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Abstract
The objective of this research is to introduce a chemical-free metal Polydimethylsiloxane
(PDMS) thermal bonding (CFMPTB) in the flexible electrode fabrication by transferring metal
onto a PDMS substrate. PDMS is an excellent biocompatible and elastic material which is widely
used in the biomedical engineering and the wearable and implantable devices. However, the use
of PDMS in the wearable and implantable devices is limited due to the poor adhesion between
metal and PDMS. The current studies to overcome the limitation require extra treatment which
increases the complication of the process and the toxicity by surface modification.
I recently discovered a simple process of enhancing the adhesion strength between metal
and PDMs without any extra treatments, which is CFMPTB. It is a thermally induced process and
compatible with various metals (such as copper, silver and gold). CFMPTB enhances the adhesion
strength by creating metal oxide bonds between metal (M) and PDMS (M-O-Si bonds).
CFMPTB is the same process as the PDMS curing process with a modified curing
condition. The modified factors in the conditions are the amount of the curing agent, the baking
temperature and the baking time. The effect of these factors on the adhesion strength was studied
to determine the optimum condition for the flexible electrode fabrication.
Next, as a proof of the concept, the adhesion strength by the standard PDMS curing
condition and CFMPTB were compared by two adhesion tests; the cross-hatch adhesion test, and
the adhesion ratio test. This proved that no strong adhesion was generated by the standard PDMS
curing condition but CFMPTB had significantly enhanced the adhesion between metal and PDMS.
As a result, CFMPTB can transfer an electrode structure onto PDMS to create a flexible electrode.
As a demonstration of the flexible electrode fabrication, several possible applications of
CFMPTB were studied; a flexible capacitive pressure sensor and a dry flexible bio-potential
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electrode. Furthermore, as a suggestion of possible applications, a fabrication process of a porous
PDMS membrane with an electrode integration was introduced.
In conclusion, CFMPTB can enhance the adhesion between metal and PDMS in the PDMS
curing process by modifying the condition without extra treatment which is compatible with
various metals. Moreover, it can be used in the flexible electrode fabrication for developing the
wearable and implantable devices.
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Chapter 1. Introduction
1.1 Overview
Recently, the demand for a flexible electrode is increasing significantly because of the
interest in wearable and implantable health monitoring devices [1-6]. These devices allow for
better and faster bio-signal measurement for improving the health of a patient on account of the
more user-friendly form such as a smartwatch.
These devices are also called Point-of-Care (POC) devices. The goal of POC is bringing a
huge laboratory into a small chip-sized device that provides simplified health monitoring and
analysis to patients [7-8]. It can be operated by patients without the supervision of medical staff,
and it provides a cheaper and faster result for patients without the need of any complex training.
Currently, medical diagnosis requires a long time for analysis, which can take several
weeks; and it also requires professional training. Thus, patients may miss the critical time for
treatment in many cases [9]. Additionally, it is not affordable for the financially disadvantaged
population due to the high cost of diagnosis. Therefore, the diagnosis cost needs to be reduced in
order to provide better medical support for poor patients [10-11]. Moreover, some diseases like
arrhythmia require real-time monitoring in daily life for better diagnosis and treatment. Therefore,
developing medical analysis tools for more effective user-friendly and faster analysis, such as
wearable and implantable health monitoring devices, are attracting attention. As a result,
development of new flexible electrode fabrication techniques and solutions to the limitations of
the current process have been demanded.
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The key of the wearable and implantable health monitoring technique is flexible electrode
[12] because it allows better portability and comfort. There are current three main approaches to
the flexible electrode fabrication: the conductive polymer [13-19], the printing of conductive ink
[20-26], and the metal transfer methods [27-35]. However, there are many challenges in current
flexible electrode fabrication, namely are the complexity, the expansive fabrication cost, and the
selection of soft material.
The selection of soft materials depends on the property of the materials: the ideal soft
material for wearable and implantable devices must be biocompatible, elastic (flexible), bio-stable
and non-absorptive to moisture [36-40]. Various popular soft materials are studied for wearable
and implantable device fabrication, and Polymethylsiloxane (PDMS) seems the most promising
material due to its excellent biocompatibility and elasticity [31-40]. Nevertheless, PDMS is mainly
used as the encapsulating material for the flexible electrode [27-30] because of poor adhesion
between the electrode structure (metal) and PDMS [41-45]. This poor adhesion results in a short
operating life for the electrode since the electrode structure can be easily damaged. There are
various studies seeking to overcome this poor adhesion, such as using physical [45-50] or chemical
[51-62] treatment for enhancing the adhesion strength. Additionally, there are other alternative
ways, such as creating a conductive polymer by mixing PDMS with conductive nanoparticles [6368]. These methods have successfully demonstrated the fabrication of flexible electrode using
PDMS, but these processes caused complex and extensive fabrication processes, and they
sometimes spoil the biocompatibility (that is they increase the toxicity of the material by surface
modification).
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Recently, I discovered a phenomenon which can enhance the adhesion strength between
the PDMS and pure metal during the PDMS curing process without any extra treatment, a
phenomenon which I named Chemical-free Metal PDMS Thermal Bonding (CFMPTB). CFMPTB
successfully and significantly enhances the adhesion strength through the modified PDMS curing
process which is compatible with various metals, and it can be used in the fabrication of flexible
electrodes. This method is a simpler and faster process compared to other methods because it does
not need any extra processes apart from the PDMS curing process. The use of CFMPTB in the
fabrication of flexible electrodes and the enhancement of adhesion strength are explored in this
thesis along with the introduction of several possible applications.

1.2 Review of The Current Studies of PDMS-Based Flexible Electrode
Fabrication
Currently, there are three ways of using PDMS as a flexible substrate in the fabrication of
flexible electrodes: conductive PDMS, physical treatment, and chemical treatment. In section 1.2,
the current methods will be reviewed.

1.2.1 Conductive PDMS
Conductive PDMS is prepared by mixing uncured PDMS with conductive nanoparticles
like silver nanoparticles [63-65] or carbon nanoparticles [66-68]. PDMS is prepared by mixing
two chemicals, a base-polymer (or pre-polymer) and a curing agent. The uncured PDMS is in
liquid form which then solidifies after the curing process. The PDMS is originally not a conductive
material (that is, it has poor conductivity) but by mixing in the conductive nanoparticles before
curing, the PDMS can become conductive and can be molded to create an electrode patterns as
shown in Figure 1 [68].
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Figure 1: Process of fabricating flexible electrode using conductive PDMS. 1) The
fabrication process of silicon master mold. 2) The fabrication process of PS/PTFE
mold. 3) The fabrication process of flexible electrode on PDMS. Ref. [68]

The basic process follows the general PDMS molding process, which is widely used in the
fabrication of PDMS-based microfluidic devices. Initially, a master mold was fabricated on a
silicon wafer by photolithography, and conductive PDMS was cast onto the mold. Then, a layer
of PDMS (which is not mixed with conductive particles) was coated onto the conductive polymer
and cured by baking. After the curing process, the PDMS with the electrode pattern was peeled
from the mold.
An example of the flexible electrode fabrication process using conductive PDMS is
illustrated in Figure 1. In this example, there is an extra step between master mold fabrication and
conductive PDMS casting, which is the fabrication of a polystyrene (PS)/polytetraﬂuoroethylene
(PTFE) mold. The PS/PTFE mold allows for easier peeling without the need of a peeling agent.
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Figure 2: Illustration of the Au/Ti layer transfer onto a PDMS substrate by physical
treatment. a) A mold (stamp) was fabricated on a silicon wafer by photolithography.
b) A layer of Au/Ti was deposited on the mold. c) Both the PDMS substrate and the
metal layer were treated by oxygen plasma d) The TiO bonding was generated e) The
PDMS substrate was peeled off of the mold with Au/Ti layer transferred. Ref. [46]
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The electrode structure made of conductive PDMS adheres well on the PDMS because both are
made of PDMS; additionally, the molding process provides high reproducibility. However, this
process has limitations such as poor electrical properties and difficulty in miniaturizing the feature
size below 10µm.

1.2.2 Physical Treatment
Physical treatments, such as UV ozone treatment, modify the surface of the PDMS, which
enhances the adhesion between the electrode and the PDMS. It is similar to the process of creating
a permanent bond between PDMS and silica glass through oxygen plasma treatments [45-50]. In
this process, the surface of both PDMS and glass was modified by oxygen plasma treatment, then
(-OH) groups were fabricated on the surface of the PDMS and glass, which resulted in the creation
of a Si-O-Si bond [69]. Similarly, the hydroxyl group can be bonded to metals such as chromium
or titanium in Ti (or Cr)-O-Si form [47] because metals like titanium and chromium are drawn to
oxygen. This can be used in transferring a metal electrode structure onto the PDMS substrate as
shown in Figure 2. In Figure 2, an Au/Ti layer was deposited onto a stamp, or mold, which was
then treated by oxygen plasma. The PDMS substrate was also treated by the oxygen plasma which
then placed onto the mold so that, the bonding (Ti-O-Si) could be generated [46].

1.2.3 Chemical Treatment
Similar to the physical treatment, the chemical treatment is an extra process to enhance the
adhesion strength between metal and PDMS. The difference is that the chemical treatment creates
a thin interlayer, like an adhesive, between metal and PDMS, which can be bonded strongly to the
surface of both metal and PDMS. The most popular chemical used in the treatment is MPTMS ((3mercaptopropyl)trimethoxysilane), which is a self-assembled monolayer (SAM) layer (molecular
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Figure 3: A schematic of coating on Au surface after the MPTMS coating. a) The
monolayer coating of MPTMS; the upper part of the coating (SiMe3) can enhance the
adhesion to the pre-cured PDMS. b) An interlayer created by coating 11-MUA. Ref.
[54]

adhesive), [51-62]. The MPTMS is mainly composed of two terminal groups: silane end (SiMe3)
with methoxy (Me (-OCH3)) which is bonded to oxide surfaces, and thiol (-SH) which is bonded
to the metal surface (like gold) [61]. A thin layer of MPTMS is coated on the surface of the metal
by evaporation and self-assembling, as illustrated in Figure 3. The thiol end of MTPMS is bonded
to the gold layer and the silane end is facing other side, towards the surface of PDMS. Then, the
methoxy end is bonded to the silicon oxide groups of the PDMS. This interlayer acts like an
adhesive, which enhance the adhesion strength between PDMS and metal significantly. This
enables the fabrication of flexible electrodes by transferring an electrode structure onto the PDMS.
Another chemical, that can be used as MPTMS, is 11-mercaptoundecanoic acid (11-MUA) [62]
(Figure 5b)). It also shows that the 11-MUA contains a thiol group which is bonded to the metal
surface.
7

The limitation of both treatments is that robust fabrication is challenging due to the necessity
of extra processes. The treatment can take about 480 minutes [54] to enhance the bonding;
consequently, the process is time-consuming, which limits the robustness. Additionally, it can
increase the toxicity of the material due to the surface modification (increase toxicity), for example,
MPTMS does not have FDA approval (its biocompatibility is questionable).

1.3 Motivation and Objective
The current studies of flexible electrode fabrication using PDMS require extra processes
which result in increased complication, cost, and toxicity. Recently, I discovered a new
phenomenon (CFMPTB) which can create strong bonds between metal and PDMS in the PDMS
curing process without any extra treatment or process. This is a thermally induced process that
only require a modified PDMS curing process (modified curing condition). It can be used in the
fabrication of flexible electrodes by transferring pre-built electrode structures onto PDMS. It is a
simpler and faster process compared to other method because it does not need any extra process
to enhance the adhesion between metal and PDMS. Additionally, it is compatible with various
metals.
The objective of this research is to introduce CFMPTB into the fabrication of flexible
electrodes for several applications, such as the fabrication of flexible Ag/AgCl electrodes for biopotential measurement. This study will include researcher into the effect of the PDMS curing
condition on adhesion strength and several adhesion tests. Additionally, the demonstration of biopotential electrodes will be studied to prove the reliability of CFMPTB in flexible electrode
fabrication.
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1.4 Outline
Initially, PDMS-based flexible electrode fabrication (with a review of current studies) is
described in Chapter 1. Additionally, in this chapter, the motivation and the objective of the
research are described. Then, some background information is described in Chapter 2. It includes
the review of popular polymer materials used in wearable and implantable devices in order to
explain why PDMS is preferred. Additionally, background information about bio-potential signal
measurement is explored in this chapter.
In Chapter 3, two variations of CFMPTB in flexible electrode fabrication are introduced
(variation A and variation B), and the theories regarding the bonding mechanism of CFMPTB are
described. Next, the effect of the PDMS curing condition on the adhesion strength is explored,
with the study of the optimum PDMS curing condition for the best flexible electrode fabrication
coming in Chapter 4.
In Chapter 5, two adhesion strength tests are demonstrated as a proof of concept: one is
the cross-hatch adhesion test and the other is the adhesion ratio test. The cross-hatch test was done
for a simple comparison of adhesion strengths between standard PDMS curing condition and
CFMPTB, and the adhesion ratio test was done for a simple comparison of adhesion strengths
between various metals.
As a demonstration of the flexible electrodes made using CFMPTB, a flexible capacitive
pressure sensor using flexible copper electrodes with the simple characterization of the flexible
copper electrode is studied in Chapter 6. Then, a flexible Ag/AgCl electrode for bio-signal
measurement is studied in Chapter 7.
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Finally, in Chapter 8, this study is concluded with the summary of the findings, challenges,
and future plans.
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Chapter 2. Background Information
In this chapter, a few pieces of important background information are reviewed. In section
2.1, popular soft polymer materials for wearable and implantable devices are reviewed, and why
PDMS can be a better material is emphasized. Then, in section 2.2, background information about
bio-potential signal measurement is reviewed.

2.1 Soft Polymer Material
Soft polymer material is the key to flexible electrode fabrication because it acts as a flexible
substrate where the electrode structure is built. There are several popular soft polymer materials
studied in the fabrication of wearable and implantable devices, which are listed in Table 1 [36-37].
Wearable and implantable devices are designed for operating for a long time, ideally more than 510 years, such as the implanted pacemaker. In order to achieve a long operating time, there are
several important factors in selecting the soft polymer material, which are surface biocompatibility,
structural biocompatibility and bio-stability [36-37].
The surface biocompatibility of the soft polymer material simply means the toxicity of the
material. The immune system of a bio-system respond to foreign objects inside the system as a
form of inflammatory response. This means that the immune system might consider an implanted
device as a harmful foreign object which results in it damaging the device. The toxicity of the
foreign object depends on the chemical composition of the material therefore, in order to minimize
the immune response, the device must be composed of biocompatible material.
The structural biocompatibility of the soft polymer material simply means the elasticity
and flexibility of the material. The tissues in the bio-system are very soft, and wearable and
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Table 1: The properties of the most popular soft polymer material studied in wearable and
implantable devices. Ref. [36-37]
Property

Polyimide (PI)

PDMS

Parylene C

SU-8

LCP

Young’s Modulus (GPa)

2.5-8.5

1-5×10-3

2.0

2.0

10.6

Tensile Strength (MPa)

131-350

6.2

69

660

182

Elongation (%)

10-100

600

200

4.8-6.5

3.4

Moisture Absorption (%)

0.8-1.4

<1

0.06

0.55-0.65

0.03

>500

~250

-

300-315

-

-

-

290

-

280

Specific Resistivity (×1015 Ω
cm)

>1016

1015

>1016

7.8×1014

1×1013

Possible Thickness (µ m)

1-15

10-100

1-100

1-300

25-3000

3.5 (at 1kHz)

2.6-3.8 (at
50Hz)

3.1 (at 1kHz)

3.2(at 10MHz)

3 (at 1MHz)

USP Class

-

VI

VI

-

VI

FDA Approval

N

Y

Y

N

Y

Decomposition Temperature
(°C)
Melting Temperature (°C)

Dielectric Constant 𝜺𝒓

USP class is the measure of biocompatibility established by the U.S. Pharmacopeial Convention (USP)
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implantable devices are stiffer than the tissue, resulting in a mechanical mismatch. The mechanical
interaction between the tissue and the device causes pain and damage on the tissue, which triggers
the release of mediator to protect the tissue. This results in encapsulation of the device and less
effective electrical performance over the long term. Therefore, to achieve longer operating time
without failure, the wearable and implantable device must be made of a material that has similar
softness to tissue.
Finally, the bio-stability of the material means resistance to corrosion and degradation. The
corrosion and the degradation of the device can be triggered and accelerated by enzymes and pH
changes inside or on the surface of the body. If the material has poor bio-stability, the device can
be easily damaged, which causes the failure of the device over the long term. This is also a
significant factor for determining the operating time of the wearable or implantable device.
The soft polymer materials in Table 1 are popular because their biocompatibility and biostability are good. Among these materials, polyimide (PI) and PDMS are the most popular
materials that have neem widely studied for use in wearable and implantable devices. Other
materials have some limitations, which are that the handling of thin parylene C is comparably
difficult, the biocompatibility of SU-8 is questionable, and LCP needs more study.
PI is widely used as a flexible substrate by various researchers, for example, the leading
group in flexible electrode study, Dr. J. A. Rogers et al., [27-30, 35, 38, 40, 46, 70-81]. PI is
thermally stable, mechanically durable, flexible, and considered as a non-toxic material (even
without FDA approval). Moreover, the study of electrode structures on PI substrate is mature, amd
it was also studied in very large-scale integrated circuit (VLSI) [82-86]. However, PI is a very stiff
material (its Young’s modulus, the measure of the stiffness in pressure, is 2.5-8.5 GPa) compared
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to the tissue, and this mechanical mismatch can damage the tissue. As a defensive reaction of the
bio-system, wearable and implantable devices are encapsulated by the tissue which results in
electrode failure. Therefore, the PI based flexible electrode is encapsulated by a soft material like
PDMS whose Young’s modulus (1-5 MPa) is three orders lower, for better structural
biocompatibility and protection of the electrode [30, 35]. The elastic modulus of the tissues (like
brain tissue) is <0.1 MPa [87-88]. Therefore, PI without a softer encapsulating layer would easily
cause damage to the tissue easily, and PDMS is a popular choice for the encapsulating layer due
to its elasticity. However, even with the PDMS encapsulation, the effective Young’s modulus of
the device is higher than that of PDMS which can damage the tissue during long-term operation.
This means that a wearable or implantable device made only with PDMS would have better
structural biocompatibility. Moreover, unlike PI, PDMS has FDA approval which indicates that
the toxicity of PDMS is better than PI, and thus, PDMS would be a better material than PI.
However, the use of PDMS in flexible electrode fabrication is limited by poor adhesion
between PDMS and the electrode structure. The adhesion between PDMS and the electrode
structure (made of metal) is naturally poor and, thus, some process to improve the adhesion is
needed. This is why there are many studies on enhancing adhesion between metal and PDMS. As
reviewed in section 1.2, the current studies on enhancing the adhesion use extra processes such as
treating the metal and PDMS with chemicals to create strong bonding. This leads to extra
complications in the flexible electrode fabrication process, and it can also cause an increase of the
toxicity of the product due to surface modification. My recent discovery does not require any extra
treatment or chemical to enhance the adhesion; it only require a modified PDMS curing process.

2.2 Bio-potential Electrode Review
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Wearable and implantable devices are mainly used in monitoring bio-potential signals from
the body. In this section, background information about bio-potential signal measurement will be
reviewed.

2.2.1 Bio-Potential Signal
The bio-potential signal is the electrical activity of a bio-system generated by biochemical
reactions such as ion distribution changes. These signals carry significant information for
understanding how biological systems work; therefore, monitoring bio-potential signals is widely
used in medical diagnosis. The most popular bio-potential signals measured for diagnostic
purposes are electrocardiogram (ECG/EKG), electromyogram (EMG), electrooculogram (EOG)
and electroencephalogram (EEG) which are listed in Table 2. These signals contain information
about the biological activity of certain organs, for example, ECG is measured from activity of the
heart and it provides the condition of the heart and shows whether there is a presence of
abnormality. These signals can be measured from inside or from outside of the body.
The bio-potential electrode collects electric currents by converting ionic currents which is
Table 2: The most popular bio-potential signals monitored for medical diagnostic purposes.

Bio-potential Signal

Source

Electrocardiogram (ECG/EKG)

Heart

Electromyogram (EMG)

Muscle

Electrooculogram (EOG)

Eye

Electroencephalogram (EEG)

Brain
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the movement of ionic charge in the body. The conversion is done by the interaction between
electrons in the bio-potential electrode and ions in the body.
The electrode is placed on the surface of the body with an aqueous ionic solution
(electrolyte gel), and oxidation-reduction (Redox) reactions occur between the electrode and the
electrolyte gel as a process of collecting the bio-potential signal. These reactions can be expressed
by equations (1), (2) [89-90]; Equation (1) is the expression of an oxidation reaction which is the
process of losing electron(s), and Equation (2) is the expression of reduction reaction which is the
process of gaining electron(s).

Oxidation ∶ C ↔ 𝐶 𝑛+ + 𝑛𝑒 −

(1)

Reduction ∶ 𝐴𝑚− ↔ A + 𝑚𝑒 −

(2)

where C is the cation, n is the valence of the cation, A is the anion, and m is the valence of the
anion [89]. The interaction occurs at the electrode-electrolyte interface which is induced by both
oxidation and reduction reaction (both of them must be reversible), and as a result, the movement
of charges between the electrode and the electrolyte occurs.
The electrode-electrolyte interaction induces change in ion concentration near the electrode
surface which creates a potential difference within the electrolyte gel, creating an electrical double
layer. For example, anions are attracted to the electrode and cations are pulled away from the
electrode within the electrolyte [90]. This allows ions from the electrode to move into the
electrolyte and ions in the electrolyte to enter the electrode.
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The potential difference is also known as half-cell potential or standard reduction potential.
The standard value of half-cell potential (Eo) can be obtained by measuring the potential difference
between hydrogen and metals at the standard condition: atmospheric temperature (25°C) and
pressure (101,325 Pa). The half-cell potential of hydrogen is 0V and it is used as a reference. The
half-cell voltage can vary based on change in temperature and ion concentration, which can be
expressed in the Nernst equation, Equation (3) [89-90].

𝐸 = Eo +

R𝑇

𝑎

ln ( 1)
nF
𝑎

(3)

2

where 𝑎1 and 𝑎2 are the ion activities in the electrolyte, R is the universal gas constant, T is the
temperature in Kelvin, n is the valance of the ions and F is the Faraday constant [89-90]. When the
potential difference between the electrode and the electrolyte is equal to the standard half-cell
potential (which is also called Nernst potential), there is no electric current flowing between the
electrode and the electrolyte. However, when the potential difference is not equal to the Nernst
potential, then it induces current flow. The potential difference inducing current flow is called over
voltage which causes the change in the charge distribution of the electrolyte. This phenomenon is
called polarization effect and it causes the poor performance of a bio-potential electrode. The
polarization of the electrode is a very important property because it determines the quality of the
collected bio-potential signal.
A perfectly polarizable electrode acts as an ideal capacitor because there is no current flow
in the electrode-electrolyte gel interface. The polarization effect allows a change in the charge
distribution of the gel near the electrode therefore, there is no net electron crossing the interface.
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On the other hand, the non-polarizable electrode allows current flow between the electrode and the
electrolyte gel.
An electrode made of noble metal like platinum is highly polarizable, and there is a
difference in the ion distribution between the electrolyte gel near the electrode area and in other
parts of the gel [89]. This causes instability in the half-cell potential of a polarizable electrode
which results in poor received signal quality (limitation) and the motion artifact when the electrode
is moving. Therefore, the polarizable electrode is not usually used in bio-potential signal
measurement.
The electrode made of silver-silver chloride (Ag/AgCl) is a non-polarizable electrode, and
it does not cause ion distribution within the electrolyte. Due to the minimum polarization effect
associated with Ag/AgCl, the half-cell potential is stable. An Ag/AgCl electrode is composed of a
pure silver core and a thin AgCl layer on the silver core. The AgCl layer is insoluble in the aqueous
solution that is in contact with the electrolyte gel. This electrode has a low motion artifact and less
noise at low frequencies, additionally, the frequency is less effective on the impedance of the
electrode. Therefore, Ag/AgCl is one of the most popular and widely used material for electrodes
in bio-potential signal measurement.

2.2.2 Wet Electrode and Dry Electrode
In current bio-potential signal measurement, the wet electrode is so called since it uses
electrolyte gel as an interlayer between the electrode and the skin. For the measurement, initially,
the gel is applied on the skin after the skin preparation. This skin preparation is cleaning with
alcohol and removal of dead skin cells; following this, the electrode is placed on the gel. This
means that the electrode is in contact with the skin through the gel. The electrolyte gel is not only
18

required for ion transfer, but it also reduces the contact impedance by removing the air gap between
the electrode and the skin. The surface of human skin is rough and curved. Thus, even though the
electrode seems in contact with the skin, an air gap exists in the interface, which increases the
contact impedance. The application of the gel can fill the air gap and reduce the contact impedance.
In addition to removing the gap, the gel reduces the motion artifact by keeping the electrode in
contact with the skin without detachment or creating an air gap.
Despite the benefit of using electrolyte gel, it can cause some problems, such as skin
irritation and allergic reactions [91-93]; addition to this, it limits the quick installation and removal
of the electrodes. Moreover, it is not suitable in the wearable device because wet electrodes require
application of new gels for every new measurement. As a result, many alternatives for avoiding
the use of the gel have been studied, and the dry electrode is one of the most popular alternative
approaches [94-96].
There are two types of dry electrode, contact and non-contact dry electrodes [96]. The noncontact electrode uses capacitive coupling between the skin and the electrode. The non-contact
electrode has a significant motion artifact because the movement of the patient can affect the
capacitance significantly which results in poor received signal.
There are two types of contact dry electrode: one uses micro-scale needles that penetrate
the skin [97-98], and the other is a flexible dry electrode [99]. The micro-needle dry electrode
penetrates the skin and therefore it can provide good signal quality because the air gap is minimized.
However, the needle causes discomfort and pain during the measurement because the needle
physically penetrates the skin layer. Furthermore, the needle structure can be easily damaged by
movement during the measurement.
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Another direct contact dry electrode is the flexible electrode which is installed without gel
or needles. Therefore, the bio-potential measurement using flexible dry electrode would be simpler
and more comfortable, thus can avoiding the problems of the wet electrode.
Theoretically, the electrical model of the wet electrode and the dry electrode can be
expressed as illustrated in Figure 4. This shows that the electrical circuit model of the dry electrode
is simpler than that of the wet electrode because it does not use electrolyte gel. In this model, it is
assumed that there is no air gap between the dry electrode and the skin. Therefore, the dry electrode
circuit model seems simpler compared to the wet electrode because the wet electrode has extra RC
electrical circuit representing the gel as shown in Figure 4. However, this is not true in reality
because as mentioned above, an air gap exists in the interface due to the skin roughness which was
neglected in Figure 4.
The electrical circuit model of the contact dry electrode, especially the needleless contact
dry electrode, is more complex than the wet electrode due to the presence of the air gap in the
interface. In reality, the air gap cannot be removed completely due to the skin’s roughness and it
acts as a capacitor which results in higher contact impedance as shown in Figure 5. Thus, the
contact dry electrode collects more noise in real measurement. This means that, without solving
this problem, the dry electrode is a not a good choice in terms of signal quality.
The gap can be filled with the sweat or body fluids which can act as a natural electrolyte
gel, and the flexibility of the electrode can further minimize the gap. Sweat is a liquid with an
extensive amount of ions and therefore it can act like the electrolyte gel in wet electrodes. The
flexible electrode deforms along the rough skin surface which enables closer contact that can
reduce the air gap; as a result, the signal quality can be improved significantly. Combination of the
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Figure 4: A schematic diagram of an equivalent electrical circuit model of skin, wet,
and dry electrodes. It is theoretical circuit model of the wet and the dry electrode
assuming that there is no air gap between the dry electrode and the skin. According to
the circuit model of the wet and dry electrode, the dry electrode seems simpler because
wet electrode has an extra RC circuit model correspond to the electrolyte gel. Ref. [96]
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Figure 5: A schematic diagram of a practical equivalent electrical circuit model of
skin, wet, and dry electrodes. Due to the air gap between the dry electrode and the skin,
the dry electrode tends to have more complex equivalent electrical circuit model than
wet electrode. Ref [100]
flexible electrode and sweat can minimize the air gap during the process of bio-potential
measurement, which can provide better signal quality. Addition to this, the flexibility of the
electrode minimizes the pain on the skin or tissue.
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Chapter 3. Chemical-Free Metal PDMS Thermal Bonding
As mentioned earlier, CFMPTB is a process of enhancing adhesion strength between
PDMS and various metals using a modified version of the PDMS curing process. It requires
photolithography and wet etching (or lift-off) processes for fabricating electrode patterns in
flexible electrode fabrication.
CFMPTB is identical to the PDMS curing process with a modified curing condition. The
standard PDMS curing condition is baking PDMS (weight mixing ratio 10:1 = polymer base:
curing agent) at 65–95°C for at least 30 minutes, but up to as much as, at longest, 48 hours (longer
baking is required if the baking temperature is lower). No bonding between PDMS and metal was
observed from the standard PDMS curing process. However, when the PDMS curing condition
was PDMS (weight mixing ratio 5:1, increased curing agent) baked at a higher baking temperature
for longer time, strong bonding between PDMS and metal was observed. It does not require any
extra technique like chemical treatment for generating a strong adhesion between metal and PDMS
[101].
In this chapter, two variations of CFMPTB in flexible electrode fabrication will be
introduced, and the mechanism of CFMPTB will be discussed along with reference to the previous
studies about bonding between PDMS and metal.

3.1 The Chemical-free Metal PDMS Thermal Bonding Process
There are two variations of CFMPTB, variation A and variation B, which are illustrated in
Figure 6. These variations were developed for better compatibility with various metals and, as a
result, CFMPTB offers the fabrication of flexible electrodes made of various metals (like copper,
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Figure 6: An illustration of chemical-free metal PDMS thermal bonding method. (a)
Illustrations of CFMPTB variation A. Initially, metal layers were deposited on a glass
substrate, firstly a chromium layer (adhesion layer) then the target metal such as
copper. A pattern of the target metal was fabricated by conventional photolithography
and wet etching. Uncured PDMS was then poured on the metal surface. The curing
conditions such as the PDMS mixing ratio, the baking temperature and the baking time
was varied based on the optimal adhesion parameters. After the PDMS was cured, the
PDMS was peeled off of the transferred target metal layer. Ref [101] (b) Illustration
of CFMPTB variation B. The difference between variation A and B is that in the
variation B, there are extra steps in the beginning: the growth of thin chromium oxide
layer and the deposition of the second chromium layer on top of the target metal.

24

silver and gold), which have a wide range of applications. Firstly, CFMPTB variation A is used to
transfer easily-oxidizing metals like copper and nickel onto PDMS, which is illustrated in Figure
6a) [101].

3.1.1 CFMPTB Variation A
Initially, a 10 nm-thick chromium layer was deposited on a silica glass substrate. The 10
nm thick chromium layer acts as an adhesion layer at the interface between target metal and the
glass substrate, which allows easier handling. It is possible to deposit any target metal onto the
glass substrate directly, but without the adhesion layer, most metals are easily damaged in the
process of photolithography and wet etching due to weak adhesion between target metal and the
glass substrate.
Next, the target metal was deposited by an electron-beam metal deposition system (Kurt J.
Lesker Company AXXIS, PA, USA). The purity of the metal source is 99.999% and there was no
vacuum broken between the chromium and the target metal deposition. The pressure was set to 1
× 10−6 Torr and the deposition rate was set to 0.5 Å/s. The thickness can be varied depending on
its purpose. A 1.5 µm-thick S1813 photoresist (Rohm and Haas, Philadelphia, PA, USA) layer was
deposited on the target metal layer, and then exposed to UV light through a mask. After developing
the photoresist, the target metal was etched by wet etchant (the etching process can be replaced by
a lift-off process), and the photoresist layer was removed by acetone bathing. Next, uncured PDMS
(Sylgard 184, Dow Corning Corp., MI, USA) of 5:1 mixing ratio was poured on the surface of
copper, and then baked at 150℃ for 20 minutes. Finally, the cured PDMS was peeled using the
equipment in Figure 7 at 1 mm/s [101].
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Figure 7: A homemade PDMS lifting equipment. After peeling an edge of the PDMS,
using the clamp of the equipment, the PDMS was peeled at ~1 mm/s. Ref [101]

3.1.2 CFMPTB Variation B
CFMPTB variation B is illustrated in Figure 6b), and it is used for transferring less
oxidizing metals like silver and gold. Unlike metals such as copper, CFMPTB cannot create strong
adhesion for less oxidizing metals, however, this can be easily overcome by using an adhesion
layer like a chromium layer, since the chromium can be bonded to PDMS by CFMPTB. Basically,
most of the steps are identical to variation A, but the difference is that variation B requires two
chromium layers: one as an adhesion layer at the metal-PDMS interface and another as an
interlayer between the glass substrate and target metals, which can act as both an anti-adhesion
and adhesion layer.
Initially, in CFMPTB variation B, a 10 nm-thick chromium layer was deposited on a clean
glass substrate; then, a thin chromium oxide layer was grown by baking the substrate at 180°C for
30 minutes. This thin chromium oxide layer acts as both an adhesion and anti-adhesion layer
between the target metal and the glass substrate, which enables easier handling during the
fabrication process and while transferring the target metal onto PDMS.
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Gold
<1nm

CrOx

Chromium

Figure 8: Schematic illustration of the first chromium layer which can act as both
adhesion and anti- adhesion layer at the interface between target metal and the glass
substrate. The thickness of the CrOx is very thin (<1 nm) which allows reduced
interaction between chromium layer and the target metal. As a result, it can act as an
anti- adhesion layer and adhesion layer.

The chromium oxide (CrOx) layer was grown simply by baking at a relatively low
temperature for a short time without using any catalysts. As a result, the thickness of the CrOx
layer is very thin that weakens the adhesion strength between the chromium layer and the target
metal. However, the thickness of CrOx is very thin (<1 nm) therefore, the interaction between the
chromium layer and the target metal still exists. Thus, the thin CrOx can act both an anti-adhesion
and adhesion layer as illustrated in Figure 8.
After growing the chromium oxide layer, a thin target metal was deposited, though the
thickness of the target metal may vary depends on its purpose. Followed by the target metal
deposition, a 5 nm-thick chromium layer was deposited, which only acts as an adhesion layer
between the PDMS and the target metal. On the chromium layer, a 1.5 μm-thick S1813 photoresist
layer was spin-coated for photolithography. The photoresist was exposed to UV light through the
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pattern mask to create an electrode pattern. After developing photoresist, the metal layer was
etched using corresponding wet etchant, and the photoresist layer was removed by acetone bathing.
Then, a 500 µm-thick PDMS layer (mixing ratio 5:1) was spin-coated. Finally, the PDMS was
baked at 150°C for 20 minutes and peeled off carefully.
Actually, it is possible to transfer silver or gold onto PDMS by CFMPTB variation A if
there is no adhesion layer between the target metal and the glass substrate, due to the poor adhesion
between metals and the glass substrate. Even though metals can be transferred onto PDMS, the
adhesion strength between the target metal and PDMS is too weak to keep the electrodes on the
surface of PDMS. Therefore, the transferred silver or gold can be easily damaged, unlike copper.
The variation B is modified from CFMPTB variation A based on two facts: chromium (or titanium)
is the most popular adhesion layer for silver or gold, and CFMPTB can induce the strong adhesion
between chromium and PDMS. CFMPTB variation B can successfully transfer silver or gold with
strong adhesion to PDMS, and as a result, CFMPTB can be used in the fabrication of flexible
electrodes composed of various metals, including silver and gold.

3.2 Theory of Adhesion between Metal and PDMS
CFMPTB is thermally induced bonding which is the used of high temperatures, the ease of
metal oxidation and an increased amount of the curing agent. The combination of these three
factors enables formation of the M-O-Si (M stands for metal), which is a strong bonding.

3.2.1 Thermally Induced Bonding
According to the review of current studies on adhesion strength enhancement in section
1.2, and the studies of the oxygen plasma treatment in PDMS-glass bonding, metal and PDMS
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bonding is a metal-oxide bonding in the form of M-O-Si (Ti-O-Si in Figure 2). This bonding is
created by the hydroxyl (–OH) group in PDMS and activated metal atoms [45-49, 63, 69, 102105]. As reviewed above, there is initially no hydroxyl group present on the surface of the cured
PDMS, and therefore, no adhesion is observed without treatment. The physical treatment, such as
the UV ozone treatment, modifies the surface of both the metal and the cured PDMS which
activates the metal surface and creates the hydroxyl groups on the surface of the PDMS. The
oxygen in the hydroxyl group is attracted to the activated metal and then, the M-O-Si bond is
formed (in the case of PDMS-glass interface, the bonding is a Si-O-Si bond).
In CFMPTB, the bonding process between metal and PDMS would yield the same bond, a
M-O-Si bond, because there is no extra chemical added into the PDMS mixture. The difference is
that CFMPTB is a thermally induced process, which creates the same bonds by applying a high
temperature. It does not need any extra treatment to create the bonding between metal and PDMS.
This explains two things: that CFMPTB can be used to bond PDMS and easily oxidizing metals
PDMS.
The curing agent contains a small amount of the hydroxyl group (R in Figure 9a) [106])
however, the standard PDMS mixing ratio (10:1) cannot provide a large amount of the hydroxyl
group to form the strong bonding. Therefore, the amount of curing agent must be increased to
provide enough of the hydroxyl group to create the M-O-Si bonds with the aid of the high
temperature, and the longer baking time. Easily oxidizing metals like oxygen, which results in
easier bonding with the oxygen in the curing agent. Consequently, an increased amount of the
curing agent in the PDMS mixture and the ease of metal oxidation explains the stronger bonding
between metal and PDMS that is induced by CFMPTB.
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a)

b)

M

M

M

Figure 9: Schematic diagram of curing agent and the bonding between metal atoms
and the hydroxyl groups. a) The chemical structure of the curing agent Ref. [106] b)
The hydroxyl group in curing agent is bonded to the metal atoms by creating the MO-Si bonds which is thermal induced bonding reaction.

It seems that most hydroxyl groups disappear after the PDMS curing process by forming
cross-links between the base polymer and the curing agent. This is why the adhesion between
metal and the pre-cured PDMS cannot be enhanced, even with thermal treatment (baking).

3.2.2 Metal Oxidation and Electronegativity
As described in Chapter 2, metal oxidation is a loss of electrons from the metal atom, and
the opposite of oxidation is reduction, which is a gain of electrons. This can also explain the
tendency of metal atoms to bond to oxygen atoms, and why metals have a different ease of
oxidation. The ease of metal oxidation determines how easily a metal atom can lose electrons or
bond to oxygen.
One of the most significant factors for determining the ease of metal oxidation is
electronegativity of metals, which is the measure of the strength of attraction of electrons towards
an atom (nucleus). An atom with higher electronegativity tends to more strongly attract electrons
toward its nucleus, which means that it tends to reduce. Therefore, an atom with low
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Figure 10: Periodic table with atomic number and electronegativity. The atoms were
arranged based on the atomic number and the background color was determined based
on the value of electronegativity. Ref [107]
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electronegativity would oxidize easily because the attraction forced toward the atom is weaker,
and as a result, electrons can be lost easily. The trend of electronegativity is shown in Figure 10.
The trend in Figure 10 shows that electronegativity increases from left to right and from bottom to
top. According to the periodic table in Figure 10, fluorine has the highest electronegativity, ~4,
and oxygen has the second highest electronegativity, ~3.5.
There are two major factors for determining electronegativity: the number of protons in the
nucleus of an atom, and the distance between electron and the nucleus (number of electron shells).
It seems that distance is the more dominant factor for determining electronegativity. These two
factors are dependent on the atomic number, which is the number of protons in the atom.
The relationship between the distance and the number of electrons can be explained by
levels of electron shell. In an atom, there are electron shells, which are the groups of electrons
orbiting the nucleus of an atom, and there is a certain number of electrons assigned per shell. If
there are more electrons than the capacity in a shell level, the excessive electrons are relocated in
the next level. As a result, the distance from the electron to the nucleus is increased (lower
electronegativity). Row of the periodic table arrange atoms according to number of levels. This
means that the atoms in different rows have different levels of electron shells; for example, fluorine
is on the 2nd row and chlorine is on the 3rd row. The electronegativity of fluorine is higher than that
of chlorine because chlorine has more levels (a further distance from nucleus to the electrons).
Atoms in the same row have the same levels of electron shells, but more electrons in the
level as the atomic number increases. A higher atomic number means more protons in an atom,
thus, the attracting force on electrons toward the nucleus is stronger (higher electronegativity).
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Metals like titanium, chromium, copper and nickel are known as easily oxidizing metals
that have a low electronegativity, ≤ 1.9. According to the electronegativity of metals, chromium is
a more easily oxidizing metal than copper because the electronegativity of chromium is 1.6 and
that of copper is 1.9. Furthermore, the electronegativity of gold is ~2.4, which is higher than most
metals, and it is widely known that the spontaneous oxidation of a gold atom is almost impossible.
This shows that the electronegativity is inversely proportional to the ease of metal oxidation.
Similarly, the standard reduction potential can explain the ease of metal oxidation. As
mentioned in Chapter 2, the standard reduction potential is the measure of the tendency of gaining
electrons in volts, and it is measured from the potential difference between two half-cells, as
illustrated in Figure 11. As shown in Figure 11, each half-cell is composed of an electrode that is
submerged into an electrolyte bath. The half-cell 1 is the standard hydrogen electrode, and it has
the standard reduction potential of 0 V from the reaction H2 → 2H − + 2𝑒 − . In the half-cell 1,
hydrogen gas is injected into the electrolyte bath and the reduction potential is measured through
the platinum electrode. This is widely used as a reference half-cell in measuring the standard
reduction potential of other metals. The half-cell 1 is connected to the half-cell 2 through a salt
bridge and the difference in the reduction potential between the half-cell 1 and 2 is measured
through a potentiometer.
A positive reduction potential does not mean that the metals do not oxidize; rather, it
signifies that they are less oxidizing than hydrogen since the standard reduction potential of
hydrogen is 0 V. If a metal in the half-cell 2 tends to oxidize more strongly than hydrogen, the
reduction potential of the metal would be lower than 0 V. On the other hand, if a metal in the halfcell 2 tends to oxidize more weakly than hydrogen, then the reduction potential would be higher
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Figure 11: Illustration of the reduction potential measurement set-up, which is
composed of two half-cells; half-cell 1 is called standard hydrogen electrode which is
a reference half-cell using hydrogen reduction potential (0 V), and half-cell 2 is a halfcell with the metal of interest. The half-cell 1 measures the standard reduction potential
of hydrogen though the platinum electrode. The potential difference between these two
half-cells is the reduction potential of the metal of interest. The standard reduction
potential is the reduction potential measured at standard condition, 1M of
concentration at 1 atm and 25°C.
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Table 3: The standard reduction potential and electronegativity of various metals. Ref
[107-111]

than 0V. Even though a metal has a positive standard reduction potential, the metal can be easily
oxidized, for example, the standard reduction potential of copper is 0.34V and it is well known
that copper can be naturally oxidized quite easily.
The standard reduction potential of the metals of interest were listed in Table. 3 along with
the electronegativity of corresponding metals [107-111]. Table 3 shows that metals with higher
electronegativity have higher standard reduction potentials because their attracting force on
electrons is stronger, and therefore they tend to reduce. From this, it can be concluded that more
easily oxidizing metals tend to have higher standard reduction potential, and the standard reduction
potential is proportional to electronegativity. An example is that the standard reduction potential
of gold and copper are 1.83 V and 0.34 V respectively, and it is widely known that gold is a less
oxidizing metal than copper (gold is one of the least oxidizing metals). Therefore, the standard
reduction potential (and electronegativity) can be used in comparing the relative ease of metal
oxidation between various metals.
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Furthermore, the ease of metal oxidation can be expressed in terms of Gibbs free energy
(G) which is the maximum work done by applied temperature without changing the initial state. It
is a thermodynamic term and it is also related to the reduction potential as a maximum amount of
energy that can be generated by an electrochemical cell or that is required for a reaction to occur.
This means that the oxidation reaction of a metal with higher standard reduction potential requires
more energy; the process of the metal oxidation has higher Gibbs free energy. Using Equation (4)
or Equation (5) [102-105, 112], the change of Gibbs energy can be calculated.
𝑜
∆𝐺 = −nF𝐸𝐶𝑒𝑙𝑙

(4)

∆𝐺 = ∆𝐺 𝑜 + R𝑇 × lnQ

(5)

𝑜
where ∆𝐺 is Gibbs free energy change, n is the number of moles, F is the Faraday constant, 𝐸𝐶𝑒𝑙𝑙

is the standard cell potential, R is the gas constant, T is the temperature, and ∆𝐺 𝑜 is the standard
Gibbs free energy.
The trend of the Gibbs free energy of the metal oxidation reaction (formation of metal
oxide) is described in the Ellingham diagram (Figure 12) [105, 112] and the trend shows that more
easily oxidizing metals tend to have lower Gibbs energy (higher negative value). Silver (a less
oxidizing metal) has approximately -20 kJ/mole at 0 °C and titanium (a more oxidizing metal) has
approximately -860 kJ/mole at 0 °C. This trend is similar to the trend of the standard reduction
potential, which shows that the more easily oxidizing metal tends to have a lower voltage. The
higher negative value of Gibbs free energy change indicates that it is the stronger spontaneous
reaction and, therefore, the oxidation reaction can be triggered at a lower temperatures.
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Figure 12: Ellingham diagram which shows the temperature dependency of metal
oxidation. It shows the trend of the ease of metal oxidation among various metals
which is that easily oxidizing metals a have lower Gibbs free energy change (higher
negative value) Ref [112]
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In case of CFMPTB, metals with a higher negative value of Gibbs free energy tend to more
strongly bond to the oxygen atoms in hydroxyl groups of PDMS (curing agent). This is why
CFMPTB works well with metals like nickel and copper which have high negative values of Gibbs
free energy in the Ellingham diagram because of the easier formation of the M-O-Si bond. On the
other hand, a less oxidizing metal like silver has a low negative value of Gibbs free energy in the
Ellingham diagram and requires an adhesion layer and this metal.
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Chapter 4. Study of The Effect of CFMPTB Condition on Adhesion
Strength
4.1 Introduction
In this chapter, the effect of the PDMS curing condition on the bonding strength was
studied by analyzing the amount of metal transfer at different PDMS curing condition. The
conditions that varied for this study are the main factors of the PDMS curing condition: the PDMS
mixing ratio, the baking temperature and the baking time. The metals selected for this study are
nickel and copper.
Due to the physical limitations in the adhesion strength measurement, the adhesion strength
was measured in terms of the amount of the transferred metal. Analyzing the amount of the
transferred metal can be used in this study because the condition of the metal deposition was kept
constant. The constant metal purity and deposition condition allowed the adhesion strength
between a chromium layer and the target metal to be constant throughout the experiment.
Therefore, the force required for the metal transfer would be the same and the amount of the
transferred metal will be dependent to the adhesion strength between PDMS and the target metal.
If the adhesion between metal and PDMS is not strong enough, no metal transfer will be observed.

4.2 Method and Experiment
Initially, a 10 nm-thick chromium layer was deposited as an adhesion layer on a glass
substrate. Next, a 50 nm-thick copper/nickel layer was deposited by an electron-beam metal
deposition system. The purity of the metal source was 99.999% and there was no vacuum broken
between the chromium and the copper/nickel deposition. The pressure was set to 1×10-6 Torr and
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Figure 13: A simple design for a mold to create a copper/nickel layer pattern. The mold was
composed of a rectangular pattern with a size of 10 mm × 14.67 mm and a semi-circular pattern
with radius of 5 mm. It will be also used in Chapter 7.
the deposition rate was set to 0.5 Å/s. Then, a 1.5 µm-thick S1813 photoresist layer was deposited
on the copper/nickel, then exposed to UV light through the mask. For a simple observation of
metal transfer, a simple pattern mask was designed as shown in Figure 13. After developing the
photoresist, the copper/nickel was etched using ferric chloride (MG Chemicals, ON, Canada) and
the photoresist layer was removed by acetone bathing. Finally, uncured PDMS mixture of different
mixing ratios was poured on the surface of copper/nickel, and then baked at the different PDMS
curing conditions [101].
The PDMS was prepared at different mixing ratios: 20:1, 10:1, 7.5:1 and 5:1 (weight ratio
of base polymer: curing agent). These were then baked at different baking conditions: baking
temperature ranging from 30˚C to 200˚C (15˚C increments from 30˚C to 90˚C, and 10˚C
increments from 90˚C to 200˚C), and the baking time ranging from 1min to 60 minutes (1 minute
increments from 1 minute to 15 minutes, and 5 minutes increments from 15 minutes to 60 minutes).
The PDMS peeling was started from one edge; it was held 90º from the glass substrate and
carefully pulled at ~1 mm/s using equipment shown in Figure 7.
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The percentage area of the transferred metal (transfer rate) was analyzed using ImageJ
software (NIH, Bethesda, MA, USA,) by comparing the area of the transferred metal and the total
area of the copper/nickel pattern. The images of the before metal transfer and the after metal
transfer were taken by a microscope, Olympus MVX10 (Olympus Corp., Tokyo, Japan). Then, the
area of metal pattern was captured and its area (in particle) was obtained using the software. The
transfer rate was then calculated by dividing the total area of transferred metal by the total area of
fabricated metal (before metal transfer).
There are more minor factors in the curing conditions that must be considered in the PDMS
curing process such as pressure and humidity; however, the effect of other conditions was
negligible compared to the conditions studied. Thus, these conditions were kept constant
throughout the study but neglected from the study.
Moreover, a micro-scale metal pattern transfer using CFMPTB was demonstrated to prove
the reliability in the micro-scale structure transfer. For this test, a 50 nm-thick nickel was deposited
on a glass substrate (on a chromium layer) then, different size of nickel patterns (1000 µm, 500
µm, 100 µm and 10 µm) were fabricated by the process illustrated in Figure 6a). Next, the nickel
structures were transferred onto a 1mm-thick PDMS substrate by baking PDMS mixing ratio (5:1)
at 150°C for 15–20 minutes.

4.3 Result and Discussion
The results generally show that the strong adhesion between the target metal and the PDMS
was observed when the metal was transferred by the PDMS curing condition: longer baking time
(at least 15 minutes), higher temperature (about 150°C) and an increased amount of curing
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Nickel

Time

Temp

Figure 14: The analysis of the effect of three factors of the PDMS curing condition in terms of
the transfer rate of nickel. A higher transfer rate indicates that the adhesion strength between
metal and PDMS is strong. The results show that the curing agent is the most effective factor
and the baking time is the least effective factor in transfer rate. Additionally, the results of the
correlation of factors show that the temperature and the curing agent is the most effective
combination.
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Figure 15: The analysis of the effect of three factors of the PDMS curing condition in terms of
the transfer rate of copper. The trend in the results is similar to that of nickel but the mean of
the transfer rate is lower than that of nickel.
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agent (5:1 mixing ratio). The results also show that the standard PDMS curing condition did not
enhance the adhesion.
The effect of the PDMS condition on the transfer rate (R/Ro) is shown in Figure 14 (nickel)
and Figure 15 (copper). The transfer rate was calculated by the ratio (R/Ro) between the area of
transferred metal (R) and the original area of metal (Ro). Based on the measured transfer rate at
different curing conditions, the effect of the factors on the transfer rate was analyzed by Minitab
(Minitab, Inc., State College, PA, USA).
The results show that the curing agent was the most effective factor and the time was the
least effective factor. As a result, the correlation between the curing agent and the temperature was
the most effective combination for the transfer rate which is shown in the result of the correlation
of the various combinations. This can be explained through the theories discussed in Chapter 3.
The curing agent provided the hydroxyl groups which are bonded to the metal (M-O-Si);
therefore, they are the dominating factor in determining the adhesion strength (transfer rate). The
increased amount of the curing agent provides the increased chance of bonding which is shown as
a higher transfer rate. The transfer rate increased linearly with the increase of the curing agent
amount in the PDMS mixture from the certain amount of curing agent (~10:1).
The bonding process is induced by the baking; thus, the baking temperature was also an
important factor. Similar to the physical treatment that activates both surfaces of metal and PDMS
by applying energy, the baking temperature provides energy for triggering the bonding process. A
higher baking temperatures provided a higher chance of creating the M-O-Si bonds which results

44

in the stronger bonding (higher transfer rate). The results show that the transfer rate increased
exponentially with the increase of the baking temperature.
A longer baking time enhanced the adhesion strength but it was less effective compared to
the other factors. The results show that the transfer rate increased exponentially with the increase
of the baking time. A longer baking time provided enough time for the creation of bonds between
the metal and the PDMS.
Furthermore, the results show that 100% metal transfer was observed by the PDMS mixing
ratio (5:1) only in the combination with the high baking temperature (above 140°C for both nickel
and copper) and the long baking time (15 minutes for nickel and 30 minutes for copper). The
curing agent is the main source of the hydroxyl group and therefore, if the amount of curing agent
in the PDMS mixture is not enough, the adhesion cannot be strong which in this case results in a
lower amount of the transferred metal.
Additionally, Figures 14 and 15 show that the transfer rate is increased dramatically under
certain condition. For nickel, the conditions which triggered dramatic increase in the transfer rate
are: 10:1 (the PDMS mixing ratio), 100°C (the baking temperature), and 9 minutes (baking time).
For copper, the conditions which triggered the dramatic increase in the transfer rate are: 10:1 (the
PDMS mixing ratio), 90°C (the baking temperature), and 9 minutes (baking time).
This trend is identical for both nickel and copper. The difference is that copper tends to
have a lower mean transfer rate than that of nickel. This is as expected because nickel is more of
an oxidizing metal than copper, which means that the bonding strength between nickel and PDMS
at the same PDMS curing condition is stronger.
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Figure 16: The schematic graphs of temperature vs baking time which shows the trend in the
transfer rate of the PDMS mixing ratio 5:1. The results show that the optimum condition for
achieving ~100% transfer rate is in dark green region in the graphs. The area of the dark green
zone of nickel is larger than that of copper because nickel is a more oxidizing metal.
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Apart from the factors studied above, the ease of metal oxidation is another significant
factor in determining the adhesion strength between PDMS and metal. The result in Figures 14
and 15 show that the mean transfer rate of nickel is about 0.1 higher than that of copper. As
discussed in Chapter 3, nickel is a more oxidizing metal than copper, which loves oxygen, and as
a result, the nickel atoms could bond easily to the oxygen atoms in the hydroxyl groups in the
PDMS mixture.
For further study, a PDMS mixing ratio of (5:1) was selected and the trends of the transfer
rate were analyzed, the results of which are illustrated in Figure 16. The results show the trends of
the transfer rate at different baking temperatures and times which also provides the optimum
condition to achieve ~100% metal transfer. The optimum PDMS curing condition for nickel is
baking the PDMS (mixing ratio 5:1) at ~140°C for ~15 minutes, and the optimum condition for
copper is baking PDMS (mixing ratio 5:1) at ~150°C for ~20 minutes. This shows that nickel
needs a lower baking temperature and less time as compared to copper (a larger dark green zone
in Figure16).
According to Figure 16, it is possible to achieve ~100% metal transfer at various conditions
that do not require too much heat or a long baking time. If the PDMS is baked at >150°C, the
baking time can be shorter than 15 minutes for nickel (for copper, shorter than 20 minutes). For
example, for nickel, when the PDMS (5:1) was baked at 200°C, it needs about 8min for the 100%
transfer rate. However, if the baking temperature is >150°C, the PDMS can lose its elasticity and
the thermal degradation of PDMS can be triggered. Therefore, it is better to gold the baking
temperature at ≤150°C.

47

Similarly, if the PDMS is baked for long time, then the baking temperature can be slightly
lower than 150°C to achieve a 100% transfer rate. For example, when the PDMS was baked for
~45 minutes at 120°C, the transfer rate reached 100% in case of nickel. However, this resulted in
unnecessarily long fabrication process which limits the reproducibility. Ideally, the fabrication
process must maintain the biocompatibility of PDMS and be as short as possible. Thus, even
though there are more conditions which can create strong adhesion, the other conditions are not as
beneficial as the optimum condition.
Since CFMPTB is a thermally induced bonding process, the bonding process can be
explained by the Arrhenius equation (Equation (6)) [113-115], which describes the thermally
induced reaction rate (A). The Arrhenius equation describes the temperature dependency of the
reaction rate of thermally induced reaction. The reaction rate is proportional to the transfer rate
because the metal transfer is the result of the bonding reaction. It means that the higher reaction
rate would lead to higher transfer rate in a given time.
𝐸𝑎

𝐴 = 𝐴𝑜 𝑒 −𝑅𝑇

(6)

where A is the bonding rate, 𝐸𝑎 is the activation energy, R is the universal gas constant, and T is
the temperature in Kelvin. The main factors of the PDMS curing condition correspond to each
factor in the equation. Since A is the reaction rate, it must be relevant to the time, and the longer
baking time leads to more reaction occurring. 𝐴𝑜 corresponds to the concentration of curing agent
(amount of the curing agent). 𝐸𝑎 is the activation of energy required for triggering a reaction, and
it is relevant to the ease of metal oxidation (like Gibbs free energy). Finally, T is the applied baking
temperature.
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As shown in the Figures 14 and 15, the transfer rate is increased exponentially as the baking
temperature increases which is a trend similar to the Arrhenius equation. This can be analyzed by
plotting an Arrhenius plot using the transfer rate and the baking temperature. If the trend in the
Arrhenius plot is straight line, this proves that CFMPTB follows the trend explained by the
Arrhenius equation which enables the calculation of the expected transfer rate at certain
temperature. The expression of the Arrhenius plot is expressed in Equation (7), which is derived
from Equation (6) (by taking the natural logarithm of both sidea).

ln𝐴 = ln𝐴𝑜 −

𝐸𝑎
R

1

(7)

∙𝑇

The Arrhenius plots of nickel and copper (PDMS mixing ratio 5:1) are shown in Figure 17.
According to the result, CFMPTB generally follows the Arrhenius equation because the results
show that the trend is a straight line. Nevertheless, it seems that the further analysis of the
Arrhenius plot is not valid due to the limitations in the process of measurement.
Since the transfer rate was observed instead of the reaction rate, the value of A is saturated
at 1 (0 in the graph). Thus, the points near the saturation point could not show an accurate reaction
rate and are therefore not valid for analysis. The real reaction rate would not be saturated at a
certain point but would be increased by a higher baking temperatures in CFMPTB; however,
measuring the reaction rate is challenging. Additionally, due to the limitations, the nickel and
copper could not be plotted using the same points because certain points of copper could not have
a y-axis value (undefined). The undefined points are caused by a 0 transfer rate. Even though the
transfer rate is 0, the reaction occurred at the metal-PDMS interface but it could not be measured
from the transfer rate. The transfer rate is 0 because the bonding created by the reaction was not
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Figure 17: The Arrhenius plots of both nickel and copper (PDMS mixing ratio 5:1) at different
baking time were plotted. Each graph compares the trend of the transfer rate at different baking
time. Generally, the results show that the transfer rate follows the trend of Arrhenius equation
but it is not valid for further analysis. The trends in graphs of 30 min and 45 min show the slope
of copper is steeper than that of nickel as expected. However, there is no significant difference
in other graphs, 15 min and 20 min. Additionally, the y-intercept is not the same throughout the
graphs.
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strong enough to overcome the adhesion between the target metal and the chromium (adhesion
layer). This makes the direct comparison of nickel and copper using the Arrhenius plot not valid.

Theoretically, since the slope of the line represents −

𝐸𝑎
R

which is the activation energy, it

is expected that the slope of nickel is lower than that of copper because the nickel has a lower
activation energy that is more easily oxidized. A similar trend is shown in the slope of the
transferred nickel/copper at 45 min and 30 min. These graphs show that the slope of copper (for
45 min, -1286.9 and for 30 min, -1086.3) is steeper than that of nickel (for 45 min, -888.629 and
for 30 min, -1020.4). However, the slope of other results (15 min and 20 min) does not have
significant difference. Similarly, the theoretical value of the y-intercept is Ao which is related to
the concentration of the curing agent, and is expected to be the same for both nickel and copper.
However, the results show that the y-intercepts are not the same as expected, in addition to this,
the difference in the y-intercepts has no trend.
This invalidity of the results for analysis is caused by the imitation of the measurement
therefore, the Arrhenius plot of nickel and copper is not valid for analysis. In order to solve this
problem, an alternative method for measuring the reaction is required however, unfortunately, the
alternative method is not known at this moment.
Furthermore, Figure 18 shows that CFMPTB is reliable process in transferring micro-scale
structure. The nickel structures of various widths, ranging from 1000 µm, 500 µm, 100 µm and 10
µm, were succesfully transferred. The result proves that CFMPTB can be used in the fabrication
of the flexible electrodes in micro-scale. Theoretically, the nano-scale metal structure can be also
transferred by CFMPTB.
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Figure 18: Images of transferred micro-size line pattern of nickel. The line width is
different, 1000 µm, 500 µm, 100 µm and 10 µm, which were transferred onto PDMS.

4.4 Conclusion
In conclusion, the standard PDMS curing condition could not create strong bonding
between PDMS and metal but by increasing the amount of the curing agent, the baking temperature
and the baking time can create strong bonding between PDMS and metal. CFMPTB can
successfully transfer micro scale structure onto PDMS without the need of any extra process or
treatment.
According the results, the most effective factor of the PDMS curing condition is the amount
of the curing agent in the PDMS mixture and the least effective factor is the baking time. These
factors are determining the adhesion strength between metal ane PDMS that can be used in the
fabrication of flexible electrodes. the The optimum condition is baking the PDMS (mixing ratio
5:1) at ~140 °C for ~15 minutes for nickel, and baking the PDMS (mixing ratio 5:1) at ~150 °C
for ~20 minutes for copper. Theoretically, the ease of metal oxidation determines the adhesion
strength therefore, metals have different optimum condition for achieving 100% metal transfer. A
more easily oxidizing metal tends to have a lower temperature and a shorter baking time as the
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optimum condition. However, the results in Chapter 4 is not enough to conclude this. This will be
further studied in Chapter 5.
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Chapter 5. Study of the Adhesion Strength
5.1 Introduction
Quantitative measurement of adhesion strength is important as a proof of concept that
adhesion strength can be improved by CFMPTB. However, the use of traditional adhesion strength
tests, such as the pull-off adhesion test which measures the adhesion strength in pressure, is
challenging in the case of CFMPTB due to the thin metal thickness (in nanometer scale) and the
flexible nature of the substrate. There are two alternative adhesion tests that can be used for this
case: one is the cross-hatch adhesion test and another is the adhesion ratio test [116-117].
Unfortunately, these two tests are an indirect way of measuring adhesion strength because these
two adhesion test do not provide the result in pressure or in any meaningful units. Rather, these
measure the adhesion strength in either the standardized adhesion class or the ratio. Consequently,
the results of the adhesion tests are only valid for comparing the adhesion strength created by the
standard curing condition and CFMPTB.

5.2 Method and Experiment
5.2.1 Cross-hatch Adhesion Test
The cross-hatch adhesion test was established by the American Society for Testing and
Materials (ASTM) in order to quantify the adhesion strength between two materials (such as the
paint adhesion on a surface) using a standard tape, Permacel P99 [116]. Several cross-cuts (spaced
by 1mm) were made on the surface of the material then the material was removed by using the
tape in order to analyze the amount of area removed by the tape. The adhesion strength is classified
according to the size of the removed area. The adhesion strength between two layers are classified
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Figure 19: The adhesion level classification of ASTM cross-hatch test. 5B (red circle)
is when the removed area is ~0% and 0B (blue circle) is when the removed area is
>65%. Ref [116]

55

in 6 levels (0B, 1B, 2B, 3B, 4B and 5B) which are explained in Figure 19. According to the
classification of the ASTM adhesion strength in Figure 18, 5B is the strongest adhesion strength,
where the removed area is 0%, and 0B is the weakest adhesion strength, where the removed area
is greater than 65%. Therefore, by comparing the adhesion strength generated by CFMPTB and
the standard PDMS curing condition, it can be proven that CFMPTB can enhance the adhesion
strength between PDMS and metal.
As a proof of concept, two samples of transferred copper were fabricated and the adhesion
level was compared: one was transferred by the standard PDMS curing condition, and another was
transferred by CFMPTB. Due to poor adhesion between metal and glass substrate, it is possible to
transfer a copper layer onto the PDMS easily by thermal expansion and contraction during the
standard PDMS curing process. Moreover, as a further proof of concept, the adhesion level of
various transferred metals (mainly silver and nickel) was compared.
The process of the cross-hatch adhesion test is shown in Figure 20. Two samples of copper
(as an example) were prepared by transferring a layer of 50 nm-thick copper without fabricating
any pattern. The transfer steps are the same as Figure 6a) but photolithography and wet etching
were skipped for the cross-hatch adhesion test.
One sample was fabricated by CFMPTB variation A, PDMS with a 5:1 mixing ratio was
baked at 150 °C for 20 minutes, and another was fabricated by the standard curing conditions,
PDMS of 10:1 mixing ratio was baked at 95°C for 45 minutes. The thickness of the PDMS
substrate was set to 2 mm for better stability. In the transferring process using the standard curing
conditions, the copper layer was transferred directly from a glass substrate (no adhesion layer was
deposited on the glass substrate). Then, a series of cross cuts was made by cutting vertically and
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a)
Test Metal
Chromium
PDMS

Side View:
PDMS

or

Target Metal

PDMS

Target Metal

b)

c)

Elcometer 99 Tape

d)

Figure 20: The illustration of the process of the cross-hatch adhesion test. It provides
the adhesion strength between metal and PDMS in terms of the adhesion level
classification. A metal layer was transferred onto a PDMS substrate and cross-cuts
were made on the surface of the transferred metal. The amount of the removed
transferred metal by the Elcometer 99 ASTM D3359 tape was analyzed using ImageJ
software and the adhesion level is determined based on the classification.
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horizontally with a knife (the cross-cuts were made every 1 mm) on the transferred copper layer,
and the surface was brushed five times. Next, a tape, Elcometer 99 ASTM D3359 (Elcometer, MI,
USA) which is equivalent to Permacel P99 tape, was attached on the copper layer, and the tape
was peeled rapidly at 180°. By analyzing the removed area of the copper layer, the adhesion level
of the transferred copper can be obtained. The area was analyzed by the ImageJ software through
the same process explained in Chapter 4.
Using the same fabrication, various metals (gold, nickel and silver) were transferred onto
PDMS and the cross-hatch adhesion test was repeated for analysis. In addition to this, for further
analysis, the metal was transferred by CFMPTB variation B for metals which are poorly bonded
to the PDMS substrate.
Additionally, the adhesion strength between PDMS and various metals, which were
directly deposited onto PDMS, was analyzed. For this study, a 1 mm-thick PDMS mixing ratio 5:1
was cast on a glass substrate and cured by baking at 150 °C for 20 min. The PDMS was not peeled
from the glass substrate for better stiffness and stability during the metal deposition. Then a 50
nm-thick metal layer (gold, silver, chromium, copper, nickel and titanium) was deposited onto the
PDMS substrate using the e-beam metal deposition system. The deposition condition was the same
as the condition described in Chapter 3: the pressure was set to 1×10-6 Torr and the deposition rate
was set to 0.5 Å/s. After the metal deposition, it was baked on a hot plate at 150 °C for 2 hours to
enhance the adhesion between the metal layer and the PDMS. Next, the cross-cuts were made on
the transferred metal layer, and the tape was attached to the metal surface. Then, the tape was
peeled off and the amount of removed area was analyzed by the ImageJ software.
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5.2.2 Adhesion Ratio Test
The adhesion ratio test is an indirect way of measuring adhesion strength for quantitative
comparison [117] and for studying the relationship between the ease of metal oxidation and
adhesion strength. The adhesion ratio is measured using the ratio between the total number of the
metal squares transferred onto PDMS and the total number of metal squares left after peeling the
tape. Similar to the cross-hatch adhesion test, it does not provide the result in meaningful units,
but it provides the ratio for a quantitative comparison of the adhesion strength, which can be used
in comparing the adhesion stregnth of various metals. A higher adhesion ratio means that the
adhesion between the metal and PDMS is stronger.
Initially, the 50 nm-thick metals of interest (copper, nickel, silver and gold) were deposited
on a clean silica glass substrate; then a hundred square pattern of a metal structure, 100 µm × 100
µm in size (Figure 21), was fabricated through photolithgraphy and wet etching. The basic process
of metal pattern transfer follows the same steps as illustrated in Figure 6a); the PMDS (mixing
ratio 5:1) was baked at 150 °C for 20 minutes. For silver and gold, the deposition process of the
adhesion layer, the chromium layer, was skipped and extra care was taken for fabricating the metal
patterns because they are easily damaged. After transfer of the patterns, the Elcometer 99 ASTM
D3359 tape was attached on the transferred square metal surface then, it was peeled off. The
thickness of the PDMS was 2 mm for better stability during the tape peeling. Next, the removed
metal squares were counted and the adhesion ratio was calculated using Equation (8).

Adhesion − Ratio (AR) =

𝑁𝑏 −𝑁𝑎
𝑁𝑏

× 100

(8)

where 𝑁𝑏 is the total number of metal squares transferred onto the PDMS substrate and 𝑁𝑎 is the
number of metal squares removed by the tape. Initially, 100 metal squares were fabricated and
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100µm

100µm 100µm

Figure 21: The schematic illustration of the square pattern for adhesion ratio test. The size of
each square is 100µm × 100µm and the squares are spaced by 100µm. Initially, there are 100
squares were transferred onto PDMS.
transferred onto the PDMS substrate and 𝑁𝑏 is 100. If all of the transferred metal squares were
removed by the tape, then, 𝑁𝑎 is 100, and in this case the adhesion ratio is 0. The adhesion ratio of
various metals were measured and compared.
Additionally, another adhesion ratio test was done to measure of the difference between
the adhesion strength of the directly deposited metal (on the PDMS substrate) and transferred metal
(by CFMPTB). For the direct metal deposition, a 1 mm-thick PDMS (mixing ratio of 5:1) was cast
on a glass substrate and cured by baking at 150 °C for 20 minutes. Then a 50 nm-thick metal layer
(chromium, silver, gold copper, nickel and titanium) was deposited on the PDMS substrate using
the e-beam metal deposition system (the same condition as described earlier). After the metal
deposition, the square patterns where fabricated by photolithography and wet etching. The directly
deposited metal layer is easily damaged during photolithography and wet etching due to the weak
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adhesion between the metal layer and the PDMS substrate, therefore, this process requires extreme
care. Then, the adhesion ratio was measured.

5.3 Result and Discussion
5.3.1 Cross-hatch Adhesion Test Result and Discussion
The cross-hatch adhesion test was repeated five times, and the results are shown in Figure
22 and Table 4. Due to the flexible nature of PDMS, the distance between cross cuts could not be
uniform throughout the surface. Therefore, the area in the red box in Figure 22, where the cross
cuts were uniform, was analyzed by the ImageJ software. As shown in Figure 22a), no copper was
removed by the tape (the measured removed area was 0.1% ± 0.03%,) when the copper was
transferred by CFMPTB. This indicates that the ASTM class of the adhesion strength generated
by CFMPTB is 5B. In the case of the transferred copper by the standard condition, more than 65%
of the area was removed by the tape (the measured removed area was 82% ± 4%), which means
that the ASTM class of the adhesion strength generated by the standard PDMS curing condition is
0B. This proves that CFMPTB had successfully improved the adhesion strength between metal
and PDMS without chemical treatment.
As mentioned above, if there is no adhesion layer, it is possible to transfer a metal layer
onto PDMS by the standard PDMS curing condition without any chemical treatment. However, as
shown in the result, the adhesion strength between the target metal and PDMS is too weak, which,
in turn, can be peeled off with great ease. For this reason, the adhesion strength of the transferred
copper using standard condition is classified as 0B.
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a)

Before

b)

After

Before

After

5mm

3mm

3mm

Figure 22: The image of the copper peeled by the different tapes after a cross-hatch
adhesion test. The red square is the area where the removed copper was analyzed. (a)
The copper was transferred by CFMPTB. No copper was peeled with the tape and this
indicates that the ASTM class of adhesion strength of the transferred copper using
CFMPTB is 5B; (b) the copper layer was transferred from a glass substrate by the
standard curing condition. The transferred copper layer was easily removed by the
ASTM D3359 tape. This indicates that the ASTM class of adhesion strength of the
transferred copper using the standard PDMS curing condition is 0B. Ref [101]
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Before

Nickel
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Tape 1

After
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Figure 23: The result of cross-hatch adhesion test of other metals. (a) the result of
cross-hatch adhesion test for silver and nickel. The result shows that the adhesion
strength of nickel is strong, and the ASTM class is 5B. However, the adhesion strength
of silver is weak, and ASTM class is 0B. Ref [101] (b) Image of the cross-hatch
adhesion test of silver. For this time, a chromium layer is used as an adhesion layer
between silver and PDMS. As shown in the image, no silver was removed by the tape
thus, the adhesion level is 5B. Due to the flexibility, the cuts could not be uniform
throughout the surface therefore only the area in the red box was examined. There is
adhesive residue on the silver (blue box).
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c)

Silver

Moreover, the results of nickel and silver show that the ASTM adhesion class between
nickel and PDMS is 5B (the measured removed area was 0.1% ± 0.01) but the adhesion class
between silver and PDMS is very weak, 0B (the measured removed area was 91% ± 5%) (see
Figure 23a)). Nickel oxidizes easily than silver and, therefore, the adhesion between nickel and
PDMS is stronger (5B) than the adhesion strength between silver and PDMS (0B). The adhesion
strength between silver and PDMS can be enhanced by using CFMPTB variation B, as shown in
Figure 23b). CFMPTB variation B uses a chromium layer between silver and PDMS which can
successfully enhance the adhesion strength. The result of the cross-hatch adhesion test showed that
it had enhanced to 5B (the measured removed area is 0.1% ± 0.04%), which was initially 0B
without a chromium adhesion layer. In Figure 23b), there is some residue from the adhesive tape
(blue box) left on the surface of the transferred silver.
Chromium is a widely used adhesion layer in various applications which are also
compatible with CFMPTB. Moreover, chromium is widely used as an adhesion layer for gold;
therefore, gold also could be transferred onto PDMS with a stronger bonding strength as the result
in Table 4 shows.
Nevertheless, the directly deposited adhesion layer (like chromium) could not enhance the
adhesion between the target metal and PDMS because the adhesion strength between the adhesion
layer and PDMS is very weak (0B) as shown in Table 4. The result in Table 4 shows that the
adhesion strength between the directly deposited metal and PDMS is weak; therefore, the greatest
area of the deposited metal was removed by the tape (0B): >92%. This result shows that directly
deposited metals cannot bond to PDMS strongly even though there is an extra thermal treatment
process. This can be explained by the existence of the hydroxyl group on the cured PDMS because
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Table 4: The result of two adhesion tests; the cross-hatch adhesion test and the
adhesion ratio test. The result was listed with electronegativity and standard reduction
potential. The listed metals (silver, copper, chromium, titanium, gold and nickel) were
tested. [107-111]
Adhesion Ratio
from the PDMS (%)

Metal

Electronegativity

Potential, Eo,
(V)

Gold

2.4

1.83

0B (Variation A)/
5B (Variation B)

0/98.4± 0.8

Silver

1.9

0.80

0B/5B

0/99.2± 0.3

Copper

1.9

0.34

5B (Variation A)

99.1 ± 0.6

Copper(direct
deposition)

1.9

0.34

0B

2±2

Nickel

1.8

-0.26

5B (Variation A)

100

Nickel (direct
deposition)

1.8

-0.26

0B

2±2

1.6

-0.74

0B

4±3

1.5

-1.63

0B

3± 3

Chromium
(direct
deposition)
Titanium
(direct
Deposition)
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ASTM Adhesion
Level

the bonding between metal and PDMS is the M-O-Si. The hydroxyl groups must disappear during
the PDMS curing process as the curing agents create cross-links between the PDMS base polymer.
As a result, the chance of the bonding reaction occurring is significantly reduced.

5.3.2 Adhesion Ratio Test Result and Discussion
The adhesion ratio was measured for at quantitative comparison of the adhesion strength
between various metals however, the result in Table 4 is similar to the result of the cross-hatch
adhesion test. The measured adhesion ratio is either ~0% or ~100%.
The adhesion ratio of nickel, copper, gold and silver, which were transferred by CFMPTB
variation A, were measured. Then, the adhesion ratios of gold and silver, which were transferred
by the variation B, were measured. Furthermore, the adhesion ratios of the directly deposited
metals (copper, nickel chromium and titanium) was measured. Each measurement was repeated
10 times and the average adhesion ratio was calculated with its errors as shown in Table 4. When
the metals were transferred by CFMPTB variation A, the adhesion ratios of nickel and copper were
~100%. When silver and gold were transferred by the variation B, then the adhesion ratios could
be ~100%.
The adhesion ratios were shown with the standard reduction potential and the
electronegativity of metals to illustrate the relationship between the ease of metal oxidation and
adhesion strength. The results in Table 4 show that the adhesion strengths of more easily oxidizing
metals are stronger at the same transferring conditions. When metals were transferred by CFMPTB
variation A, the metals with the reduction potential lower than 0.8 V tend to have a 100% adhesion
ratio (5B) but the metals with reduction potential equal to or higher than 0.8 V have an adhesion
ratio of ~ 0% (0B).
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These results must be combined with the results in Chapter 4 in order to better explain the
relationship between the ease of metal oxidation and adhesion strength. In Chapter 4, the transfer
rate between nickel and copper showed that the adhesion strength between nickel and PDMS is
stronger at the same PDMS curing condition as the result in Table 4 shows. Therefore, it can be
deduced that the more oxidizing metals tend to bond more strongly than the less oxidizing metals.

5.4 Conclusion
The adhesion tests proved that CFMPTB successfully enhanced adhesion compared to that
generated by the standard PDMS curing condition. The adhesion generated by the standard PDMS
curing condition is very weak so much so that the standard tape could remove most of the
transferred metal from PDMS. On the other hand, the adhesion generated by CFMPTB is strong,
and no metal was removed from PDMS by the tape.
Furthermore, the results show that easily oxidizing metals tend to bond strongly to PDMS
in the same condition. When the metals were transferred by CFMPTB variation A, the metals like
silver and gold (that is, less oxidizing metals) could not bond strongly to PDMS. On the other hand,
metals like copper and nickel (that is, easily oxidizing metals) can bond strongly to PDMS. The
results in Chapter 4 further provide that the adhesion strength between nickel and PDMS is
stronger than the adhesion strength between copper and PDMS at the same condition.
Unfortunately, a more detailed quantitative description of the trend is not available at this
point due to various limitations.
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Chapter 6. Application: Flexible Pressure Sensor
6.1 Introduction
One possible application of CFMPTB is the fabrication of flexible electronic sensors using
flexible electrodes. As a simple demonstration of fabricating flexible sensors, a capacitive pressure
sensor was fabricated. The flexible pressure sensor is widely studied in wearable and implantable
health monitoring devices. The pressure sensor provides information about human movement for
monitoring knee steoarthritis, stroke, and a diabetic patient’s foot [118-121]. Moreover, the
flexible pressure sensor can be used in monitoring intracranial pressure [122].
PDMS is a dielectric and pressure sensitive material (elastic), which has also been studied
in developing a capacitive pressure sensor [119, 123]. However, in current studies, the electrode
is stiff, built on a stiff substrate and, therefore, the pressure sensor is not flexible. For this study,
flexible copper electrodes were fabricated using CFMPTB variation A, and these will be used for
fabricating a flexible pressure sensor that is sensitive to low pressure [123].
For a simple characterization of the flexible electrodes, the resistance changes of the
electrode caused by bending and the stability of the electrode against repetitive bending were
studied. Furthermore, the effect of the copper thickness on the resistance change was studied. The
flexible electrode could be characterized in various ways however, in this study, only the resistance
of the electrode was studied.

6.2 Method and Experiment
6.2.1 Study of Optimum Electrode Thickness
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The most significant factor of the flexible electrode fabrication is the electrical stability,
which is significantly affected by the creation of cracks on the transferred metal. The thickness of
the electrode structure is the most important factor in maintaining electrical stability because the
thickness determines the durability of the electrode. If the electrode is too thin, then the electrode
can be easily damaged.
According to the study by N. Lu et al. in 2009 [124], when stress is applied to the flexible
electrode, the thickness of electrode affects its electrical stability. As shown in Figure 6, the
fabrication process involves deformation of the PDMS substrate in the peeling-off step, which
applies significant stress on the electrode structure (creating cracks). Therefore, research into the
optimum thickness, which is more resistant to stress, is important to minimize the damage to the
transferred metal electrode during the fabrication process. Here the optimum thickness was studied
by comparing the change in sheet resistance before and after the transfer of a series of copper
layers of different thicknesses.
The copper layers of different thickness (75 nm, 150 nm, 300 nm, 500 nm and 1000 nm)
were transferred onto PDMS using CFMPTB variation A with the same copper deposition
condition described on Chapter 3. Then, the change in sheet resistance before and after transfer
was measured using a four-point probe (Alessi CPS-7089-17) connected to a Keithley 228A
(Tektronix, Inc, OR, USA) voltage/current source and Keithley 195A digital multimeter
(Tektronix, Inc, OR, USA).

6.2.2 Study of The Resistance Change of Flexible Electrode
The resistance change caused by the bending of the transferred copper electrode was
measured using cylinders of different radii. A series of rectangular flexible copper electrodes (size:
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30 mm × 7 mm) of different thicknesses (300 nm, 500 nm and 1000 nm) were fabricated by
CFMPTB variation A. The change in the resistance of the flexible electrode was measured after
bending it around cylinders of radii 55 mm, 45.5 mm, 35 mm, 32 mm, 24.5 mm, 19 mm, 13.5 mm,
11 mm, and 5 mm. The resistance was measured five times and the average was calculated with
errors.
Moreover, the flexible electrodes were bent by a cylinder of 11 mm radius repeatedly for
1000 bending cycles to measure the resistance change in order to study the stability of the
electrodes against repetitive deformation.

6.2.3 Study of Pressure Sensor
As a further demonstration, a flexible capacitive pressure sensor which is sensitive to a
wider range of pressure, was fabricated, by the process illustrated in Figure 24. Initially, two
transferred copper electrodes were fabricated by transferring a 500 nm-thick copper PDMS (5:1
mixing ratio) substrate.
After deposition of a 10 nm-thick chromium layer and a 500 nm-thick copper layer on a
glass substrate, a 20 µm-thick PDMS was spin-coated on the copper layer. It was baked at 150 °C
for 20 minutes and peeled off. Next, a liquid PDMS (mixing ratio 15:1) was prepared by mixing
with DI water (4:1 = PDMS: DI water in weight ratio) [124], and poured between two flexible
electrodes as a dielectric layer by sandwiching the electrodes. The thickness of the dielectric layer
was kept uniform by placing four 850 µm-thick spacers at each corner, and it was baked at 95°C
for 45 minutes. After curing the PDMS, a rectangular capacitive pressure sensor, size of 55 mm ×
21 mm × 890 µm, was obtained by removing edges using a knife [101].
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Copper
Chromium (Adhesive Layer)

Glass

PDMS (5:1)
Copper
Chromium (Adhesive Layer)
Glass

PDMS (5:1)

Copper

PDMS (15:1)
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Figure 24: Illustration of the fabrication process of pressure sensitive capacitor.
Initially, a 10 nm-thick chromium (adhesion layer) layer was deposited and then a 500
nm-thick copper layer was deposited. The copper layer was transferred onto 20 µmthick PDMS by baking it at 150°C for 20 minutes. Two transferred copper electrodes
were prepared and sandwiched PDMS (mixing ratio of 15:1) with water mixed (4:1 =
PDMS:water in the weight ratio). Two transferred copper electrodes were spaced by a
850 µm-thick spacer then baked at 95°C for 45 minutes. Ref [101]
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The pressure from 1 Pa (touching) to 131.83 kPa was applied and the capacitance change
was measured. The change in capacitance was measured by an Impedance analyzer 4294A
(Keysight Technologies, city, CA, USA).

6.3 Result and Discussion
6.3.1 Result of Optimum Electrode Thickness
The sheet resistances of copper layers of different thicknesses were measured 10 times,
sequentially, the values were averaged (Table 5) and the trend is plotted in Figure 25. The result
shows that the sheet resistance was increased after the transfer if the copper thickness was ≤ ~210
nm, but the sheet resistance decreased beyond ~210 nm. As seen from the results, the increase of
the sheet resistance is lowest at ~500 nm. When the thickness of copper is >~500 nm, the increase
slightly increased. As a result, it can assume that the optimum copper thickness is approximately
~500 nm.
Initially, it was expected that the sheet resistance of the electrode (of any thickness)
increases after transfer because of the cracks and wrinkles on the copper surface during the PDMS
peeling process. Moreover, the increase of sheet resistance was expected to be inversely
proportional to the thickness of the electrode. However, the result showed that the sheet resistance
decreases after the transfer if the thickness of copper is >~210 nm.
To study the relationship between metal thickness and the amount of cracks and wrinkles
generated on the surface, a series of SEM images of copper layers of different thicknesses (were
taken, as shown in Figure 26. The images show that more wrinkles and cracks were present on the
surface of the thinner copper. The surface of the 75 nm-thick copper electrode was the roughest
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Table 5: The sheet resistance of copper (thickness from 75 nm, 150 nm, 300 nm, 50 0nm, and
1000 nm) measured before and after transfer. Ref [101]
Copper
Thickness

Sheet Resistance

Sheet Resistance

Before Transfer

After Transfer

Sheet Resistance
Increase

75nm

0.446 ± 0.004 Ω/sq

1.22 ± 0.06 Ω/sq

63.43%

150nm

0.199 ± 0.003 Ω/sq

0.22 ± 0.006 Ω/sq

9.57%

300nm

0.0876 ± 0.002 Ω/sq

0.0791 ± 0.003 Ω/sq

-10.69%

500nm

0.053 ± 0.001 Ω/sq

0.045 ± 0.0008 Ω/sq

-17.1%

1000nm

0.0121 ± 0.002 Ω/sq

0.0108 ± 0.0006 Ω/sq

-12.35%

Sheet Resistance Increase Rate (%)

Thickness vs Increase Rate
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Figure 25: The trend of the sheet resistance increase of the copper electrodes. The result
shows that the sheet resistance decreases when the thickness of copper is ≥~210 nm. The
amount of increase was lowest (highest negative value) at ~500 nm then, slightly increased
beyond >500nm.
and
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75 nm

500 nm

300 nm

150 nm

1000 nm

Figure 26: SEM Images of transferred copper of different thickness, 75 nm, 150 nm, 300 nm,
500 nm and 1000 nm. The SEM images show that the thicker copper electrode had fewer
wrinkles and cracks (the surface is smoother). Thus, the surface of the 75 nm-thick copper
electrode looks very rough due to dense wrinkle and crack, but the surface of the 1000 nm-thick
copper electrode looks very smooth because only a few cracks and wrinkle were observed on
the surface. Ref [101]

the surface of the 1000 nm-thick copper electrode was the smoothest. If the surface smoothness
(absence of cracks) is the major cause of change in sheet resistance after transfer, then the sheet
resistance of 1000 nm must have the greatest decrease after transfer. However, the results show
that the ~500 nm-thick copper electrode has the greatest decrease rate of the sheet resistance after
transfer.
This result is similar to the study by N. Lu et al. in 2009 [124], which is about the effect of
the copper thickness on failure strain, and the 500 nm-thick copper electrode was more resistant
to the strain. In their study, they calculated the yield strength of different copper thicknesses using
the Hall-Petch relation σy = σ0 + kd-1/2 [124-126], where σy is the yield strength, σ0 is the material
strain constant coefficient of starting dislocation motion, k is the constant strengthening coefficient
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and d is the grain diameter. The Hall-Petch relation indicates that the yield strength of metal film
is proportional to d-1/2. Therefore, larger grain size will lead to a lower yield strength in the copper
electrode. The grain size is highly dependent on various conditions, such as the metal deposition
rate and the deposition temperature, and according to the study by Dammers and Radelaar [127129], the grain diameter is also directly proportional to the square root of film thickness. Since the
copper deposition condition for every thickness was identical, it can be assumed that the thicker
copper layer would have a larger grain size. In the study by N. Lu et al., the deposition condition
for all copper thicknesses was identical and the grain size was increased as the thickness of the
copper layers was increased. Similarly, the copper deposition condition was identical for all
thicknesses; therefore, it can be assume that the thicker copper electrode would have a smaller
yield strength, which, in this case, results in less durability in the 1000 nm-thick copper electrodes.
According to the Hall-Petch relation, a thin copper electrode (<200 nm) has a greater yield
strength, which means it can endure more stress. However, it experiences intergranular fractures
as stress is applied, hence more cracks are generated (rougher surface) and the sheet resistance is
increased significantly. On the other hand, an electrode thickness above 200 nm experiences
transgranular fractures from yield strength and less cracking is generated. This leads to the
smoother surface of the copper electrode allowing it to endure greater stresses [124, 130-132].
A topic of further exploration for this research is the investigation, in terms of analytical
data and explanation, into the decrease in sheet resistance of the transferred copper thickness is
above 300 nm. Based off the current research, the strongest explanation for this is due to the
creation of wrinkles on the electrode.
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Applying a high temperature (150ºC) is the key to creating a strong bonding without any
chemical treatment in CFMPTB, which causes thermal expansion PDMS when heated and then
compression when cooled. According to the study by N. Bowden et al. [42,133], the PDMS is
expanded by heat (thermal expansion) which creates wrinkles as it is cooled down (compressed).
The cracks on the copper surface suggest that there could be a thermal expansion mismatch
between the copper and PDMS (additional shrink in polymerization). The thermal expansion
coefficient of copper is 17×10-6ºC-1 and PDMS is 3×10-4ºC-1 [43, 134-135]. The large difference
in thermal coefficient between two materials cracks and wrinkles the surface of copper after being
cooled down.
The surface of PDMS bonded to metal would not be expanded as much as the other side;
however, the thermal expansion of the surface of the PDMS bonded to the metal would be enough
for the creation of cracks and wrinkles when it compressed. If the thickness of the copper electrode
is >300 nm, then the electrode is resistant to cracking. Therefore instead of creating cracks,
wrinkles will be created. The wrinkles increase the contact area between the probe and the
electrode which decreases the sheet resistance of the electrode [136].
The difference in the decrease is caused by the difference in the amount of wrinkles created
on the surface. As Figure 26 shows, the number of wrinkles on the 1000 nm-thick copper electrode
is fewer than that on the 500nm-thick copper electrode. Thus, the decrease of the 500 nm-thick
copper is greater.

6.3.2 Result of The Resistance Change Flexible Electrode
The change in resistance by bending the rectangular flexible copper electrodes using
cylinders of various radii was measured and shown in Figure 27a). The resistance change was
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Figure 27: The graph shows the change in resistance as the transferred rectangular
copper electrodes (30 mm × 7 mm) were bent. The change in resistance was measured
in terms of the ratio (R/R0), R is the changed resistance and R0 is the initial resistance
without bending. (a) The graph of the change in resistance as the electrodes were bent
by a cylinder of different radius. The resistance of the 300 nm-thick electrode was
increased to 3.02 (R/R0). The resistance of the 500 nm-thick electrode was increased
to 2.24 (R/R0). The resistance of the 1000 nm-thick electrode was increased to 2.39
(R/R0); (b) the graph of the change in resistance as the electrode was bent repetitively
by a cylinder of radius 11 mm. The resistance of the 300 nm-thick electrode was
increased to 8.37 (R/R0) at 1000 bending cycles. The resistance of the 500 nm-thick
electrode was increased to 3.37 (R/R0) at 1000 bending cycles. The resistance of the
1000 nm thick electrode was increased to 2.27 (R/R0) at 900 and 1000 bending cycles.
Ref [101]
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measured 10 times repetitively and then the results were averaged with errors. Unfortunately, the
error bars are too small, and thus most of the error bars are clearly displayed on the graph.
The results show that 500 nm has the least increase of the resistance. The original
resistances of 300 nm-, 500 nm- and 1000 nm-thick copper electrodes were 0.88 Ω, 0.4 Ω and 0.28
Ω, respectively. The maximum value of the resistance changes of the 300 nm, 500 nm and 1000
nm thick copper electrodes after the bending using cylinders of various radii were 3.02 (R/R0),
2.24 and 2.39, respectively. The results show that the resistance increase of the 500 nm thick
copper electrode was the most stable and the 300 nm-thick electrode shows the greatest resistance
increase. As mentioned by Lu et al., the 500 nm-thick electrode has the least increased of resistance,
which is lower than the 1000 nm-thick electrode because strain to rupture 500 nm is higher than
that of 1000 nm due to the fracture mechanism.
The result of the change in resistance of the flexible electrode by repetitive bending using
a cylinder of radius of 11 mm is shown in Figure 27b). The result shows that as the thickness of
the copper electrode increases, the increase in resistance is smaller. The resistance of the 300 nmthick copper electrode after 1000 bending cycles was increased to 8.37 (R/R0) times greater than
its original value (0.91 Ω), and it seems that it would increase after more bending cycles. The
resistance of the 500 nm-thick copper plate at 1000 bending cycles was increased to 3.37 (R/R0)
times greater than its original value (0.45 Ω), though it seems that the resistance stayed constant
after 900 bending cycles. The resistance of the 1000 nm-thick copper plate at 900 and 1000
bending cycles was increased to 2.27 (R/R0) times greater than its original value (0.32 Ω). Beyond
600 bending cycles, the resistance stayed constant.
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The R/R0 value of the 500 nm-thick copper electrode was lower than the 1000 nm-thick
copper electrode below 400 bending cycles, which follows a similar trend as the bending radii test.
However, the R/R0 of the 500 nm-thick copper electrode increased rapidly beyond 400 bending
cycles, and it became higher than that of the 1000 nm-thick copper electrode. This result shows
that the thicker electrode is more stable against repetitive bending. The maximum stress that the
electrode can endure depends on the thickness of the electrode and its grain size (which is
proportional to the thickness of the film). Thus, in selecting the thickness of the electrode, the
optimum thickness must be selected for stability against the deformation of a flexible electrode as
well as choosing the right material for the electrode.

6.3.3 The Result of Pressure Sensor
The thickness of flexible copper electrodes (500 nm) was chosen from the earlier studies
because according to the results, 500 nm is the most resistant to the stress.
Strain can be calculated by using the equation C = ԑoԑA/d, where ԑo is the dielectric constant
of free space, ԑ is the relative dielectric constant of the material, A is the area of the electrode, and
d is the distance between each electrode. The initial capacitance was measured first, and the change
in capacitance was measured for calculating the ∆d. Then, the strain (∆d/d) was calculated and
plotted with the applied pressure shown in Figure 28. The graph was obtained by averaging values
from five repetitive experiments with error bars, and the slope was obtained by drawing a trend
line using 2016 Microsoft Excel. The x-axis is plotted in logarithmic scale for better display.
The 1/slope of the graph is Young’s modulus (Young’s modulus = pressure/strain) of the
dielectric material of the pressure sensor. According to Figure 28, the slope of the graph was
divided into three ranges: the low pressure range (1–289 Pa), the middle pressure range (289 Pa–
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Figure 28: Result of strain change as the pressure is applied from 1 Pa to 131.83 kPa,
applied pressure is in logarithmic scale (error bar is too small to be displayed). The
pressure is applied through the equipment on the top left side of the graph. The size of
the capacitor is 55 mm × 21 mm × 890 µm and initial capacitance is 61.63 pF. The
graph is divided into three ranges: low pressure range (0–289 Pa), mid pressure range
(289 Pa–10.408 kPa) and high pressure range (10.408–131.83 kPa). These three ranges
have different slopes (slope of low pressure range = ~2×10−4, slope of middle pressure
range = ~1×10−6, and slope of low pressure range = ~4×10−7).
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10.408 kPa), and the high pressure range (10.408–131.81 kPa). The division of the ranges results
from the composition of the dielectric layer which is composed of air, PDMS (15:1) and PDMS
(5:1). These materials have a different Young’s modulus, PDMS (15:1) = 1.4 MPa and PDMS (5:1)
= 3.59 MPa [137] (air does not have Young’s modulus because it is not solid).
In the low pressure range, the air gap was deformed and its Young’s modulus from the
graph is 5000 Pa (the slope is ~2 × 10−4). This does not mean that air has Young`s modulus, but as
the air gap was fabricated within the PDMS (15:1), the calculated value would require pressure to
compress the air gap with the PDMS (15:1). Since air does not have Young’s modulus, it should
be neglected. However, air is trapped in the PDMS dielectric layer as the bubble-like air gap which
is created by evaporation of water mixed in the PDMS curing process. Even though PDMS is gaspermeable material, the trapped air requires a certain amount of pressure to escape from the air
gap. This is why the pressure sensor is sensitive to a low pressure but it cannot be analyzed properly
in this study. However, due to the physical limitation of the machine, pressure between 1–289 Pa
could not recorded. Therefore, this range is not valid for analysis.
In the middle pressure range, the PDMS (15:1) that has the lower Young’s modulus was
deformed and the calculated Young’s modulus from the graph is ~1 MPa (the slope is ~1 × 10−6).
The theoretical Young’s modulus of PDMS (15:1) is 1.4 MPa, which is greater than the measured
value. This would be caused by the existence of the air gap that decreased the Young’s modulus
of the middle pressure range, where the PDMS (15:1) was mainly deformed.
In the high pressure range, PDMS (5:1) was deformed and the calculated Young’s modulus
from the graph is ~2.5 MPa (the slope is ~4 × 10−7). The theoretical Young’s modulus of PDMS
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(5:1) is 3.59 MPa, which is greater than the measured value because the deformation by the highpressure range was done by a combination of the PDMS (15:1) and the PDMS (5:1).
The results show that the slopes of each range are stable which are close to the theoretical
values of the Young’s modulus. This indicates that the pressure sensor is reliable for measuring
the applied pressure at each range. However, due to the combined material deformation, further
studies for optimization would be required to test this in a practical experiment. Moreover, further
study is required for the demonstration of a flexible pressure sensor because, when the pressure
sensor is bent, the capacitance change is unstable. At this time, only the possibility of CMPTB in
the application of fabricating flexible pressure sensors was demonstrated.

6.4 Conclusion
The study of the flexible electrode stability, including the effect of the copper thickness,
showed that the transferred copper on the PDMS can be used as a flexible electrode because the
resistance change is not significant if the thickness of the electrode is beyond 300 nm. However,
change in resistance of the 1000 nm-thick copper electrode is greater than 500 nm in the bending
radius test. In other words, the 500 nm-thick electrode is more resistant to the applied stress. In
contrast, the repetitive bending test shows that the thicker copper electrode is more resistant to
repetitive bending. Therefore, in order to extend the life of the electrode, the thickness must be
increased.
The results of the pressure sensor test show that there is a possibility of using CFMPTB in
fabricating capacitive pressure sensors that are sensitive to low pressure (<100 Pa). The study of
CFMPTB in flexible pressure sensor fabrication was just a simple demonstration of CFMPTB in
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the fabrication of flexible electrode-based sensors. At this point, all that remains is to suggest
applications, which will require extensive research in the future.
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Chapter 7. Application: Flexible Bio-Potential Electrode
7.1 Introduction
As explored in Chapter 2, the dry flexible electrode is widely studied for replacing the
traditional stiff wet electrode because the wet electrode can cause skin irritation and the stiffness
of the electrode can cause the pain during the measurement. However, currently, fabrication of the
flexible bio-potential electrode, the flexible Ag/AgCl electrode, is challenging. CFMPTB variation
B enables the fabrication a flexible Ag/AgCl electrode by growing a silver chloride (AgCl) layer
on a transferred silver electrode (Ag/AgCl electrode).
In this chapter, as a demonstration of CFMPTB in the fabrication of a flexible bio-potential
electrode, a flexible Ag/AgCl electrode was fabricated and its impedance was measured at
different frequencies, 10 – 1000 Hz, as a quantification of the electrode. The reason for the
impedance at this frequency range is that most bio-signals measured from the surface of the body
have a frequency range between 10 – 1000 Hz. For example, the bio-signal measured on the skin
surface has frequency range is 0.5 – 40 Hz for ECG, 25 – 5000 Hz for EMG, and 0.1 – 100 Hz for
EEG [138-139]. The impedance of the electrode must be as low as possible (<1 kΩ) in these
frequency bands for collecting acquiring a high quality data.

7.2 Method and Experiment
For the fabrication of a flexible Ag/AgCl electrode, an Ag layer was transferred onto a
PDMS substrate through CFMPTB variation B, and an AgCl layer was grown on the transferred
Ag layer through bleach bathing.
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Figure 29: The illustration of bleach bath for growing an AgCl layer on the silver. The bleach
bath contains excessive amount of chlorine ions which reacts with silver and form Ag/AgCl
layer.

Initially, on a clean glass substrate, a 10 nm-thick chromium layer was deposited and thin
chromium oxide layer was grown by baking in the air at 180°C for 20 minutes. Then, a 1.5 µmthick silver and was deposited onto the chromium oxide layer using the BOC Edwards Auto 500
thermal metal deposition system (Edwards, Burgess Hill, UK). The reason of using the thermal
metal deposition system is to acquire a higher metal deposition rate. The metal deposition process
can be replaced by electroplating. The pressure was set to 7.5× 10−7 Torr, and the deposition rate
was set to 3 Å/s for silver and 0.5 Å/s for the chromium layer. Then, a pattern of the Ag layer
(Figure 13) was fabricated by photolithography and wet etching. After fabrication of the pattern,
the Ag layer was transferred onto a ~800 µm-thick PDMS substrate.
Next, it was submerged into a bleach (Clorox, Oakland, CA) bath (Figure 29), which is a
simple method of growing a silver chloride layer. Bleach is a powerful oxidizing chemical solution
with excessive chlorine ions (Cl-) that reacts with silver and grows a silver chloride layer. 30
minutes of bleach bathing at 25˚C could grow a ~1 µm-thick silver chloride layer.
Followed by the fabrication of a flexible Ag/AgCl electrode (1.2 mm × 45 mm × ~1 µm),
the impedance of the electrode was measured at different frequencies, ranging from 10 –1000 Hz
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Figure 30: The experimental set-up for measuring impedance of the flexible Ag/AgCl
electrode. a) Photograph of the equipment set-up. The electrode is attached on a stage (orange
rod) and submerged into a salt bath. The impedance of the electrode was measured using the
function generator (right) and oscilloscope (left). b) Schematic diagram of the connections. The
WE and CE are uniformly spaced by the 3D printed object.
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using the equipment in Figure 30a). As shown in Figure 30b), there are three Ag/AgCl electrodes
used in the impedance measurement: the working electrode (WE), the counter electrode (CE), and
the reference electrode (RE). A pair of the flexible Ag/AgCl electrode was used as the WE and
the CE, and a commercially available Ag/AgCl electrode was used as the RE.
The pair of flexible Ag/AgCl electrodes were attached on a 3D printed structure for keeping
the distance between each electrode constant (like a capacitor). Then, the electrodes were fully
merged into a saline solution (NaCl 0.9%) bath, and they were connected to a function generator,
Kuman Dual Channel DDS signal generator (Kuman, Shenzhen, China) and an oscilloscope,
Siglent SDS2204 (Siglent, Solon, Ohio, USA). The CE was connected to the function generator
via 10 Ω resistor (sensing resistor Rs), and the function generator supplied sinusoidal voltage
through the pair of electrodes 10 Vpp at frequencies from 10 Hz to 1 kHz. To calculate the
impedance of each flexible Ag/AgCl, the voltage measured in channel 1 was divided by the current
flowing through Rs (Z = V/I). Since the electrodes were connected in series through the saline
solution, half of the calculated impedance is the impedance of each electrode. In this measurement,
the phase was ignored and only the magnitude of the impedance was measured.

7.3 Result and Discussion
The impedance of five pairs of the electrodes were measured and the results are shown in
Figure 31. The results show that the impedance of the electrodes is two order higher than it is
desired to be (<1 kΩ). According to the results, the impedance of the electrodes generally is <~40
kΩ at >90 Hz. The impedance of three pairs of the electrodes are <~50 kΩ at 10 – 1000 Hz
frequency range but other pairs have relatively high impedance at <200 Hz. Some electrodes have
high impedance (>~40 kΩ) at <200 Hz that decreased rapidly to below 40 kΩ at 200 Hz.
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Figure 31: The measurement of impedance of silver chloride electrode. The impedance of a
Ag/AgCl electrode, was measured from 10 -1000Hz frequency. There are 5 different impedance
measurement. The results generally show that the impedance is <~40 kΩ at <90 Hz and some
electrodes have >~40 kΩ at >90 Hz. The impedance of some electrodes are ~20 kΩ at ~100 Hz
that is the frequency range of the bio-signal.
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Additionally, the results show that some electrodes have low impedance (~20 kΩ) at the frequency
range of the bio-signal (~100 Hz) which can be used in the bio-signal measurement.
The results generally show that the impedance of the electrode is high and not stable at the
frequency range of the bio-signals (the impedance fluctuates in Figure 31) that was mainly caused
by the crack on the surface of the electrode and the instability of the interconnection between the
electrode and the equipment. For practical bio-signal measurement, the flexible electrodes must
be improved.
Once the electrical quality of the electrode is improved, it will be used in a real bio-signal
measurement. For this, a study for monitoring the EOG using a VR headset with integration of the
flexible Ag/AgCl electrodes is planned. The VR headset with the flexible Ag/AgCl electrodes
integration allows a simpler and faster monitoring of the eye movement to study abnormality in
the eye health condition.

Figure 32: Illustration of flexible Ag/AgCl integrated VR headset for monitoring EOG. The
VR headset will display certain images for eye tracking that is collected by the electrodes
around the eyes.
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Ag

Au

Figure 33: The image of transferred silver and gold using CFMPTB variation B. A chromium
layer is used as adhesion layer for both silver and gold.

In this study, the EOG will be monitored using the VR headset where the images for eye
tracking will be displayed. The flexible Ag/AgCl electrodes are integrated around eyes like shown
in Figure 32 where EOG signals can be collected. The electrodes integrated on the VR headset are
the dry electrodes which do not require skin preparation and electrolyte gels, therefore the EOG
monitoring can be faster without skin irritation. The electrodes will be attached on the form pad of
the headset which reduces the pain for the user, or the form pad will be replaced to a PDMS pad
with the electrodes integrated.
Apart from the human bio-signal measurement, a few future studies of CFMPTB are
planned such as the fabrication of a thin PDMS film with a pattern of gold electrode and pores.
PDMS is also widely used in cell studies in the form of porous thin membrane due to its excellent
biocompatibility and softness [140-141]. PDMS is used to fabricate a system mimicking the
environment of in vivo cell study. The cells of interest are grown on a porous PDMS membrane
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(or inside the pores) and the cell-cell interaction is studied with combination of the microfluidic
technique.
Currently, the integration of an electrode structures onto the PDMS membrane is
challenging due to poor adhesion. However, it is possible to integrate electrode structure onto a
PDMS membrane using CFMPTB. Figure 33 shows that CFMPTB can transfer a gold electrode
structure onto a PDMS substrate, and through a complicated fabrication process, the gold electrode
can be integrated onto a thin PDMS membrane. Currently, the fabrication process of a porous
PDMS membrane with gold electrode integration is on the progress of development and
optimization. It will be very complicated process which must be divided into two parts; the first
part is the fabrication of a gold electrode (Figure 34) and the second part is the fabrication of a
mold for the porous PDMS membrane. The second part of the process includes the process of
transferring gold electrode transfer process (Figure 35).
In the first part of the process, initially, a 1 µm-thick photoresist, S1813, was deposited on
a clean silicon wafer, then exposed to UV light through a mask to create a mold for the electrode
structure. The photoresist mold layer was fabricated for metal lift-off process to create the
electrode structure instead of wet etching process.
Due to the necessity of fabricating pores on the PDMS membrane, it is necessary to
fabricate pillar structures as a mold for a porous PDMS membrane on the same surface where the
electrode structures are fabricated. Lift-off process can provide a cleaner surface compared to wetetching for the pillar structures because it is possible to leave some metal residue on the surface.
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Figure 34: Schematic illustration of fabricating gold electrode using lift-off process.
Before deposition of metals, photoresist was deposited first for fabricating a mold of
electrode through photolithography. Then, as described in Figure 6b), 10 nm-thick
chromium was deposited and thin oxide layer was grown baking short baking. Next,
100/150 nm-thick gold and 5 nm-thick chromium layer was deposited, and the
photoresist layer was removed by acetone bath.
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Figure 35: Schematic illustration of fabricating PDMS mold for fabricating thin
PDMS membrane with holes. On the same silicon wafer where the gold electrode was
deposited, a 10/15 µm-thick SU-8 photoresist was deposited. Through
photolithography, the pillar structure (diameter of 10 µm) was then left on the wafer.
PDMS (mixing ratio 5:1) was casted on the wafer then baked at 120°C for 12 minutes.
Then the PDMS membrane was peeled off in the isopropanol bath.
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For better lift-off result, the photoresist layer must be treated with a chemical like
chlorobenzene. After developing the photoresist, a 10 nm-thick chromium layer was deposited on
a clean silicon wafer, and then, a thin chromium oxide layer was grown by baking at 180°C for 10
minutes. Then, a 100/150 nm thick gold layer was deposited on the chromium oxide layer, and a
5 nm-thick chromium layer was deposited on the gold. Finally, the photoresist was removed by
30 minutes of acetone bathing which left only the gold electrode structure on the silicon wafer.
The second part of the fabrication process is the fabrication of photoresist pillar structure
on the same silicon wafer substrate. After the fabrication of the gold electrode, the silicon substrate
must be washed by acetone and methanol, and then a 10/15 µm-thick SU-8 2010 photoresist
(Micro-Chem Corp., Newton, MA, USA) deposited on the substrate. The photoresist was exposed
to UV light through a mask and developed for fabricating the mold of the pores. Next, PDMS
(mixing ratio 5:1) was spin-coated on the mold, then cured at 120°C for 15 minutes. Temperature
higher than 120°C can result in formation of bonding between PDMS and the photoresist mold.
The peeling process of the thin PDMS membrane must be done in the isopropanol bath because
the thickness of PDMS is 10/15 µm and it can be easily damaged. It requires an extra care during
the peeling process and the isopropanol bath can help by releasing the PDMS membrane. An
ultrasonic bath also can help ease the release of the membrane.
The second part is very difficult and requires extra care because the PDMS membrane can
be damaged easily in the process of peeling-off. In addition, aligning process of the electrode
structure and the mold to avoid overlapping in photolithography is difficult.
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The reason why the gold electrode was fabricated first is that the thickness of the gold
electrode is <200 nm but the thickness of the mold is 10 µm therefore, the gold electrode would
be negligible during the fabrication of the PDMS mold.

7.4 Conclusion
The impedance of the flexible Ag/AgCl electrode must be stable and low (< 1 kΩ) at the
frequency range of bio-signal, 10 Hz – 1000 Hz. However, the results show that the impedance is
very high < 20k that is caused by the crack on the electrodes. It can be overcome by optimizing
the fabrication process for minimizing formation of the cracks. Additionally, an extra study on the
interconnection will be required for collecting a high quality signal.
Once the electrode quality is improved, the flexible Ag/AgCl electrodes will be used in a
real bio-signal measurement, and a monitoring of EOG using a VR headset with the integration of
the flexible Ag/AgCl electrode is planned for the future.
Furthermore, a few studies of monitoring cell-cell interaction is planned using a thin porous
PDMS membrane with an electrode integration that is fabricated by CFMPTB. The process is still
on the progress of developing and optimizing.
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Chapter 8. Conclusion and Future Plan
8.1 Summary
The material selection is one of the most significant factors in the flexible electrode
fabrication for wearable and implantable devices. The material must be biocompatible, non-toxic
and elastic to minimize the damage on the tissue and failure of the electrode. PDMS is one of the
most popular materials due to its excellent biocompatibility and elasticity (softness) when
compared to other popular soft materials. In particular, the softness of the PDMS is a 3 order scale
smaller than that of the other materials (like PI) which can minimize the damage on the tissue done
by the mechanical mismatch between tissue and the soft material.
Unfortunately, the fabrication of flexible electrodes using PDMS is very challenging due
to the poor adhesion between electrode and PDMS. As a result, PDMS is mostly used as an
encapsulating material for the flexible electrodes fabricated by materials like PI to reduce the
mechanical mismatch between the flexible electrode and the tissue. There are various studies to
enhance the adhesion between electrodes and PDMS but these studies require extra treatments
which complicate the process.
Recently, I discovered a phenomenon which can enhance the adhesion between metal and
PDMS in the PDMS curing process without using any extra treatment. My technique, CFMPTB,
is the same as the PDMS curing process but the condition is modified for stronger adhesion.
CFMPTB can be used in the fabrication of flexible electrodes such as a flexible Ag/AgCl which
can be used in bio-signal monitoring.
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CFMPTB can enhance the adhesion between metal and PDMS by creating the M-O-Si
bonds between metal atoms and the hydroxyl group in the PDMS mixture. There are three main
factors involved in this bonding reaction: the amount of the PDMS curing agent, the baking
temperature and the baking time. The curing agent contains main source of the hydroxyl group in
the PDMS mixture thus, the increased amount of the curing agent can create a stronger adhesion
between metal and PDMS. The bonding reaction is a thermally induced reaction, and therefore;
higher baking temperatures can speed up the creation of the bonds. The longer baking time would
provide enough time to create more bonds for stronger adhesion between the metal and the PDMS.
Furthermore, the analysis shows that the curing agent is the most effective factor for adhesion,
while the baking time is the least effective factor.
In addition to the PDMS curing conditions, the ease of metal oxidation is another
significant factor determining the adhesion strength. The study shows that more easily oxidizing
metals, such as nickel, tends to bond more strongly to PDMS. This is why metals like silver and
gold require a chromium layer between the target metal and PDMS for better adhesion.
As a demonstration of CFMPTB in the fabrication of the flexible electrode, a flexible
capacitive pressure sensor and a flexible Ag/AgCl electrode were fabricated and analyzed.
According to the results, CFMPTB is a reliable process in the fabrication of the flexible electrodes
however, further optimization is required.
Finally, a possible future application of CFMPTB was introduced which is the fabrication
of a thin porous PDMS membrane with an electrode integration for the cell study. It is still in the
progress of development and optimization.
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8.2 Research Contribution
Even though, PDMS is a promising material in wearable and implantable device
fabrication, the poor adhesion limits its uses. The current studies using PDMS in the fabrication of
flexible electrodes require extra treatment to enhance the adhesion between metal and PDMS. It is
complicated and can increase the toxicity of PDMS by the surface modification. My research
discovered a new bonding process between metal and PDMS, CFMPTB, which is the same as the
PDMS curing process. CFMPTB offers a simpler and faster process of flexible electrode
fabrication because it can enhance the adhesion strength in the PDMS curing process. It simplifies
the fabrication process which results in better reproducibility and decreased cost. Moreover, since
there is no surface modification in the process, there is no risk of reducing the biocompatibility
which is caused by the surface modification.
Additionally, the simplicity of CFMPTB enables the fabrication of more complicated
devices such as a thin porous PDMS membrane with electrode integration. As mentioned above,
PDMS is widely used for mimicking an in vivo environment of cell studies however the integration
of the electrode to PDMS is challenging. It would require further development and optimization
but CFMPTB enables the fabrication of a thin porous PDMS membrane with an electrode
integration, that will be a significant breakthrough in the cell study as well.

8.3 Challenges
CFMPTB is not a perfect method and it has various limitations to be solved. Since it is a
type of metal transfer process, CFMPTB shares the same challenges as traditional metal transfer
studies, that is the creation of crack on the transferred metals. The crack is a permanent damage
on the metal electrode and it limits the stability of the electrical property and the operation life of
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the flexible electrodes. Therefore, study of minimization of cracks on the surface of the transferred
metal electrode is mandatory.
Next, the trend of the adhesion strength was analyzed in terms of the metal transfer rate
because the measurement of the adhesion strength in meaningful units is challenging. The metal
transfer is the result of the bonding reaction; therefore, the metal transfer rate would be
proportional to the adhesion strength. However, it limits the analysis in various ways; sometimes,
the data was not valid for analysis. For further analysis, an alternative way for measuring the
adhesion strength in meaningful unit would be required.
Apparently, CFMPTB is mostly compatible with uncured PDMS, which indicates that the
pre-cured PDMS substrate cannot be used in this application. This can limit the use of CFMPTB
in some application areas.

8.4 Future Plan
In future, new experiments will be designed for the further study on the effect of the PDMS
curing condition on the adhesion strength between metal and PDMS. This study will include the
ease of metal oxidation as a significant factor.
Moreover, a further study of the flexible pressure sensor will be required for the study of
practical application. The results show that the flexible pressure sensor is reliable for sensing the
applied pressure however, it requires further study to calibrate the date. This would include a
change of the composition of the dielectric layer.
Next, the flexible Ag/AgCl electrodes fabricated by CFMPTB will be integrated into a VR
headset for a simpler and faster monitoring of EOG in the future. Prior to the practical
99

measurement, the fabrication of the flexible Ag/AgCl electrodes will be optimized for minimizing
the cracks. In addition to this, the ways for making better interconnection without detachment from
the flexible electrodes will be studied.
Furthermore, the fabrication of a porous PDMS membrane with an electrode integration
will be further developed and optimized. CFMPTB can be used for fabricating the PDMS
membrane, but the peeling off process is challenging due to the thickness of the membrane. The
membrane is too thin thus, the membrane is easily damaged during the peeling off process. It is
expected that this can be solved through the combination of an ultrasonic bath and an acetone bath.
Finally, the challenges of CFMPTB must be overcome. The cracks on the transferred metal
surface reduce the electrical stability and the operation life of the electrode. There are various ways
to solve these such as increasing the thickness of metal layer or integrating a serpentine pattern
design which maximizes the resistance of the transferred metal layer to the crack [142-144].
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