation and buffering layers. Differ-
ent from existing DEAs, the design in this thesis can induce out-of-plane motion. The
functionality was proved initially by COMSOL Multiphysics simulations. Estimations of
the effective Young’s modulus of the PDMS membrane sandwiched between electrodes
and convergence issues in buckling problem modelling were discussed.

Several issues were identified and solved during the fabrication process of TiN elec-
trodes on soft substrate (PDMS). Recipes were found to treat PDMS surface with oxygen
plasma to improve adhesion between PDMS and PI. PI thin film was then successfully
deposited, patterned and cured on top of PDMS. After solving the PR removal problem,
TiN was patterned smoothly on the PI-PDMS stack. Etching of PDMS was tested as the
last step using a aluminium hard mask. The etching pattern of the TiN electrodes was
analyzed and two assumptions were proposed to explain factors influencing the wrinkle
formation.

3.9. OUTLOOK
A DEA full device can be fabricated after patterning the top electrodes with two extra
main steps (Referring to the flow chart in Appendix A4). First the membrane will be
released by deep reactive ion etching (DRIE) from the backside. It is suggested to put
alignment marks also on the backside of the wafer at the beginning of the fabrication
process to help the better alignment of the DRIE tool. Test wafers should be used to cal-
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culate the exact loop number for etching since even with silicon dioxide as the endpoint
stopping layer, overetching will lead to the crack of the PDMS membrane. In addition,
it is noted that DIRE is not uniform across the wafer. The etch rate is different depend-
ing on the area of the opening and the location on the wafer. This should be considered
when designing the masks.

The second main step after top electrodes patterning, also the last step for the whole
fabrication is to remove the aluminium hard mask. This step has been tested during the
fabrication process of this thesis. Figure 3.21 shows one the DEA device after removing
the aluminium hard mask. It can be found that the certain areas of the TiN electrodes
were cracked and detached from the surface. The reason for the destroyed TiN elec-
trodes is that TiN was deposited on a nonuniform surface which was caused by the PI
stress buffering layer. It was observed on the wafer that when there were less circular
patterns on the PI layer (smoother surface), the quality of the TiN electrodes was better.
When fabricating the new batch of DEA device in future, the surface uniformity should
be focused to avoid failure of TiN electrodes in the final step.

Figure 3.21: DEA after removing aluminium hard mask. Cracks and detached areas can be found on the TiN
top electrodes due to the nonuniform surface after deposition

The designed DEA can be characterized statically and dynamically. It suggested to
dice the wafer and wire bond the contact pads to certain PCBs which can be connected
to high voltage source. First the displacement and strain of the membrane center should
be measured when a constant voltage is applied between the electrodes to obtain the
relation curve of displacement/strain versus voltage. This step can also test if the insu-
lation is enough or the design need to be modified. Later a square wave at 1Hz should
be applied to characterize the response time of the DEA. Finally, the devices should be
tested continuously until break to measure the lifetime. The performance and displace-
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ment of the membrane can be observed and measuered using white-light interferometer
or digital holographic microscope.

Based on the performance during the characterization, the DEA can be further op-
timized from two perspectives. First, more membrane material with higher dielectric
factor can be investigated. It should be mentioned that a cleanroom compatible way of
deposition and patterning should be developed before using specific new polymer. The
polymer itself should be biocompatible or proper coating should be applied for the cell
culture environment. More options of electrodes can be considered and tested for the
actuator. The performance of the compliant electrodes should be observed under cell
culture environment to compare the select the best option.

After completing the full cycle of further fabrication, characterization and optimiza-
tion, a DEA that can induce cyclic stretching to cultured cells will be developed.
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TIMELINE COMPARISON

Figure 4.1 is a comparison between the original planned timeline and the actual time-
line of this thesis. In general there were two main stages delayed in this thesis. First,
the numerical analysis and simulation in COMSOL took longer time than expected. The
suspended membrane was designed to buckle when voltage was applied between elec-
trodes. For the buckling problem, COMSOL could not converge in the beginning since
it cannot decide the direction of the buckling when the design is symmetric. In order
to help COMSOL ’choose’ the direction of buckling and slightly disturb the symmetry,
a tiny force was applied to the membrane before applying the electric potential. Addi-
tional boundary conditions were applied to solve the convergence problem, yet for mod-
elling a buckling situation, it is observed that the problem cannot converge when it is at
a switching point of instability between different stable modes. Therefore, even though
the performance of the DEA can be simulated in COMSOL, the calculation of displace-
ment versus voltage is not continuous. Modelling this complicated buckling problem
took almost two extra months compared to the plan.

The second stage that cost longer time than the plan is the fabrication stage. As dis-
cussed in Section 2.5, several issues were identified gradually during the fabrication pro-
cess. Each critical step on the flowchart had to be tested to find the working recipe since
few previous experience available in the ECTM. Another reason is that the status of the
equipment and chemicals was unpredictable. Estimation of more time, back-up plans
and status checking of chemicals and tools should be considered next time for a better
planning.

Figure 4.1: Comparison between the original timeline and the actual timeline

FUTURE APPLICATIONS

The initial purpose of designing the DEA in this thesis is to provide an alternative actu-
ation method for Cytostretch that can enable microfluidic system integration. After fin-
ishing the fabrication and characterization process, the designed DEA can be integrated
with original sensors and PCB boards for Cytostretch. Additional wells or holders for cell
culture should be designed to test the performance with actual cells. The membrane sur-
face can be modified with certain topology, for example, micro-pillars to promote better
cell adhesion or functionality.
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The DEA can be applied in other OOC devices that require cyclic stretching or cyclic
mechanical load. As discussed before in Chapter 1, mechanical load is essential for cer-
tain types of cells to behave as in vivo. The performance of DEA needs to be optimized
and tuned respects to different requirements of cells or designs. It is suggested that more
investigation should be made focusing on pre-stress of the membrane for better con-
trol of tuning the displacement and strain. Having the advantages of being a compact
bio-compatible, microscale design, DEAs have a promising possibility to be applied in
different OOC platforms.

The fabrication process for depositing and patterning electrodes on soft substrate
can have more applications in future. Not only for actuators, the electrodes on top of
membrane can be used for sensor fabrication and surface topology regulation. It should
be mentioned that more material selection and testings should be made to solve the
problem of high impedance and wrinkles at the corner. Successful patterning metals on
soft substrate reveals the possibility of fabricating various stretchable electrodes using
conventional cleanroom compatible methods that can be adapted into industry scale
fabrication very soon.

EXPERIENCE AND LESSONS LEARNED

Doing my master thesis is the first time I have done a whole project individually from
proposing topic in the very beginning till fabrication in the end. I gained valuable expe-
rience in project management, engineering design, simulations, cleanroom fabrication
and soft skills in presentation and communication. It is important to note down several
lessons I learned that could be useful for my projects in future.

Prepare for the unexpected. First lesson is that more time should be planned for
solving unexpected situations during project planning. I did not expect and even think
about it in the beginning that many things can go wrong and out of my control. It could
be as small as the recipes do not work in one specific step or a machine is down for weeks.
When fabrication is involved, especially fabricating devices using a new method or with
few available experience, leaving more time for the unexpected in the planning is crucial
since it is very rare a step or recipe can be defined in the first trial.

Always have a plan B. A lot of unexpected issues can eventually lead to an awkward
situation that the project cannot be completely finished in the given time and tool avail-
ability. This is where exactly plan B is needed. Sometimes one plan B is not enough
or the plan B should be flexible enough. Multiple factors should be considered such as
alternative tools for fabrication, a different design for similar performance, extra spare
materials, testing structures and tolerance of the design.

Learn from the failure. I have met a lot of failures during my thesis that I lose the
count already. It is sad indeed but all the failed experiments, testings and results could
be also useful. Finding the reason and doing ’forensic checking’ helped me many times
to figure out the physics behind, get a new understanding from a different perspective
and eventually develop a working recipe. I have to admit that I cried a few times when
something is not working as designed. Always being happy is not realistic but what I can
do is to take it easy the next day, learn from the failure and continue my work.
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A PERSONAL REFECTION

Standing at the ending point of my thesis and looking back, the first phrase comes up to
my mind is ’growing up’. One year time can be short but also long. It is too short for me
to achieve everything I planned to a satisfied (for me at least) level. Yet it is also long that
when I think about the ’me’ one year before, I feel as if I were a different person.

I use the phrase ’growing up’ not only because I gained a lot of knowledge in polymer-
based MEMS, or valuable experience in the cleanroom, or precious suggestions and
guidance from supervisors and friends. For sure those were important, but the most
important thing is, I gradually know a bit what kind of person I am (I can’t say I know
entirely still), and what kind of things I want.

I found out I am braver, more determined, or even stubborn than I thought.
I found out reaching out for people is not that hard. It is ok to ask for help.
I found out I am a naive person in many ways but I still don’t think this is a bad thing.
There is a phrase to describe time flies quickly in Chinese called ’GuanQiLanKe’. I

think the story behind this phrase is very romantic. It says one day a woodcutter bumped
into two people playing Go game in the deep forest. He thought it weird but the Go game
was played so well that the woodcutter stopped and started to watch. After one round,
one of the players reminded the woodcutter that he should go home now. He said yes
and suddenly found out the wood handle of his axe was rotten, the blade was rusted
and the two players disappeared. The woodcutter went home but surprised to see all
his friends were old people now. In the end he realized that he thought he watched one
round of Go game, yet actually a hundred years had already passed.

It is the same feeling doing my thesis, or I would rather say, focused and buried myself
in my thesis. It is a joy even with tears and before I realized the time as the woodcutter,
one year has already passed. Compared to the ’me’ last year, I am very clear that I want to
continue in the MEMS direction, explore more, of course meet more challenges, fail and
fail again. I don’t like plain. I like things being complicated, tough and unpredictable.

Home is behind, the world ahead. I know I still have a long way to go and I will go
with a smile. I like my one year of doing thesis, same as I like my books, my ukulele and
my acrylic paint.
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A.1. BASIC PRINCIPLES OF POLYMER-BASED ACTUATOR DE-
SIGN

A.1.1. THERMAL-RESPONSIVE HYDROGELS

Principle
The basic principle of the thermal-responsive hydrogel is thermal expansion. No chem-
ical response is involved in the process discussed in this section. Different shape and 3D
structure of the hydrogel can be designed to achieve desired deformation.
Application
FigureA.1 [1] presents a thermal-responsive cell stretching device [1]. A thin layer of hy-
drogel is applied to a patterned substrate to form creases. When the creases deform in
depth, the flat material nearby undergoes a deformation to stretch the cells. Cells in an
array of 70µm × 90µm were patterned on the hydrogel at room temperature ( 22oC ) and
reduced roughly to 70µm × 70µm at 37oC . A maximum strain of 20% was achieved.
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Figure A.1: A dynamic cell stretcher using temperature-responsive hydrogels with patterned surface creases
[1].

Advantages
Advantages of thermal-responsive hydrogel can be summarized into following points

• Can have flexible crease patterns in one device:

By changing the geometry of the substrate and crease, multiple strain states of cultured
cells on a single substrate can be achieved. This feature can be used to study the corre-
lation between stress distribution and different signal pathways [1].

• Not sensitive to substrate or hydrogel material:

In principle, any bio-compatible hydrogel could be the candidate to design a dynamic
thermal responsive cell stretching surface, as long as the coefficient of thermal expan-
sion is within certain range.

• Can be fabricated easily:

The design of this type of OOCs is relatively simple, with no multiple layers of polymers
or difficult 3D structures. Therefore, it is not time or process consuming to fabricate.

limitations
One of the most critical problems of using thermal responsive hydrogel is the slow re-
sponse time (time scale for one-dimensional swelling is around 200s [1]). Using less
volume of hydrogel may shorten this time, yet no available data was found during the
literature study. Apart from the slow response time, seeding cells in a pattern and at pre-
cise locations require an extra photopatterning process. Cells could be misaligned or
cluster together.
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A.1.2. MAGNETIC ACTUATED DYNAMIC SURFACES

Principle
Magnetic actuated dynamic surfaces are patterned polymer surfaces with embedded
metal particles. For the applications that will be discussed in this section, magnetic pil-
lars are created on the PDMS (FigureA.2 [2], FigureA.4 [3]). Cells are cultured on top of
the pillars. In a magnetic field, pillars with magnetic particles will bend and apply an
external force to cells. Nonmagnetic pillars will deflect in response to the cell behaviour.
Therefore the displacement of the nonmagnetic pillars can be used for simultaneous
measurement or control group when the cells are actuated by magnetic pillars.
Applications
Figure A.2 [2] and Figure A.3 [2] show a magnetic responsive surface to stretch mouse
fibroblasts [2]. Co nanowires were embedded at random locations during the casting
process of PDMS. The locations of magnetic pillars were later found and marked under
the microscope. A electromagnet is mounted on the microscope stage to apply the mag-
netic field. To test the dynamics in force application, multiple actuations were applied
to cells within 10 min (2 min active field and 2 min intervals with no field). Cells being
actuated behaved an increase in local focal adhesion at the point of the magnetic pillars
[2].

Figure A.2: schematic explanation of a magnetic actuated surface with embedded Co nanowires [2].

Figure A.3: Bending of a magnetic pillar (red circle) under magnetic field at 0.31T. Nonmagnetic pillar in blue
circle for comparison [2].

Figure A.4 [3] is a similar design using magnetic pillars as microactuators. A chip is
divided into nine regions with or without magnetic pillars to study the migration of cells.
Human endothelial cells were actuated for 48 hrs at 1Hz. The maximum strain measured
is 5%.
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Figure A.4: Cell migration chip with nine regions [3]. Black dots indicate the area with magnetic pillars. Region
5 has no pillars.

Advantages
Magnetic actuated dynamic surfaces have two specific advantages:

• Allow actuation and simultaneous sensing:

As explained in the beginning, the bending of pillars without magnetic particles can be
measured to indicate the value and direction of the applied force.

• Allow spatial control of the force:

The direction of the strain can be changed easily by changing the direction of the mag-
netic field. Therefore, no special geometry or patterns are needed in the device to have
uniaxial force. Observing cellular behaviour under forces in different directions at cer-
tain periods is also possible by using magnetic actuated micropillars.

Limitations
Existing problems of magnetic actuated dynamic surfaces are listed below:

• The location of the magnetic particles cannot be precisely controlled during fab-
rication.

• The maximum strain found during literature study (5%) is not sufficient enough
for OOCs.

• Long term influences of magnetic fields on cells are yet unknown.
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A.1.3. MECHANICAL ACTUATORS

Principle
Mechanical actuators used for OOCs mainly stretch the whole cell culture platform. Since
external motors and controllers are inevitable for this method, it is eliminated from the
beginning to become a candidate solution for the thesis project. Among designs re-
viewed during the literature study [4–6], two of them will be explained briefly.
Applications
Figure A.5 [4] presents a device using Shape Memory Alloy (SMA) to stretch a platform
for cell culture. SMA is a kind of smart material that ’remembers’ its shape at two dif-
ferent temperatures. The shape of SMA can be switched from two states by altering
the temperature. In the design below, circuits are connected to a SMA coil (minimum
length=22mm) to control the heating of the coil. The SMA coil push or pull the cell cul-
ture platform to apply mechanical loads on cells. Although a cooling fan is designed to
enable faster cyclic stretching, the minimum cycle time is 4s [4] with the strain within
5% to 30%.

Figure A.5: Stretching an elastic sheet using shape memory alloy [4].

Another design uses piezoelectric actuators to stretch cells in reservoirs [5]. As shown
in Figure A.6 [5], pins from the actuator (Braille display) push upwards the PDMS mem-
brane from the back to generate strain. The strain is dependent on the thickness of the
PDMS membrane and the frequency of the cyclic stretching can be up to 5Hz [5].
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Figure A.6: Display of microwells and schematic graph of a piezoelectrically actuated pin pushing a PDMS
membrane in a reservoir [5].

A.1.4. PHOTOTHERMAL ACTUATORS

Several types of photosensitive materials were reviewed in the literature [7]. However,
most of the photosensitive materials cannot have reversible change of structure. This
is mainly because of the irreversible cross-linking of materials initiated by light. How-
ever, scholars have been using carbon-based nanomaterials to design microactuators
that use light as the stimuli. Carbon materials (carbon nanotubes, graphene, graphite
and amorphous carbon) can absorb photon energy and then excite its electrons. The
energy of the excited electrons is then transformed into heat [8]. When embedded into
polymers as a solo layer or as nanofillers, carbon materials can act as the thermal energy
source to actuate the whole structure. Although there are examples of soft robots using
carbon-based photothermal actuators [8], no applications for OOCs were found dur-
ing the literature study. One possible reason could be that cell culture environment has
strict requirements of the temperature. Yet the temperature range for existing functional
carbon-based photothermal actuators is far beyond the range that cell can survive.

A.1.5. CHEMICAL SENSITIVE DYNAMIC HYDROGELS

Similar to photosensitive materials, most of the chemical sensitive materials cannot have
reversible change of structure due to the irreversible crosslinking. However, a salt stim-
ulated reversible hydrogel were synthesized to regulate the extracellular matrix (ECM)
of cells [9]. This hydrogel has two components. One component (collagen) acts as a sta-
ble structure and the other component (alginate) has reversible crosslinks (FigureA.7[9]).
When alginate was crosslinked, cells were inhibited to move. The mobility was regained
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when alginate was uncrosslinked [9].

Figure A.7: Schematic diagram of the structure of the hydrogel [9]

Although chemical sensitive dynamic hydrogels can be applied to modify the ECM,
no application in tissue or organ level was found. The response time of the hydrogel can
be hours which is too slow for actuating cells. In addition, how to control the direction
of deformation is still a problem to be solved before integrating this method into OOCs.
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A.2. CONCEPT EVALUATION FORMS

Figure A.8: Performances summary
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Figure A.9: Evaluations. Red=cannot achieve this requirement; Green=Satisfy this requirement; Yellow=need
extra modification to meet the requirement or information not avaliable.
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A.3. LUMPED PDMS MODEL CALCULATION
Figure A.10 left represents the original structure of the complex stack of the PDMS mem-
brane sandwiched between electrodes. In order to calculate the effective Young’s modu-
lus of the whole structure, it is simplified into three layers of PDMS, TiN and PI as shown
in Figure A.10 right.

Figure A.10: Left: the original pile of PDMS, TiN and PI stack. Right: equivalent PDMS, TiN and PI stack for
lumped Young’s modulus calculation

Assume that the original length of the material is 1000µm, the change of length is
10µm (L = 1000,dl = 10). The width of the material w is 1µm. The Young’s modulus of
the polymers are: PDMS 0.866 MPa as measured; PI 1GPa [10]. The Young’s modulus of
TiN thin film is yet hard to define since the value depends on the fabrication process,
thickness and its landing substrate. It is suggested to measure the Young’s modulus of
TiN through tensile test to obtain a precise value. In this estimation, the influence of TiN
is however neglected considering its very thin thickness. Using equation 3.1, the total
force required to cause the change of length is calculated:

Ftot al = FPDMS +FPI

= EPDMS
dl

L
APDMS +EPI

dl

L
API

= dl

L
(EPDMS APDMS +EPI API )

= 0.01×w ×10−6(20×10−6EPDMS +1.05×10−6EPI )

= 0.01×w ×10−12(20EPDMS +1.05EPI )

The effective modulus thus will be:

Ee f f ect i ve =
Ftot al
Atot al

dl
L

=
Ftot al

21.05×w×10−12

0.01

= 20EPDMS +1.05EPI

21.05

= 50.7MPa



A.4. FLOWCHART

A

55

A.4. FLOWCHART



A

56 A. APPENDIX A



A.4. FLOWCHART

A

57



A

58 A. APPENDIX A



A.4. FLOWCHART

A

59



A

60 A. APPENDIX A



A.4. FLOWCHART

A

61



A

62 A. APPENDIX A



A.4. FLOWCHART

A

63



A

64 A. APPENDIX A



A.4. FLOWCHART

A

65



A

66 A. APPENDIX A



A.4. FLOWCHART

A

67



A

68 A. APPENDIX A

A.5. PDMS SPIN COATING THICKNESS CONFIGURATION
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A.6. PI KOYO OVEN CURING RECIPE
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