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Abstract 

A novel thin film transfer mechanism has been studied and developed to transfer 

chemically reduced graphene oxide (r-GO) thin film using a roll-to-roll printing system. 

We discover that shear stress generated on the silicon rubber stamp surface facilitates 

delamination of the deposited r-GO thin film efficiently. 

A roll-to-roll apparatus is assembled to demonstrate the shear-induced transfer printing 

in a large scale printing system. Shear stress is applied on the stamp surface by rotating 

the stamp side roller faster than the substrate side roller.  

The hydrophobic surface is changed to hydrophilic by polydopamine modification for 15 

minutes at 60˚C in order for r-GO thin film to be directly deposited on the rubber stamp. 

Roll-to-roll printing parameters such as evaporation time during deposition of r-GO, 

vertical deformation of stamp, RPM, and RPM ratio between two rollers are investigated 

and adjusted for successful transfer of r-GO.   

With the adjusted roll-to-roll printing parameters, r-GO thin film has been transferred 

successfully to glass and PET substrates at a printing rate of 5mm/min. The shear stress 

required to transfer r-GO thin film in our experiment condition with glass substrate is 

estimated to be 325.43 kPa by experimental data and computation with ANSYS.  

A flexible transparent capacitive touch sensor is fabricated with printed r-GO thin film 

after the sheet resistance is significantly improved by thermal annealing process.  

Both the shear-induced roll-to-roll printing method and the stamp modification process 

are expected to contribute to large scale manufacturing systems for flexible printed 

electronics. 

 

Keywords:  Roll-to-roll manufacturing; Transfer printing; Dry transfer; Printed 
electrode; Reduced graphene oxide; Transparent conductor 
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Chapter 1.  
 
Introduction 

1.1. Motivation 

The demand of wearable and flexible devices such as flexible sensors for health 

monitoring [1], flexible displays [2], and stretchable energy storage [3] has been 

significantly increased. The flexible sensor technology is moving closely related with the 

development of stretchable and flexible electrodes. Not only is the development of 

electrode materials important, but also deposition techniques, patterning processes, and 

combining them into a manufacturing system are significant, thus having been 

spotlighted by relevant scientists and engineers.  

Graphene has been highlighted as a promising advanced material for its 

electrical and mechanical properties since Andre Geim and his co-workers at the 

University of Manchester introduced a simple way to produce graphene sheets [4], [5]. 

The requirements to be a flexible electrode are satisfied by properties of graphene. 

Though it is expected by many people that graphene will be a dominating conductive 

material for flexible electrodes in the near future, its large scale production method and 

the appropriate film transfer technology for the mass production of devices still remain as 

unsolved assignments. 

1.2. Objective 

The objectives of this thesis are summarized as below 

• Large scale manufacturing of flexible application of reduced graphene oxide 
(r-GO) thin film using compliant rubber stamps.  
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• Roll-to-roll printing of r-GO using a novel mechanism, named shear-induced 
transfer, which is purely contributed by mechanical shear stress. 

• Design and fabrication of a roll-to-roll apparatus that can facilitate shear-
induced transfer. 

• Optimization of parameters in roll-to-roll shear-induced transfer printing. 

• Optimization of electrical property of the transferred r-GO thin film. 

1.3. Contribution 

This thesis mainly contributed to four areas: 1. r-GO thin film deposition method 

on hydrophobic stamp surface. 2. Development of a new film transfer mechanism named 

shear-Induced transfer in which shear stress is the main source of the mechanism. 3. 

Design and fabrication of a roll-to-roll apparatus that can utilize shear-induced transfer 

printing mechanism. 4. Optimization of electrical property of transferred r-GO thin film. 

In organic device fabrication, the selection of film deposition technologies has to 

be carefully considered depending on the property of the material and the substrate. For 

example, the direct deposition of solution-processed materials like chemically reduced 

GO by a variety of methods such as inkjet printing, screen printing, dropcasting, spray, 

etc. can sometimes degrade or change the substrate material chemically because of the 

existence of organic solvents, thus making its deposition and patterning process difficult 

and limited. Therefore, dry transfer (or transfer printing) using patterned stamps is a 

good way to pattern and deposit a film when chemical damages and degradation on the 

substrate are issues.  

There are two big assignments for transfer printing to be successfully done 

especially when using rubber stamp and solution processed r-GO: 1.Depositing r-GO 

thin film on the stamp is difficult because silicon rubber surface is too hydrophobic to 

form a uniform film by dropcasting. 2.Transfer of r-GO thin films to the substrate in a 

short time without adhesive has not been introduced yet. 

This thesis provides solutions for those assignments stated in the previous 

paragraph. Stamp surface modification technology has been developed as well as the 

process optimization which enabled the direct deposition of solution-processed 
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chemically reduced graphene oxide thin film on the stamp surface by dropcasting. Also, 

a new film transfer mechanism, named shear-induced transfer, for r-GO thin film has 

been developed. Our shear-induced transfer does not require the use of heat and 

chemicals, let alone adhesive. Furthermore, this transfer mechanism is demonstrated in 

a Roll-to-Roll printing system designed for shear-induced transfer, opening the doors 

towards large scale manufacturing systems for printed flexible electronics. A post-

treatment process (thermal annealing) which is investigated to improve electrical 

property of transferred r-GO thin film ends up with removal of residues on r-GO thin film, 

therefore dramatically reducing sheet resistance. Transfer parameter optimization and 

film characterization are also significant parts of this thesis that contributes to r-GO 

transfer technology. 
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1.4. Thesis Organization 

The organization of this thesis is as follows. In the rest of chapter 1, background 

of graphene is introduced, giving basic idea about properties of graphene, preparation 

methods, how graphene is patterned and deposited, and its applications.  Chapter 2 

starts with introducing roll-to-roll printing systems applied to printed electronics 

manufacturing systems and describes the design, specification and control method of 

our roll-to-roll apparatus for shear-induced transfer. Chapter 3 presents a whole picture 

of shear-induced transfer of r-GO with experimental data and discussions on the 

mechanisms. Stamp surface modification method for dropcasting of r-GO followed by r-

GO preparation section, the optimization process of the transferred r-GO, and 

demonstration of the transferred thin film are described here. Finally, conclusion and 

future work to do are discussed in the last chapter.    
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1.5. Introduction of Graphene 

1.5.1. Opportunity with Graphene 

Development of transparent electrode materials that can work at certain strain 

levels has become a common goal of researchers. As the world has been experiencing 

a rapid change by development of ubiquitous and environment-friendly portable devices, 

it is expected that electronics industry will be focusing more on devices that are flexible, 

wearable, and stretchable. In this era, conventional materials like silicon, semiconducting 

material, and Indium tin oxide (ITO), transparent electrode, need to be replaced because 

those are not flexible.  

It has been agreed by many researchers that graphene is a promising material 

that is enough to replace silicon and ITO [6], [7]. Graphene is a 2-dimensional carbon 

material which is flexible, stretchable, transparent and conductive. The advent of 

graphene by Andre Geim et al.[4]  in 2004 (they discovered a very simple method, called 

Scotch tape method, to produce graphene, and they characterized properties of 

graphene)  aroused strong interest of people from material science and many applied 

science areas who were keen to find materials that can replace silicon and ITO. The 

significance of this material is proved by 2010 Nobel Prize in physics. Thousands of 

papers about graphene and the applications have been published so far making steps 

forward to industry level facilitation of graphene materials. 

1.5.2. Structure of Graphene 

Graphene is a two-dimensional layer of sp2-bonded carbon atoms with the 

hexagonal lattice structure. The graphene hexagonal lattice is composed of two sub-

lattices of carbon atoms bonded together with σ bonds [8]. The thickness of single layer 

graphene has been known to be less than 0.35 nm and the distance between carbon 

atoms is 0.142nm. Graphene is also known as a single layer of graphite and Andre Geim 

et al.[4] first succeeded in separating single layer of graphite by mechanical exfoliation 

Figure 1.1).  
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In reality, graphene film does not always have the perfect two-dimensional 

honeycomb structure over the whole film area. A. Fasolino et al.[8] found that a 

graphene film is not perfectly flat but has ripples (Figure 1.2). They discovered that the 

ripples on the surface are because of thermal fluctuations and this is due to the 

multiplicity of chemical bonding in carbon. Kwangpyo Kim et al. [9] also reported that 

graphene films grown on copper foil by a Chemical Vapor Deposition (CVD) process 

have not only the honeycomb lattices but also pentagonal and heptangular lattices 

(Figure 1.3). It is also observed that direction of the crystal structure is not always 

uniform and there are non-hexagonal lattices along the border between two different 

grains (Figure 1.3). 

 

Figure 1.1. Schematic explanation of graphene structure [10]. Reprinted with 
permission. 

  

 

Figure 1.2. Simulated graphene film surface feature with ripples [8]. Reprinted 
with permission. 
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Figure 1.3. Atomic-resolution image of a graphene. The pentagon, hexagon, and 
heptagon are colored with red, black, and blue polygons, 
respectively. The scale bar is 0.5nm [9]. Reprinted with permission. 

 

 

1.6. Preparation and Patterning of Graphene Thin Film 

 

Figure 1.4. Diagram of the characteristics of graphene film production methods.  
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Electrical conductivity, film size, production cost, production scale, deposition 

method, and patterning method become significantly different depending on the 

graphene synthesis method. As described in Figure 1.4, high quality (in conductivity) 

graphene films are generally generated by either mechanical exfoliation method or CVD, 

while those two are relatively expensive and not yet developed well for mass production 

as much as solution processed graphene. Solution processed graphene materials are 

good candidates for cheap and a large scale synthesis though its electrical properties 

are the least among those three. The CVD method can synthesize one big single 

layered graphene sheet, whereas graphene films prepared by other methods usually 

consist of small graphene flakes [11].  Deposition and patterning methods also varies 

among them. This will be discussed in following section with examples. 

 

1.6.1.  Mechanical Exfoliation 

Mechanical exfoliation is a method that cleaves graphite layers into single or few 

layers by mechanical force. Graphene is a single layer of graphite. While carbon atoms 

have covalent bonding in the lateral direction, the vertical direction interaction between 

graphene sheets is van der Waals interaction which is much weaker than covalent 

bonding. In addition, the friction between layers is low so that exfoliation of a graphene 

layer can be accomplished with little pulling or sliding force [12]. Since this method 

produces high quality graphene sheets with almost no defect and impurity, the resulting 

graphene is a good source for academic researches. However, its yield and throughput 

are extremely low and the flake size is micro-scale, limiting its application.  

By Dongsheng Li et al.[13] demonstrated the production of a pattern of 

mechanically exfoliated graphene sheets. They made an array of squares on highly 

ordered pyrolytic graphite (HOPG) by photolithography to use it as a patterned stamp as 

described in Figure 1.5(a) and the resulting images of the stamp by Scanning Electron 

Microscope (SEM) are shown in Figure 1.5(b). To exfoliate the single or few layers of 

graphene on the stamp, pulling force has to be exerted on the stamp surface in any way. 

They used van der Waals force difference that a graphene layer has with another layer 
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of graphene and the substrate (SiO2) to transfer graphene film onto the substrate. The 

cohesion energy of SiO2 is around 8.6 times higher than that of graphite and this big 

interaction energy difference ensures the transfer of graphene layers to the substrate. 

Thus, the stamping process is simple as shown in Figure 1.6.  The stamping result is 

displayed in Figure 1.7. Graphene sheets were printed on the substrate keeping the 

stamp pattern (Figure 1.7(a)). The colors of printed graphene were differently taken by 

optical microscope due to the height difference. The heights of squares of each color 

were measured by Atomic force microscopy (AFM) scanning and presented in (Figure 

1.7(c)). Majority of printed squares are too thick to be called few layered graphene. Their 

approach successfully demonstrated the patterning of high quality mechanically 

exfoliated graphene layers, but they could not reach to getting high yield of single or few 

layer graphene, which is a fundamental drawback of mechanical exfoliation method.  

Patterning of mechanically exfoliated graphene has been explored by many 

researchers and many of them used HOPG and stamping methods [14]. Though people 

produced patterns of high quality graphene layers with precise pattern positioning 

technology, they could not control the number of graphene layers. Also, the stamping 

process required vacuum condition or adhesive to control the adhesion. For these 

reasons, mechanically exfoliated graphene has been limited its usage to fundamental 

studies. 
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Figure 1.5. (a) Graphite stamp fabrication flow. (b) SEM images of the graphite 
stamp [13]. Reprinted with permission. 

 

Figure 1.6. Schematic illustration of the stamping process [13]. Reprinted with 
permission. 
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Figure 1.7. Optical images of (a) transferred graphene pattern. The color 
difference is due to different heights: (b) stamped individual squares 
with different height, (c) AFM scanning profiles and measured 
heights of stamped squares in (b) [13]. Reprinted with permission. 

1.6.2. Chemical Vapour Deposition 

Chemical vapour deposition (CVD) enables large film size of high quality single 

or few layered graphene films. It is cheaper method and has relatively larger throughput 

than mechanical exfoliation though the solution processed graphene stand out from 

them with respect to cost and production scale [7][11].  

CVD synthesizes a graphene film on transition metals such as nickel and copper 

that can absorb carbon atoms well [15]. The catalyst metal foil is placed in the CVD 

chamber and methane (CH4) and hydrogen (H2) gases are introduced in the chamber. 

As the temperature inside of the chamber increases up to around 500~1000˚C [16][17], 

carbon atoms are dissolved into the metal substrate. After proper amount of carbon is 

absorbed in the metal foil, temperature is brought down to room temperature and 

vacuum is drawn to remove exhaust gaseous species after completion of reactions. As 
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temperature decreases, the solubility of carbon atom in the metal decreases and the 

metal starts to diffuse carbon atoms onto the surface forming a graphene layer. The 

cooling rate is a parameter to determine the thickness of graphene thin film. The 

thickness of CVD grown graphene can be controlled by adjusting the cooling speed [18]. 

The graphene film grow process is visualized in Figure 1.8. The metal catalyst is etched 

away in an etchant bath to transfer the graphene film to a targeted substrate. 

 

Figure 1.8. Schematic description of graphene film growth in CVD [18]. 
Reprinted with permission. 

For transfer of CVD grown graphene, Sukang bae et al.[19] successfully 

demonstrated roll-to-roll transfer of a large area highly conductive and transparent 

graphene film. They grew a graphene film on a copper foil in a tubular quartz tube at 

high temperature and attached the graphene/copper film to a thermal release tape. The 

copper foil was etched away in a roll-to-roll section with an etchant bath. The graphene 

film on the thermal release tape is ready to be transferred to any substrate with applied 

heat (90~120˚C) at a transfer rate of 150~200mm/min in the roll-to-roll system. They 

obtained a graphene film of 97.4% (at 550nm wavelength) transmittance and ~125Ω/□ 
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sheet resistance from their process. They further improved the sheet resistance down to 

~30Ω/□ by stacking 4 layers of graphene and doping with HNO3. 

 

Figure 1.9. Schematic illustration of the roll-to-roll graphene film transfer using 
a thermal release tape [19]. Reprinted with permission. 

Toshiyuki Kobayashi et al.[20] also introduced a roll-to-roll system that synthesize and 

transfer a large scale (100m long) graphene film continuously at low pressure condition. 

The development of large scale CVD grown graphene systems introduced above is 

leading to application of graphene in a broad area though the use of expensive metal 

catalysts is one another drawback of CVD method. 

As for patterning of CVD grown graphene, Keun Soo Kim et al.[15] pre-patterned 

the Ni catalyst layer to form a graphene layer according to the pattern (Figure 1.10(a)). 

After the completion of graphene growth on the patterned catalyst foil, they used two 

different methods to transfer the film onto target substrates. The first method uses a 

polydimethylsiloxane (PDMS) carrier (Figure 1.10(b)). A PDMS carrier is put on the 

graphene film and the catalyst layer is etched away leaving the graphene on the PDMS 

carrier. After the film is dried, the graphene is transferred on to a SiO2 substrate by a 

simple stamping process. This method is useful in that it is dry transfer without 

chemicals. In the other transfer method, graphene on the catalyst film is put into an 

etchant. As the metal layer is etched away, graphene thin film floats on the etchant 

surface. The floating graphene thin film is taken onto a substrate by placing the 

substrate on the graphene thin film (Figure 1.10(c)). The sheet resistance and 

transparency of the transferred film are ~280Ω/□ and ~80% (at 550nm wavelength) 

respectively. 
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Figure 1.10. Synthesis, etching and transfer of patterned graphene films. (a) 
Graphene growth on pre-patterned Ni catalyst layer, (b) dry transfer 
of graphene using a PDMS carrier, (c) transfer of graphene by 
floating graphene [15]. Reprinted with permission. 

Another patterning method was introduced by Seok Ju Kang et al.[21]. They 

grow a single layer graphene on a copper foil. A micro-scale patterned PDMS stamp is 

prepared and put on the graphene film. The copper foil is removed by etching. Graphene 

films remain only on the PDMS stamp posts. After rinsing with Distilled water (DI water), 

the PDMS stamp inked with graphene films is pressed onto the substrate and then the 

PDMS stamp is removed (Figure 1.11). They were able to print ~10 m scale 0.7nm thick 

patterns of sheet resistance of ~1.8kΩ/□. 
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Figure 1.11. Schematic illustration of the graphene film patterning and transfer 
process developed by Seok Ju Kang et al.[21]. Reprinted with 
permission. 

1.6.3. Solution Processed Graphene 

The ability to produce graphene thin films in large scale at low cost is a big 

advantage of solution processed graphene. It enables large scale graphene thin film 

formation on flexible substrates and also compatible with various printing technologies. 

Solution processed graphene is derived from graphite usually by chemical exfoliation in 

solution, and the graphene sheets stay in solvents stably [22]. For its various film 

formation and printing methods, there are countless applications especially in printed 

electronics. Solution processed graphene, however, has a big disadvantage. Electrical 

conductivity and carrier mobilities of solution processed graphene have been known to 

be orders of magnitude poorer than that of mechanically exfoliated graphene and CVD 

grown graphene because of high defect density on the graphene flakes. To further 

broaden its applicable area, there have been many researches to enhance electrical 

properties of solution processed graphene[23][24][25].  
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Figure 1.12. Schematic illustration of the production of reduced graphene oxide 
from graphite [26]. Reprinted with permission. 

Solution processed graphene synthesis consists of three big steps (Figure 1.12): 

1. Oxidation of graphite, 2. Delamination of graphite oxide into graphene oxide(GO), 3. 

Reduction of graphene oxide [26].  

Step 1 and 2 are mostly done by Hummers‘ method [27]. Graphite is treated with 

strong acids such as sulfuric acid (H2SO4) and nitric acid (HNO3) to decorate graphite 

layers with oxygen containing groups. The oxidized graphite can be exfoliated in water 

under ultrasonication because the oxygen groups expand the gap between layers and 

make the layers hydrophilic allowing water molecules to easily intercalate between 

layers. The exfoliated graphite oxide layers are called graphene oxide (GO). GO loses 

the characteristics of graphene because there are hydroxyl groups and epoxy groups on 

the basal plane and carboxylic groups on the edges breaking the sp2 network of 

graphene. The oxygen groups have to be removed in order to restore the sp2 network of 

graphene.  

There are three different methods to reduce graphene oxide (Figure 1.12): 1. 

Chemical reduction, 2. Thermal reduction, 3. Electrochemical reduction.  
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To chemically reduce GO, strong reduction agents such as hydrazine (N2H4) [28], 

hydroquinone (C6H6O2)[29], hydrogen sulphide (H2S) [30], and sodium borohydride 

(NaBH4)[31] are used in solution. There are remaining oxygen groups even after 

chemical reduction in reality and those can further removed by thermal annealing.  

High temperature can facilitate the thermal deoxygenation of GO. When the 

thermal energy reaches the binding energy between the oxygen groups and graphene, 

the oxygen groups can be dissociated. Therefore, the restoration of graphene‘s electrical 

characteristics depends on the temperature used for reduction. Figure 1.13 shows the 

relation between conductivity of the thermally reduced graphene oxide sheets and the 

annealing temperature. Thermal reduction process is usually done after GO is deposited 

on a substrate and this is one advantage of this method because hydrophilic GO sheets 

are easier to be stored in solution and deposited on substrates.  

Electrochemical reduction of GO is carried out in a normal electrochemical cell 

using an aqueous buffer solution at room temperature. The main source of reduction is 

the electron exchange between GO and electrodes, thus not using harmful chemicals 

like hydrazine [25][32]. 

 

Figure 1.13. Conductivity of thermally reduced graphene oxide sheets according 
to the temperature [33]. Reprinted with permission. 

There are various patterning methods for solution processed graphene. Since 

graphene sheets are stored in solution, conventional printing technologies such as 
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gravure[34], flexography[35], inkjet[36], and screen printing[37] are available for solution 

processed graphene as an ink.  

To apply graphene to those listed printing method, formulation of the ink with 

graphene has to be optimized depending on the required viscosity of the printing method. 

To increase viscosity and stabilize the graphene ink, polymer binder (ethyl cellulose (EC) 

is commonly used) in organic solvent is mixed with graphene sheets [34][35][37].  

Ethan B. Secor et al.[34] formulated a graphene ink for gravure printing and 

demonstrated printing of patterned graphene films by gravure printing. Figure 1.14(a) is 

a schematic of the ink structure formulated with EC in toluene and ethanol solvent. 

Figure 1.14(b) is the prepared ink ready for printing. They used a conventional gravure 

printing apparatus and optimized the parameters such as spacing between cells, cavity 

size, temperature, and printing speed for the graphene ink. The gravure printing process 

is illustrated in Figure 1.14(c-e). Figure 1.15(a) shows the image of printing graphene 

lines and they also tried printing the second layer on the first printed layer as shown in 

Figure 1.15(b). They printed graphene lines of 30µm width and 15~30µm thickness on a 

rough substrate (Kapton, ~50µm), and the conductivity is ~10,000S/m. There was no 

conductivity loss even over 500 bending cycles at a radius of 2mm.  

For applications in which wet transfer cannot be used, conventional printing 

methods that use ink are not the option. For those cases, transfer printing of r-GO can 

be a possible way to pattern and print r-GO thin films. An example of transfer printing is 

presented in Chapter 3 and also our shear-induced transfer method is a good option. 
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Figure 1.14. Development of graphene ink and the gravure printing process. (a) 
schematic of the ink structure with stabilizers. (b) a picture of 
prepared ink. (c-e) gravure printing process: (c) flooding of the 
gravure cells, (d) removal of excessive ink by doctor blading, (e) 
printing onto a flexible substrate [34]. Reprinted with permission. 

 

 

Figure 1.15. (a) Large-area scanning electron micrograph of printed lines. (b) 
graphene grid array by printing twice [34]. Reprinted with 
permission. 
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1.7. Applications of Graphene Thin Film 

1.7.1. Flexible Transparent Electrode 

Development of flexible transparent electrode is an essential step toward 

commercialization of flexible touch screen, display, organic light emitting diode (OLED), 

flexible solar cells, and so on. Indium tin oxide (ITO) has been conventionally used for a 

transparent electrode material. However, ITO is an expensive material and the 

manufacturing cost is also expensive. In addition, its brittle material property has been 

hindering its use in flexible devices.  

Graphene is a promising alternative for ITO for graphene has superior material 

properties to ITO. CVD method can synthesize a single or few layered graphene film 

which is extremely thin and has high optical transmittance. Electrical properties of 

graphene film are also compatible with ITO. One great advantage of graphene over ITO 

is that graphene film‘s electrical property does not change at high strain.  

Sukang bae et al.[19] fabricated a touch screen panel with their graphene 

preparation and transfer method already mentioned above. Their four-layered CVD 

grown graphene has ~30Ω/□ of sheet resistance and ~90% of optical transmittance 

which are better than what ITO has. The touch panel can operate at strain level of 6% 

without performance changes, while commercialized ITO based panel breaks under   

2~3% strain. The limited performance after 6% strain is not because of the graphene film 

but because of the silver electrodes printed on the graphene film. 

Zongyou Yin et al.[38] utilized solution processed graphene film as a flexible 

transparent electrode in an organic solar cell. GO is spin-coated on a clean SiO2/Si 

substrate to form a thin film of GO. Subsequently, thermal annealing in Ar/H2 

atmosphere at 1000˚C for 2 hours is applied to reduce the GO film. Prepared r-GO on 

the SiO2/Si substrate is transferred onto an oxygen plasma treated PET substrate using 

polymethyl methacrylate (PMMA) carrier (PMMA is etched with acetone after transfer). 

Other layers are deposited on the prepared r-GO/PET by spin coating and thermal 

evaporation (for silver electrodes). The layer structure of the organic solar cell and the 

energy level diagram are depicted in Figure 1.17 (a) and (b) respectively. r-GO 
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electrodes of different thicknesses were used to fabricate solar cells and the 

performances were observed (Table 1.1). The tensile strain of 2.9% was applied on the 

organic solar cells and they could operate even after a thousand of bending. Though the 

power conversion efficiency ( %) of their devices is low compared to that of ITO based 

solar cells, this paves a way to develop printed flexible organic solar cells.  

 

Figure 1.16. (a) Screen printing of silver past electrodes on graphene flexible 
electode. (b) demonstration of the flexibility of the graphene based 
touch panel. (c) demonstration of touch panel conntected to a 
computer [19]. Reprinted with permission. 

 

Figure 1.17. (a) Schematic description of the solar cell layer structure. (b) energy 
level diagram of the solar cell with r-GO thin film as the transparent 
electrode [38]. Reprinted with permission. 
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Table 1.1. Performance of the flexible organic solar cells with r-GO electrodes 
of different thicknesses(d), sheet resistance(R), and transmittance(T) 
[38]. 

r-GO thin film(d, R, T) Jsc (mA/cm2) Voc (V) FF  (%) 

(4nm, 16.0 kΩ/□, 88%) 1.74 0.557 0.30 0.28 

(10nm, 6.6 kΩ/□, 78%) 3.31 0.560 0.31 0.61 

(16nm, 3.2 kΩ/□, 65%) 4.39 0.561 0.32 0.78 

(21nm, 1.6 kΩ/□, 55%) 4.24 0.557 0.32 0.77 

1.7.2. Sensor 

Graphene also has special characteristics to be utilized as a sensor material. 

Konstantin S. Novoselov‘s group at Manchester University developed chemical sensors 

with mechanically exfoliated graphene knowing that chemical gas molecules absorbed 

on graphene sheets act as donors or acceptors, changing conductivity of the entire 

graphene thin film [39]. They succeeded to measure amount of chemicals such as NO2, 

NH3, H2O, CO, and C2H5OH with their graphene based sensors and found that NO2 and 

H2O become electron acceptors and the others become donors. A number of groups 

have demonstrated good sensitivity of chemically derived graphene for NO2, NH3, and 

dinitrotoluene under ambient conditions [40][41]. 

Pristine graphene and chemically derived graphene show different responses to 

chemical gas reaction on sheets. Gas molecules as acceptors or donors increase 

electron or hole population in pristine graphene and both increase conductivity. On the 

other hand, since chemically derived graphene is nominally p-type, electron withdrawing 

groups and electron donators have different responses. Electron withdrawing groups 

add more on carriers, while electron donators decrease holes [42].  
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Figure 1.18. (a) SEM image of the fabricated sensor. (b) AFM image of graphene 
and the electrode, and the graphene thickness measurement profile 
(bottom) [43]. Reprinted with permission. 

Hyeun Joong Yoon et al.[43] demonstrated carbon dioxide sensor using a 

graphene sheet. They exfoliated few-layered pristine graphene from HOPG and 

transferred it onto oxidized silicon wafer surface using PDMS stamp. They chose gold 

for electodes‘ material and deposited electrodes by standard electron-beam evaporation. 

Figure 1.18 shows the sensor structure and the thickness of graphene film used as a 

sensor material. It was observed that the conductance of the graphene gas sensor 

linearly changes according to the concentration of CO2 gas in 10~100 ppm range. 

 

Figure 1.19. (a) Schematic illustration of r-GO pressure sensor. (b) actual image 
of the sensor interfaces and the circuit [44].  ©  [2015] IEEE 
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Rouzbeh Kazemzadeh et al.[44] reported a highly sensitive pressure sensor 

using photothermally reduced graphene oxide. They deposited GO film on a flexible 

substrate by dropcasting method and reduced the film using laser beam. The thermal 

energy obtained from the laser dissociated oxygen containing functional groups on GO 

film reducing sheet resistance down to 100~500 Ω/□. GO was selectively reduced 

according to the touch sensor interface pattern as shown in Figure 1.19(a). When 

pressure is applied on the touch panel, the contact area between r-GO sheets increases 

leading to lower resistance and the voltage change by resistance variation is recorded to 

measure the pressure. Their sensor is capable of sensing pressure at a sensitivity of 19 

mV/kPa.  
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Chapter 2.  
 
Development of a Roll-to-Roll Apparatus 

2.1. Introduction 

In recent years, rapid development of organic materials has been drawing 

people‘s attention to the bright future of organic electronics. Organic materials normally 

have inferior electrical conductivity and durability to inorganic materials and it has been 

resisting the commercialization of organic devices despite the attractive features of them. 

However, developed organic material processing technologies, discovery of new 

materials like graphene, and the packaging technologies have enabled organic material 

based devices to make the best use of its advantages [7], [45], [46]. The benefits of 

organic material based devices are listed as follows: Devices can be flexible, stretchable, 

transparent, cheap, light, environment-friendly, and produced in a large scale.  

The roll-to-roll manufacturing system is a suitable system for printed electronics 

fabrication. Since most of organic materials are processed in solution phase, printing 

technologies for text and graphic have started to be utilized for printed electronics. 

Conventional graphic printing technologies such as screen printing, gravure printing, 

flexographic printing, inkjet printing, and various coating methods are all capable of 

printing electronics. Those printing methods are able to be combined and work together 

in one roll-to-roll manufacturing system, and this goes along well with the cost-effective 

features of printed electronics, providing high and continuous throughput. Frederik C. 

Krebs developed a polymer solar cell roll-to-roll fabrication system in which flexography 

printing, slot-die coating and rotary screening printing are combined in one roll-to-roll 

system [47]. As seen in Frederik C. Krebs‘ system (Figure 2.1), a roll-to-roll system has 

many rollers to convey a web and to transfer ink and is compatible even with ovens, 

implying further more applications available with the roll-to-roll system. 
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Figure 2.1. Polymer solar cell fabrication roll-to-roll system with three different 
printing and coating methods [47]. Reprinted with permission. 

Jiseok Kim et al.[48] from Stretchable Device Lab at SFU demonstrated a roll-to-roll 

system for a flexible and strechable strain sensor fabrication where spray and Ultraviolet 

(UV) curing system are equipped to ink the stamp and to cure UV-curable adhesive 

layers (Figure 2.2). 

 

Figure 2.2. Conceptual design of a strain sensor fabrication roll-to-roll system 
equipted with spraying and photo-curing systems[48]. Reprinted 
with permission. 

Likewise, many different materials can be printed by variety printing methods in one roll-

to-roll system producing thousands of the printed electronics. 
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In this study, a roll-to-roll apparatus was built to develop a dry transfer technology 

(shear-induced transfer) for r-GO thin films that can be integrated into the roll-to-roll 

printed electronics manufacturing system. In general roll-to-roll systems, different rollers 

rotate at the same tangential speed to convey a long flexible substrate continuously 

without shrinkages or stretches. However, our apparatus was designed to be able to 

have different tangential speeds to induce shear strain on the stamp.  

2.2. Development of Roll-to-Roll Apparatus 

2.2.1. Specification of Roll-to-Roll Apparatus 

A roll-to-roll apparatus for shear-induced transfer was designed and fabricated 

with acrylic glass sheets, 3 rollers, two step motors, sprockets, chains, a motor driver 

board, and a power supply. Acrylic glass sheets of 5.2mm thick were selected to form 

main frame structures because of its rigid and transparent properties as well as its easy 

fabrication method.  Acrylic sheets were cut by a laser cutter (VLS 3.6, Universal Laser 

system), and were assembled using bolts, nuts, and L-brackets. Two rollers (AB-3601, 

LITH-O-ROLL) of 31.75mm in diameter were separately motorized by two step motors 

(23HS7430, Longs Stepper Motor) to accurately control each roller independently, and 

the third roller was placed little apart. The distance between the two motorized rollers 

can be adjusted to control vertical deformation of the stamp. The roller on the front side 

is installed on shaft holders (roller gap controller in Figure 2.3(b)) on each side which are 

movable back and forth. A vernier caliper is used to accurately adjust the distance 

between rollers. The rotation of motors is transmitted to rollers by metal chains and 

sprockets. Sprockets were 3-dimension (3D) modeled by Unigraphics NX5 (Figure 

2.4(a,b)) and printed out by a 3D printer (Rostock max, SeeMeCNC) using  a poly lactic 

acid (PLA) filament, a strong polymer material normally used for gears (Figure 2.4 (c)). A 

motor driver board (TB6560, TOSHIBA) was mounted on the frame (Figure 2.3 (b)) and 

connected to front two motors and a computer. This controller board is capable of 

controlling up to three step motors separately with 1/16 micro-step setting providing 

smooth and accurate rotation at low RPM.  
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Figure 2.3. (a) Schematic representation of the roll-to-roll apparatus for the 
array of rollers and the stamp. (b) actual fabricated apparatus with 
its all components. 
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Figure 2.4. 3D modeled sprocket for (a) rollers and (b) motors. (c) side view 
(upper) and top view (lower) of the roll-to-roll apparatus with 3D 
printed sprockets. 
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2.2.2. Control of Roll-to-Roll Apparatus 

MACH3 software from Artsoft was installed in the computer to control the rollers 

by commands. It is easy to stop and run the motors repeatedly with MACH3 because it 

has an immediate stop button and works based on commands, while it also has manual 

control buttons. Since MACH3 was originally designed to control CNC machines, the 

interface is arranged to control rotating axes (X, Y, and Z) and the axes are controlled by 

G-code. Thus it is essential to first understand CNC machine control little bit. G-code is a 

programming language to move the machining tool according to its instructions. 

Instructions such as how fast and where to move are commanded by this language.  

While the software controls over three step motors, our system need only two motors. 

Therefore, one axis (x-axis) was chosen not to be used.  

There are only three commands (codes) which are necessary for our system: G 

(basic moving type selection in CNC machining), Y and Z (coordinates of two axes), and 

F (speed). G is always set as ‗G01‘ for linear motion. Y and Z are assigned to each roller 

and the ratio between the numbers typed after Y and Z indicate rotation ratio between 

them. F adjusts rotation speed of all axes. For example, if a command ‗G01 Y01 Z10 

F50‘ is given, Z roller rotates 10 times faster than Y roller and the RPMs of the two 

rollers are proportional to F value (50 here), and the given rollers‘ speeds do not change 

until rollers stop because of command ‗G01‘.  

The RPM of the two rollers at G-code commands was calibrated through tests in 

order to be able to accurately control the rollers using G-code. The calibration was done 

when the gear ratio between the roller and the motor is 2:1, and the micro-step setting is 

1/16. When Y and Z are the same and F is 50, rollers rotate 360˚ in 0.95 second. Based 

on the calibration data, an Excel file was programmed to calculate G-code command 

values with respect to the RPM and RPM ratio required for experiments. Figure 2.5 

shows the software interface window and calculated G-code values in an Excel table. G-

code values are calculated based on the RPM and RPM ratio input (yellow boxes). G-

code values presented in Figure 2.5 are for when the RPM of the substrate side roller is 

0.05 and the stamp side roller is 1.4 times faster. 
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Figure 2.5. MACH3 software interface window (upper) and an Excel table for G-
code calculations (lower). 
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Chapter 3.  
 
Shear-Induced Roll-to-Roll Transfer  

3.1. Objective and Plan for the Transfer Experiments 

In this chapter, shear-induced transfer is explained with experiment results 

followed by the r-GO thin film preparation method section. A post-treatment for the 

transferred r-GO thin film is also investigated for optimizing the electrical property of the 

film (Figure 3.1). 

 

Figure 3.1. Process flow of transfer experiment. Prepared r-GO solution is drop-
cast on surface modified PDMS stamp to form r-GO thin film 
followed by shear-induced transfer onto the target substrate and a 
post-treatment process.  
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Among many different graphene material preparation methods, solution 

processed chemical reduction of graphene oxide has been chosen for our film material. 

As explained earlier in chapter 1, this method enables large scale production of r-GO at 

room temperature without vacuum condition and post-treatments like etching process in 

CVD based graphene preparation system. Though solution processed r-GO has less 

electrical conductivity, it is much cheaper to produce in a large scale and has as many 

applications as CVD grown graphene [49]. 

Transfer printing has been selected as our transfer method to transfer r-GO thin 

films. Transfer printing with PDMS stamp, a common stamp material for its ability to 

make a conformal contact, has advantages in its simplicity, ease of creating micro-size 

patterns, and compatibility with Roll-to-Roll manufacturing system. Stamps can be easily 

fabricated multiple times from a single master and individual stamps can be used 

repeatedly. It is a cheap technic for fabrication which uses less energy because it does 

not require high temperature and a clean room.  

There is one group, Matthew Allen et al.[50] that used transfer printing with 

PDMS stamps to print chemically reduced graphene oxide on a silicon wafer. They 

deposited r-GO on an oxygen plasma treated glass substrate using spin coating followed 

by a thermal annealing process and inked the PDMS stamp by simply putting the stamp 

on the prepared r-GO thin film and then transferred on to a silicon wafer in the same way 

but with much longer time and raised temperature. The transfer process is illustrated in 

Figure 3.2. The mechanism used in their printing process is based on differing strength 

of van der Waals‘ force in the interfaces. When PDMS stamp is brought into contact with 

a r-GO thin film on a glass substrate, the hydrophobic surface of r-GO tends to have 

stronger van der Waals‘ interaction with the hydrophobic surface of PDMS than it does 

with the hydrophilic surface of the glass surface. The transfer from the glass substrate to 

PDMS stamp takes place in about 2 minutes, while still not the whole stamp surface is 

inked with r-GO as shown at the right side of Figure 3.2. Transferring r-GO thin film from 

the stamp to a silicon wafer is even harder. Several days of contact time is necessary to 

transfer r-GO thin film from the stamp to a silicon wafer at room temperature. With the 

raised temperature to 75˚C, the required contact time decreases down to 30 minutes. 

The  mechanism applied here is based on dissociation of low molecular weight 



 

34 

oligomers from the PDMS surface [51][52]. As the oligomers are dissociated from the 

PDMS surface, r-GO thin film on the surface is released and this happens faster at 

higher temperature but 30 minutes is still not a short time. Since the transfer occurs 

because of the dissociation of the oligomers, only freshly prepared PDMS can be used 

meaning stamps cannot be used multiple times and this is another big drawback of this 

transfer mechanism. 

 

Figure 3.2. Schematic illustration of transfer printing (left) and microscopic 
pictures (right). a) r-GO deposition on a glass substrate. b) inking 
PDMS stamp with r-GO thin film. c) contact with Si/SiO2 substrate. d) 
peeling the stamp off [50]. Reprinted with permission. 

Our shear-induced transfer printing is a very simple process that uses neither 

additional energy sources nor chemicals, not to mention adhesive. r-GO thin film 

deposited on the stamp is transferred onto the target substrate assisted by applied shear 

stress on the stamp surface. The roll-to-roll printing apparatus explained in chapter 2 

was used to conduct transfer experiments to demonstrate transfer printing in a roll-to-roll 
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manufacturing system. The shear strain on the stamp post is induced by rotating the 

stamp side roller faster than the substrate side roller (Figure 3.3). The mechanism will be 

discussed in detail in 3.2 Theoretical and Computational Analysis of Shear-Induced 

Transfer. r-GO thin film is prepared on the surface of PDMS stamp directly by 

dropcasting. The direct deposition of solution processed r-GO on the PDMS surface is 

known to be very hard due to the hydrophobic surface of PDMS, but the surface 

modification process with polydopamine enables the deposition by changing the surface 

property to hydrophilic. Thanks to the stamp surface modification process, our printing 

system has one transfer step from the stamp to the substrate rather than two like 

Matthew Allen et al. [50] did. The transferred r-GO thin films are put into a post-treatment 

process to evaporate solvent molecules trapped in the thin films and to remove residues 

from the stamp surface. After the post-treatment step, the electrical property of the thin 

films is greatly improved.  

 

Figure 3.3. Shear stress induced on the stamp surface by different roller speeds. 
The stamp side roller rotates faster than the substrate side roller. 

3.2. Theoretical and Computational Analysis of Shear-
Induced Transfer 

Griffith‘s fracture analysis is considered for the analysis of our r-GO thin film 

transfer between two rollers. Griffith employed energy-balance approach in facture 

analysis and that became one of the most famous developments in materials science 

[53]. To determine fracture or film delamination behaviour in the perspective of the 

energy based analysis, the work required to separate the surfaces is compared to the 

strain energy released as a crack grows [54]. The work required to separate a thin film 
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from the substrate per area is defined as interfacial toughness. Strain energy release 

rate is the energy applied on the interface to separate the surfaces per area. In the ideal 

case of Griffith facture, the interfacial toughness is equal to thermodynamic work of 

adhesion [55]. In reality, however, even brittle materials‘ fractures are accompanied by 

energy dissipation through plastic deformation at the crack tip or friction. Therefore, 

interfacial toughness of a film and the substrate is defined as  

                     (1) 

where      is interfacial toughness or energy per area required to delaminate the film 

with respect to mode mixity which is a relative measure of the amount of shear and 

normal stress components (Ψ = tan-1(    ),    is thermodynamic work of adhesion, 

which is the adhesion work of polydopamine in our case because polydopamine is 

decorated  on the stamp surface before r-GO thin film deposition and it is in contact with 

r-GO thin film,    and    are the energy spent in deformation of the thin film and 

substrate, and       is the energy loss due to friction [56]. Interfacial toughness is also 

regarded as the resistant to the crack propagation and strain energy release rate is the 

crack driving force (delamination driving is regarded as crack). Therefore, strain energy 

release rate should be bigger than interfacial toughness for film transfer to occur:  

     
      

  
           (2) 

where   is strain energy release rate,   is potential energy available for crack growth,   

is work associated with any external forces,   is crack area, and   is the resistant to the 

crack propagation [55][57]. To have the film transfer happened, and to have enough 

strain energy release rate in order to overcome the interfacial toughness between the 

film and stamp, in other words, the total amount of strain release rates by different loads 

should be investigated. In transfer printing, strain energy release rate is usually driven by 

the pulling force exerted on the film to peel it off. In our case, the pulling force is 

determined by the van der Waals‘ interaction between the r-GO thin film and the 

substrate surface when those are in contact. Since the r-GO thin film is drop-cast on the 

polydopamine modified stamp surface, the film has stronger interaction with the stamp 
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than with the substrate. Thus, transfer does not happen if it is only with the pulling force. 

As shown in equation               (3) 

              (3) 

where    and    are strain energy release rates by mode 1 and 2 loads (mode1: 

opening (Figure 3.4(a)), mode2: sliding (Figure 3.4(b))), total strain release energy is the 

sum of those two [58]. To have the total strain energy release rate exceed the interfacial 

toughness, different load modes have to cooperate. In our shear-induced transfer 

printing, mode2, sliding mode, was applied in addition to mode 1 to increase the energy 

exerted on the interface by making the stamp side roller rotate faster as explained in 

previous section. 

 

Figure 3.4. Illustration of the r-GO thin film transfer by (a) pulling force (mode1) 
and (b) shear force (mode2). Two different modes can be applied 
together to facilitate transfer. 

As found in Figure 3.25 Figure 3.26, r-GO thin films were transferred onto the 

glass substrates when RPM ratio is 1.4 or higher. It seems RPM ratio of 1.4 shows the 

best result considering the wrinkles and cracks on the films. In the higher RPM ratio than 

RPM ratio of 1.4, the excess energy induced by shear force is used to cause wrinkles 

and cracks on the transferred r-GO thin film. Figure 3.5 shows how critical interfacial 

toughness changes as the mode mixity angle increases. Critical interfacial toughness is 

the lowest when only mode1, pulling force, alone is applied. However, mode2, sliding 

force or shear force, has to be added inevitably to have higher strain energy release rate 

because the pulling force from the target substrate is insufficient to overcome the critical 

interfacial toughness. As the portion of mode 2 becomes bigger, the critical interfacial 
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toughness gradually increases and reaches to the maximum when mode2 alone is 

applied. While critical interfacial toughness increases, the thermodynamic work of 

adhesion remains constant, meaning there is energy dissipation as much as the energy 

difference between them. The energy is dissipated through energy loss by friction, 

damages on the transferred r-GO thin film, and the elastomeric rubber stamp (equation 

(                     (1)) and this is a drawback of this shear-induced transfer 

because there should be higher energy dissipation always when shear stress is used. 

Therefore, it is very important to find an optimal point where the use of shear force is the 

minimum, while the critical strain energy release rate is attained.  

To quantify the required shear force in this thin film transfer condition, the shear 

stress on the stamp surface was calculated by experimental measurements and ANSYS 

simulation software. The lateral direction displacement of the stamp post is equal to the 

tangential speed difference of two rollers multiplied by the contact time assuming the 

effects by the curvature are negligible. The contact time of the stamp surface and the 

substrate when the RPM of the substrate side roller is 0.05 was measured three times 

each by video recordings and averaged (Figure 3.6). The contact time should be the 

same regardless of RPM ratio in theory because the stamp surface is in contact with the 

substrate until the substrate moves enough to release the stamp, but in reality the 

contact time decreases as RPM ratio increases because of the effect of stamp 

deformation. The tangential speed is calculated based on RPM, the roller radius 

(31.75mm), the stamp thickness (2.6mm) for the stamp side roller, and the substrate 

thickness (1mm) for the substrate side roller as shown in the equation below. 

               
   

  
    (4) 

where    is tangential speed,   is radius,   is angular speed,    is radius of roller, and    

is height of stamp or substrate. Lateral displacement is calculated with the equation 

below. 

                                                      (5) 
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where         is tangential speed at stamp surface and            is tangential speed at 

substrate surface. 

 The calculated lateral displacements of the stamp surface are shown in Figure 

3.7(b).  

 

Figure 3.5. Critical interfacial toughness as a function of mode mixity angle [55]. 
As shear portion increases, critical interfacial toughness increases. 
Adapted with permission.  
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Figure 3.6. Stamp contact time according to RPM ratios. The contact time 
decreases as RPM ratio increases. 

 

Figure 3.7. (a) Lateral displacements of the stamp post according to different  
RPM ratios. (b) Simulated shear stress values with respect to RPM 
ratios. ANSYS simulation results: (c) side view with applied 
simulation condition and (d) top view (at  RPM ratio of 1.4). 
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Figure 3.8. Critical interfacial toughness and total strain energy release rate 
according to different RPM ratio. As RPM ratio increases, G1 remains 
constant G2 increases thus increasing the total G value. GC is critical 
strain energy release rate from which the film can be separated from 
the stamp. 

Assuming the effects that come from the curvature of the roller are negligible, calculated 

displacements were put into ANSYS simulation software as shown in Figure 3.7(c) to 

simulate induced shear stress on the stamp surface with respect to RPM ratios (Figure 

3.7(b)). Shear stress distribution in stamp is visualized from sideview (Figure 3.7(c)) and 

topview (Figure 3.7(d)). The material properties of the PDMS stamp that was set in the 

software are as follows: Yong‘s modulus: 2.7 MPa, shear modulus: 0.89 MPa, bulk 

modulus: 43.3 MPa, and Poisson‘s ratio: 0.49. It has been confirmed through 

experiments that RPM ratio of 1.4 is the point from which the transfer happens. 

According to the experiment results and simulation results, the shear stress that has to 

be induced on the stamp surface for film transfer is 325.43 KPa. 

Strain energy release rate is proportional to the square of normal stress (for   ) 

or shear stress (for   ) as shown below [59]. 

   
    

 
,     

    

 
    (6) 

Where   is normal stress,   is shear stress,   is crack tip length, and   is 

Young‘s modulus.  As we explore experiments with different RPM ratios,    remains 

constant because RPM ratio does affect pulling force onto the film, and    increases 
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proportional to the square of the shear stress value calculated in Figure 3.7 (b). Figure 

3.8 illustrates the relations that RPM ratio has with strain energy release rates and 

critical interfacial toughness. Without RPM ratio applied, the total strain energy release 

rate has no way to overcome the critical interfacial toughness. By adding shear strain 

release rate by shear force (   , the total strain energy release rate can reach to critical 

strain energy release rate, from which the film is separated from the stamp, when RPM 

ratio is 1.4 as experimentally proven (refer to Figure 3.25). 

3.3. Preparation of r-GO Deposited Stamp 

3.3.1. Reduction of Graphene Oxide 

 

Figure 3.9. Schematic illustration of graphene oxide reduction process and the 
chemical structure changes (-COOH groups at the edges are omitted 
from the figure for clarity). Oxygen groups on the basal plane 
disappear after reduction and pyrazole groups are attached at the 
edges due to hydrazine[60]. Adapted with permission. 

For the preparation of reduced graphene oxide, one of the most well-known 

methods has been chosen. Commercialized GO solution in water was purchased (0.5 

wt. % GO, Angstron Materials Dayton, OH, USA) and was treated with hydrazine 
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monohydrate, a strong reduction agent, to eliminate oxygen functional groups 

(reduction). Detailed material preparation process is as follows [61]: 

1. Heat silicone oil bath up to 80˚C on a hot plate. 
2. Take 15ml of GO solution into a flask and add 10ml of water to have GO of 0.3wt % 

in water. 
3. Sonicate the GO solution for 2h to make sure that there is no agglomeration. 
4. Add 225ml of Dimethylformamide (DMF) to make it 9parts DMF and 1part water 

(in volume). 
5. Put the flask into the oil bath and wait until the temperature is stabilized at 80˚C 

(keep stirring the solution using a magnetic bar). 

6. Apply 38.5   of 65% hydrazine monohydrate (pure 1   for 3mg of GO). 
7. Continue to stir for 12 hours at 80˚C with the flask plugged up. 
8. Cool down at room temperature and have 5 minutes of sonication. 

The r-GO solution in DMF/water solution produced by the method presented above is 

very stable colloidal suspension that has stayed more than a year without floating or 

precipitated particles. 

To confirm the reduction of graphene oxide, Attenuated Total Reflextance 

Infrared Spectroscopy (ATR-IR) (L160000A, PerkinElmer) and Ultraviolet-Visible 

Spectroscopy (UV-Vis) (Cary 50, Varian) spectroscopy were used to characterize. In 

Figure 3.10, peaks at 230nm and 300nm were removed and a new peak at 264nm arose 

after the reduction process. This peaks‘ changes are a typical phenomenon as reduction 

of GO occurs, meaning reduction has been successfully done [22], [62].  
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Figure 3.10. UV-Vis spectra of GO and r-GO. 

The reduction of oxygen groups by hydrazine treatment was also confirmed using ATR-

IR spectroscopy. In Figure 3.11, ATR-IR spectra of GO shows O-H (3395 cm-1), alkoxy 

C-O (1069 cm-1), epoxy C-O (1233 cm-1), carboxy C-O (1414 cm-1), C=C (1625 cm-1), 

and C=O (1728cm-1) stretches, which are common peaks arrangement for GO [62][63]. 

After hydrazine treatment, oxygen functional groups are scaled down considerably or 

removed, and two broad peaks at 1192-1and 1560cm-1 appear. It is assumed that 

1192cm-1 corresponds to the C-O stretch and 1560cm-1 to the aromatic C=C stretch [61]. 

Both UV-Vis and ATR-IR results confirm that our hydrazine treatment reduces GO as it 

is supposed to do. Though this reduction process restored the sp2 network of graphene 

significantly by reducing functional groups, not all oxygen groups were disappeared as 

presented by ATR-IR characterization and it has been reported that reduction of GO with 

hydrazine monohydrate causes formation of pyrazole groups (aromatic five-membered 

rings with two adjacent N atoms) at the edges of r-GO platelets [60].  
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Figure 3.11. ATR-IR spectra of GO and r-GO. 

3.3.2. Flexible Stamp Fabrication 

The stamp for r-GO thin film transfer was design as shown in Figure 3.12(b). The 

stamp post is 8×8×1.3mm3 in size and the back support part is also PDMS of 1.3mm 

thick which is designed to be long enough to wrap the roller. The stamp mold was first 

fabricated with laser cut plexiglasses of 1.3mm thick and Polyethylene terephthalate 

(PET) at the bottom. Plexiglasses were put together by adhesive and PET was attached 

on the bottom using a double sided tape (Figure 3.12). The stamp fabrication steps are 

as follows. Polydimethylsiloxane (PDMS elastomer, Sylgard 184) and cross-linker 

purchased from Dow Corning are thoroughly mixed at 10:1 ratio and the mixture is 

poured into the mold after air bubbles are removed in a vacuum chamber. The mold with 

PDMS in it stays in an oven at 65 ˚C for an hour to cure the PDMS and the cured stamp 

is gently unmolded manually. 
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Figure 3.12. (a) Laser-cut plexiglass mold for stamp roll fabrication, (b) stamp 
dimensions.  

3.3.3. Stamp Surface Modification by Polydopamine 

The surface of the PDMS stamp has to be modified in order to evenly deposit r-

GO thin film on the surface by dropcasting. PDMS is a hydrophobic material in which 

water and DMF are not able to spread evenly on the surface. Figure 3.13(a) is the case 

when r-GO solution is drop-cast on a bare PDMS. To make the stamp surface 

hydrophilic, polydopamine modification method was chosen. Haeshin Lee et al.[64], 

inspired by the mussel‘s great adhesion on almost every substance, researched on the 

composition of adhesive proteins in the mussel and found a way to coat multifunctional 

polymer layer on a wide range of materials. The coating method developed by Haeshin 

Lee et al. was able to coat even PDMS surface with polydopamine making the surface 

hydrophilic due to O-H groups of polydopamine.  
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Figure 3.13.  Pictures of r-GO thin films drop-cast on (a) bare PDMS and (b) 
polydopamine modified PDMS. (c) r-GO thin film deposited on a 
stamp after the stamp was once used for a transfer. Polydopamine 
surface modification enables even deposition of r-GO thin film. 

The surface properties of the PDMS stamp are dependent on the parameters in 

the modification process. The PDMS surface modification process consists of three big 

steps: 1. Dopamine solution preparation, 2. Soaking PDMS in the solution, 3. Rinsing in 

flowing DI water and Drying in air (Figure 3.14). Three parameters considered in this 

thesis are the concentration of dopamine hydrochloride (Aldrich) in the solution, 

temperature, and the soaking time. As the dopamine concentration increases, the 

polydopamine layer becomes thicker also making the surface rougher [64][65][66]. 

Raising temperature makes the self-polymerization of dopamine monomers faster, 

resulting in smaller polydopamine particles deposited on the surface [67]. Though small 

particles grown at high temperature can be aggregated forming big clusters, deposition 

of those clusters can be prevented by placing the stamp upside down in the 

solution(Figure 3.14(b)) and by rinsing with DI water after coating [66].  The thickness 

and roughness of polydopamine layer is proportional to the reaction time [64][66]. The 

roughness of polydopamine modified PDMS was explored using AFM scanning (NX-10, 

Park Systems). The data shown Figure 3.15 endorses the relation between modification 

time and the roughness. The shorter the PDMS is in the solution, the less rough the 

surface is. For the purpose of the deposition and contract pringting of r-GO thin film, the 

modification step should ensure that polydopamine on the stamp does not create a 

rough surface, implying that the polydopamine layer on the stamp needs to be thin, as 
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long as the surface is hydrophilic enough to evenly deposit r-GO thin film, to minimize 

roughness. Therefore, low concentration (1g/l) of dopamine in the solution, high 

temperature (60˚C), and short modification time (15min) were selected. Combining 

studies on the parameters, our dopamine modification method was developed as follows.  

1. Dissolve 0.12119 g of tris (hydroxymethyl) aminomethane (Sigma-Aldrich) in 50ml 
of DI water. 

2. Add Hydrochloric acid (HCl) (37%, Aldrich) until pH becomes 8.5. 
3. Pour 50ml of water additionally and heat it until 60˚C. 
4. Dissolve dopamine hydrochloride (Aldrich) of 0.1g. 
5. Put the stamp sample upside down in the prepared solution while keeping 60˚C. 
6. Take the sample out after 15 minutes and rinse with flowing DI water. 
7. Dry the surface with an air gun. 

The reaction time longer than 15minutes did not make big differences in contact angle 

(measured by Digital AST Contact Angle System) unless it is 24hours (contact angle 

after 24hours=72˚) (Figure 3.16). It was experimentally verified that modification time of 

15minutes is enough to evenly deposit r-GO thin film on the surface as shown in Figure 

3.13(b). In addition, the r-GO thin film transfer results with different modification time in 

Figure 3.17 prove benefits of having short modification time. The poorer transfer results 

seen in the samples with longer modification time are ascribed to higher roughness 

because higher roughness ends up with smaller contact area with the substrate, thus 

having weaker adhesion to the substrate. Therefore, the modification time needs to be 

kept short.  

 

 

Figure 3.14.  Schematic illustration of stamp modification process: (a) dopamine 
solution preparation, (b) stamp soaking in the solution, (c) rinse with 
DI water and air dry. The stamp is covered with polydopamine layer 
after this process. 
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Figure 3.15.  AFM scan images and roughness (root mean squared) of 
polydopamine modified PDMS surfaces with different modification 
time. Longer modification time makes the surface rougher. 
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Figure 3.16.  Contact angle measurement of polydopamine modified PDMS 
surfaces. Contact angle does not change significantly after 15 
minutes. 

 

Figure 3.17.  Dopamine modification time and the corresponding results of r-GO 
thin film transferred onto glass substrates (before other parameters 
were adjusted). Longer modification time hinders transfer of r-GO 
thin film. 

3.3.4. r-GO Deposition on Stamp 

Thanks to polydopamine modification, r-GO thin film can be formed on the stamp 

surface by dropcasting, the simplest and economic method. r-GO solution (0.03wt%) of 

0.3875  /mm2 (24.8     for our stamp) is drop-cast on the modified stamp surface. 

Evaporation of solvents is enhanced by drawing vacuum. Vacuum level of -0.096MPa 

has been used. Evaporation time in the vacuum chamber as an experiment parameter is 

discussed in 3.4.1.Optimization of Dropcast. Transmittance of the drop-cast film was 

measured by UV-Vis spectroscopy and the transmittance at wavelength of 550nm was 



 

51 

40% as shown in Figure 3.18. Our film has low transparency, whereas there are 

graphene films with transparency of higher than 90%. The transparency can be 

improved by reducing amount of r-GO solution during dropcasting deposition. However, 

this thesis focuses more on film deposition itself and the transfer process, leaving that 

issue as a future work. 

 

Figure 3.18. Transmittance of drop-cast r-GO thin films (when 0.3875  /mm2 of r-
GO solution (0.03wt%) was drop-cast). Transmittance at 550nm 
wavelength is 40%. 

3.4. Optimization of Transfer Parameters  

There are four main parameters that affect the transfer quality substantially: 1. 

RPM, 2. RPM ratio of the stamp side roller to the substrate side roller, 3. Gap between 

the film and substrate, 4. Solvent evaporation time of solution processed r-GO after 

dropcasting on the stamp surface. Even if r-GO thin films are ready on the stamp surface, 

transfer never happens without parameter optimization. The microscope glass sheet was 

selected for the substrate to emphasize the significance of our transfer mechanism. If 

graphene film is in contact with PDMS and glass, graphene film tends to interact 

stronger with PDMS as experimentally proven by Matthew Allen et al. (Figure 3.2). With 
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induced shear stress on the stamp surface cooperating with parameter adjustment, 

however, transfer takes place regardless of the interfacial characteristics.  

Terms used in following sections need to be explained ahead in order for readers 

to understand experimental setups and results.  

• RPM: number of revolutions per minute, used to indicate how fast the rollers 
rotate. 

• Vertical deformation: reduced stamp height by compression during printing 
process. 

• RPM ratio: rotation speed difference in ratio. If it is 1.5, it means the stamp 
side roller is 1.5 times faster than the other. 

3.4.1. Optimization of Dropcasting 

Solvent evaporation time during dropcasting film deposition is one of the most 

important factors that determine the quality of transferred film. Throughout numerous 

transfer trials with varying solvent evaporation time, it was discovered that shorter 

evaporation time results in better transfer quality in terms of transferred area and 

damages on the film as clearly seen in Figure 3.19 and Figure 3.20. In 28 liters vacuum 

chamber (OV-11, Jeiotech) at vacuum level of -0.096MPa at room temperature 

(21~22˚C), it takes an hour to vaporize all visible solvent on the stamp surface when 

223.2 l of r-GO solvent is drop-cast on stamps. Evaporation time should be longer than 

one hour at least because r-GO thin film is not formed completely before one hour. 

Transfer is performed the best at the minimum evaporation time and this is attributed to 

un-evaporated solvent molecules on the film. Liquid phase molecules have higher 

mobility so that molecules reorient and inter-diffuse across the contact interface, thus 

making stronger adhesion between the r-GO thin film and the substrate [68]. To enhance 

the adhesion between surfaces, contact area has to be maximized and thus surface 

roughness should be minimized. The surface roughness of the r-GO thin film was 

examined with evaporation time as a variable (roughness measurement was conducted 

by AFM non-contact mode). It is observed that roughness becomes bigger as 

evaporation time increases as shown in Figure 3.21. This is possibly ascribed to 

remaining solvent molecules that fill nano and micro sized dents.  

http://www.medlinescientific.com/shop/manufacturers/lab-companion-jeio-tech-laboratory-equipment?tmpl=component
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Figure 3.19. r-GO thin films transferred onto glass substrates with varying 
solvent evaporation time (with other parameters fixed at RPM ratio: 
1.4, vertical deformation: 0.5mm, and RPM: 0.05). Shorter 
evaporation time results in better transfer. 

 

Figure 3.20. Microscopic pictures of r-GO thin films transferred after solvent 
evaporation time of (a) 3 hours, (b) 2 hours, and (c) 1 hour.  

 

Figure 3.21. Root mean squared roughness of the r-GO thin film surface 
according to solvent evaporation time. Roughness is proportional to 
solvent evaporation time. 
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3.4.2. Control of RPM for Two Rolls’ Contact Time Variation 

RPM is directly related to contact time of the stamp and the substrate. The 

slower RPM, the longer the r-GO thin film stays in contact with the substrate. It is 

generally known as a common phenomenon that longer contact time results in stronger 

adhesion because molecules on the surface rearrange themselves during the contact 

time to have stronger interaction [68]. In our case, there are un-evaporated solvent 

molecules on the film surface, thus taking more advantages of stronger adhesion by 

longer contact time. Experimental results are well matched with the assumption. 

Transfer experiments were done using different RPMs of the substrate side roller with 

other parameters fixed at the values that show the best transfer so far(RPM ratio: 1.4, 

vertical deformation: 0.5mm, evaporation time: 1 hour).  

 

Figure 3.22. r-GO thin films transferred onto glass substrates by different RPMs 
(with other parameters fixed at RPM ratio: 1.4, vertical deformation: 
0.5mm, and evaporation time: 1 hour). Slower RPM gives more 
contact time during transfer, thus improving transfer. 

As shown in Figure 3.22, the transferred area of r-GO thin films is much bigger when 

RPM is lower. Throughout experiments, it is observed that RPM of 0.05 is giving enough 

contact time for the film transfer.  

 

3.4.3. Control of Rolls’ Gap for Vertical Deformation Variation 

Vertical deformation induced on the stamp post during roll-to-roll contact printing 

provides pressure on the film, ensuring intimate contact. To find the effect of vertical 
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deformation, transfer experiments were done with different vertical deformation sizes by 

adjusting the gap between the two rollers. Vertical deformation under 0.2 mm could not 

make enough pressure in the interface to have sufficient friction to prevent slipping 

behaviour by exerted shear stress before r-GO thin film is delaminated from the stamp 

surface. Figure 3.23 informs that vertical deformation from 0.5mm produces adequate 

pressure in the interface to transfer large area of r-GO thin films. Higher pressure by 

squeezing the stamp allows r-GO thin film to contact more tightly to the substrate 

increasing contact area but also vertical direction contraction enlarges the stamp surface 

in lateral direction which causes cracks in the transferred films [68]. As shown Figure 

3.24, vertical deformation of 1mm ends up with more and larger cracks compared to the 

film transferred with vertical deformation of 0.5mm. Considering experiment data so far, 

0.5mm was chosen as vertical deformation value. 

 

Figure 3.23. r-GO thin films transferred onto glass substrates by vertical 
deformations of the stamp post. (with other parameters fixed at RPM: 
0.05, RPM ratio: 1.4, and evaporation time: 1 hour). Enough vertical 
pressure has to be induced to have intimate contact between the 
film and the substrate throughout the transfer. 
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Figure 3.24. Microscopic pictures of transferred r-GO thin film when vertical 
deformation is (a) 0.5mm and (b) 1mm. Excess pressure caused the 
stamp to expand in lateral direction creating bigger cracks. 

3.4.4. Control of RPM Ratio for Shear Generation 

Having different RPMs on the rollers is a way to induce shear stress in a roll-to-

roll or roll-to-plate printing system. Our roll-to-roll printing apparatus was design to be 

able to control two rollers separately. The roller on which the stamp is mounted rotates 

faster than the substrate side roller, thus making lateral direction displacement on the 

stamp post as depicted in Figure 3.3. Lateral direction displacement draws shear strain 

on the stamp post eventually inducing shear stress on the stamp surface.  

 

Figure 3.25. r-GO thin films transferred onto glass substrates by different RPM 
ratios (with other parameters fixed at RPM: 0.05, vertical 
deformation: 0.5 mm, and evaporation time: 1 hour). The film is not 
transferred without inducing shear but the film starts being 
transferred as RPM ratio increases. 

Experiment results show that there is a certain point where r-GO thin films start 

to be transferred to the substrate over whole stamp surface. To  compare only the effect 

of different RPM ratios, other parameters were fixed at the values attained through 

experiments addressed ahead (evaporation time: 1 hour, RPM of the substrate side 
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roller: 0.05, vertical deformation: 0.5mm). RPM ratio was raised from 1.2 to 1.8 (films 

were not transferred at all without having different RPMs) and it seems it obtains enough 

energy to transfer the films from RPM ratio of 1.4 (Figure 3.25). 

 

Figure 3.26. Microscopic pictures of r-GO thin films transferred by RPM ratio of 
(a)1.4, (b)1.6, and (c)1.8. Higher stress induced by higher RPM ratio 
forms more cracks and wrinkles on the transferred film.  

Figure 3.26 shows microscopic pictures of films transferred by different RPM 

ratios. Though the films were transferred onto the substrate without significant loss of the 

film, cracks and wrinkles which were found on the film surface increased in size as RPM 

ratio increases. This is attributed to excessive shear stress exerted by high RPM ratios 

as explained in the previous section. Because of the damages on the film, the film 

transferred by RPM ratio of 1.8 has much higher sheet resistance (more than double) 

than the film transferred by RPM ratio of 1.4 has.  

The adjusted parameters so far were also once applied to transferring r-GO thin 

film onto a flexible and transparent substrate, Polyethylene terephthalate (PET). The 

result is shown in Figure 3.27. Almost the whole film area was transferred onto a PET 

substrate but there are more cracks on the film when it is compared with r-GO thin films 

transferred onto a glass substrate. This is because the interaction that the film has with a 

glass substrate is different from the interaction with PET. Therefore, the parameters 

have to be adjusted again for a new material and it has to be done for all other 

substrates. 
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Figure 3.27. Transfer trial onto a flexible polymer substrate: (a) Transferred r-GO 
onto a PET substrate and (b) the microscopic picture.  

The polydopamine coating on the stamp was found to be damaged at the 

transfer process. r-GO solution was drop-cast on a stamp used once for a transfer. The 

resulting film on the stamp covered the whole stamp surface but was not evenly 

deposited as seen in Figure 3.13(c). This means that polydopamine is not evenly 

covering the stamp after a transfer, implying that some portion of polydopamine is 

remaining on r-GO thin films after transfer. This is because bonding between 

polydopamine itself is weaker than its bonding to the stamp and the film [66]. The 

existence of polydopamine residues on transferred r-GO thin films is verified by ATR-IR 

spectroscopy in 3.5 Post-Treatment of Transferred r-GO Thin Film. 

3.5. Post-Treatment of Transferred r-GO Thin Films 

The transferred r-GO thin film as an electrode needs to be improved in terms of 

the electrical property. There are many factors that degrade electrical conductivity of r-

GO thin film by breaking the sp2 network of graphene such as solvent molecules trapped 

in r-GO flakes, oxygen groups survived from the reduction process, polydopamine 

residues, and residues from hydrazine monohydrate. Those impurities should be 

eliminated to restore the conductivity of graphene. Among many strategies for r-GO 

optimization, an annealing process after the chemical reduction has been known to be 

effective [69][70][71][72]. Eda et al.[72] found that the hydrazine reduction of GO 

followed by a low thermal annealing process at 200˚C can produce r-GO thin films that 

have better electrical conductivity than r-GO thin films reduced only by thermal annealing 
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at 550˚C have [73]. This is because each process removes different oxygen functional 

groups selectively, complementing each other [69].  

Annealing process was done for our transferred r-GO thin films with different 

temperatures. The chemical composition and the sheet resistance were investigated 

using ATR-IR spectroscopy and a 4-probe sheet resistance measurement system 

(Keitheley 2400) respectively. The transferred r-GO thin films were put into a vacuum 

oven of vacuum level -0.096MPa and annealed for 12 hours at 100, 150, 200, and 260˚C.  

Figure 3.28 lists the ATR-IR spectra of GO, r-GO and polydopamine films. It can 

be easily found that the r-GO thin film drop-cast on a glass sheet and the transferred r-

GO thin film show different spectra. The only difference between them is presence of 

polydopamine residues on the transferred r-GO thin film. Since the transferred r-GO thin 

film was drop-cast on a polydomine modified stamp, there should be residues of 

polydopamine on it. The transferred r-GO thin film (before annealing process) has three 

new peaks (844cm-1, 1261cm-1 and 1040cm-1) that the r-GO thin film drop-cast on a 

glass sheet does not have. Considering the ATR-IR spectrum of polydopamine has the 

same three peaks, it is confirmed that there are polydopamine residues on the 

transferred r-GO thin films. As annealing temperature increases, the spectra of the 

transferred films become more similar to that of r-GO thin films without polydopamine 

residues, meaning decomposition of polydopamine residues.  

The annealing process decreased the sheet resistance of the transferred r-GO 

thin film dramatically. The sheet resistance measurement results are listed in Table 3.1. 

The decomposition of polydopamine at high temperature should contribute to the 

resistance decrease as well as evaporation of solvent molecules. The large resistance 

drop at 100 and 150˚C is ascribed to evaporation of trapped solvent molecules. The 

further reduction in sheet resistance at 200˚C is possibly due to more rapid evaporation 

of trapped DMF molecules. Annealing at 260˚C possibly caused the loss of CO and CO2 

from decomposition of labile oxygen functional groups, thus leading to higher 

conductivity [61].  
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Figure 3.28. ATR-IR spectra of GO, r-GO, and dopamine films. Polydopamine 
residues changes the spectrum of transferred r-GO and the 
spectrum is restored after thermal annealing. 
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Table 3.1. Sheet resistance of transferred r-GO thin films before and after 
annealing at different temperatures. 

Temperature(˚C) 
Sheet 

resistance(MΩ/□) 

No annealing 38.16 

100 16.32 

150 2.1 

200 0.7 

260 0.22 

3.6. Demonstration of Transferred Thin Film as Flexible 
Transparent Electrode 

A flexible transparent capacitive touch sensor was fabricated to demonstrated 

transferred r-GO thin film as flexible transparent electrode. Figure 3.29 (a) shows the 

device structure. 6 r-GO thin films as touch panels were printed on PET in our roll-to-roll 

apparatus at a time. This time, only half the amount of r-GO solution used in 

experiments was used to make the touch panels more transparent. The printed r-GO 

panels were annealed at 150˚C (PET can be degraded at higher temperature) to 

improve conductivity. The resulting touch panels have 52% transmittance at 550nm 

wavelength and sheet resistance of 2.18MΩ/□. The optical transmittance increased 30% 

while the sheet resistance increased 5.7% by using half the amount of r-GO solution. 

Printed touch panels were connected to a commercially available capacitive touch 

sensor breakout board (MPR121, Sparkfun) by enameled wires. The breakout board has 

its built-in capacitors and one electrode of each capacitor is connected to a touch panel 

so that the capacitance of the capacitor can be changed by touching the touch panel. 

The capacitance change signal is converted into voltage output signal by the analog to 

digital converter in the breakout board and the microprocessor (Arduino Uno) to light up 

light emitting diodes (LEDs) according to the touch input from the touch panels. Printed 

touch panels were wrapped on a syringe as seen in Figure 3.29 (b) and LEDs were 

turned on when fingers were in contact with PET right above the printed touch panels as 

shown in Figure 3.29 (c).  
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Figure 3.29. (a) Schematic illustration of the capacitive touch sensor with printed 
r-GO thin film. (b) picture of the flexible transparent capacitive touch 
sensor. (c) LEDs lightening according to signals from touch input. 

3.7. Summary 

Shear-induced transfer printing of r-GO thin films has been demonstrated in a 

roll-to-roll system followed by the introduction of an effective film deposition method. All 

the processes including r-GO thin film deposition on the stamp, shear-induced transfer, 

and the film optimization are addressed in detail, and the mechanisms behind the 

parameter optimization are discussed in this chapter. 

Uniform r-GO thin film deposition on the hydrophobic PDMS surface has been 

enabled by the polydopamine surface modification process. 15 minutes of stamp 

modification at 60˚C in the dopamine solution (1g/l) has been found to be enough to 

achieve hydrophilicity required to uniformly deposit r-GO thin films by dropcasting. The 
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effect of polydopamine modification was observed to be weakened after the stamp had 

been used for a transfer. This is because some polydopamine also moved onto the r-GO 

thin film during transfer. 

Four parameters in shear-induced roll-to-roll transfer were adjusted through 

experiments. Solvent evaporation time during the dropcasting process has to be 

minimized as long as the film is formed on the stamp and there is no visible solvent left 

on the film. Invisible solvent molecules left on the surface have been known to enhance 

the adhesion between the r-GO thin film and the substrate. RPM of rollers directly 

corresponds to contact time of r-GO thin films to the substrate. Contact time is an 

important factor in contact printing because surface molecules need time to rearrange 

themselves to maximize the interaction. RPM of the substrate side roller has been 

adjusted to 0.05 for the best film transfer quality and fast transfer (printing rate: 

5mm/min). Vertical deformation is a parameter for giving vertical pressure on the transfer 

interface. Too much vertical induce deformation in stamp resulting in cracks on the film 

and too small vertical force does not make tight and intimate contact between the film 

and the substrate. Vertical deformation of 0.5 mm shows the best transfer results. RPM 

ratio, the key factor in this transfer method, is to give shear stress on the stamp surface, 

thus increasing the strain energy release rate until it exceeds the interfacial toughness 

between the r-GO thin film and the substrate. RPM ratio of 1.4 induced enough shear 

stress (325.43 kPa) on the stamp surface to trigger delamination over the whole r-GO 

thin film area, while minimizing excessive energy dissipation onto the film though it was 

not able to transfer r-GO thin films with no wrinkle and crack. These acquired 

parameters enabled successful transfer of r-GO thin films onto PET substrates. And 

these can be reference for the transfer of different materials with different parameters for 

the future. 

 The transferred r-GO thin films were remarkably improved in terms of electrical 

conductivity through an annealing process. The sheet resistance of r-GO decreased 

more than 170 times after annealing the film at 260˚C for 12 hours in vacuum condition. 

This is attributed to the evaporation of remained solvent molecules and decomposition of 

residues from the polydopamine layer on the stamp. The presence of polydopamine 
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residues on the transferred film was confirmed by ATR-IR spectroscopy, also meaning 

the polydopamine layer on the stamp is damaged during transfer.  

A flexible transparent touch sensor was fabricated with printed r-GO touch panels 

to demonstrate our printed r-GO thin film as flexible transparent electrode. r-GO thin 

films were printed on PET using half the amount of r-GO used in other experiments to 

make the touch panel more transparent. The optical transmittance increased 30% and 

the sheet resistance increased 5.7% by using half the amount of r-GO. The touch panels 

were wrapped on a syringe to demonstrate its flexibility and the touch sensing 

performance was demonstrated by lighting LEDs according to touch signals by fingers.  
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Chapter 4.  
 
Conclusion and Future Work 

4.1. Conclusion 

This thesis work has focused on the development of transfer technology that can 

cooperate with various printing technologies in a roll-to-roll manufacturing system for 

printed electronics. A novel transfer mechanism, named shear-induced transfer was 

developed and explored through experiments. A roll-to-roll printing apparatus was 

designed and fabricated for the thorough investigation on the printing method and 

demonstrated the transfer of r-GO thin films using the roll-to-roll system. Also, an 

effective way of r-GO thin film deposition on hydrophobic surface is introduced.  

Shear-induced transfer can transfer r-GO thin film onto arbitrary substrates 

without using chemicals, heat, adhesive, and any expensive conditions. Induced shear 

stress on the interface between the film and the stamp triggers the delamination of the 

film. A roll-to-roll apparatus was designed and built to be able to control rollers 

separately to induce shear stress on the stamp surface. Using the roll-to-roll apparatus, 

it has been proved that shear-induced transfer can work in a roll-to-roll manufacturing 

system at a printing rate of 5mm/min. In this thesis, only r-GO as a thin film was chosen 

for the transfer experiments, but there should be many other thin films that can employ 

this mechanism though different materials will need different parameter values.  

The film deposition process introduced in this thesis also can significantly 

influence manufacturing systems. PDMS is an attractive material to be used as a stamp 

in printing systems for its ability to make conformal contact on any substrate and easy 

patterning method. However, its hydrophobic surface property has been hindering its 

use in a wide range of film deposition and transfer, transfer printing in particular. Organic 
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material films had to be formed on another substrate and transfer onto a PDMS stamp to 

be ready for a transfer because organic materials are mostly processed in aqueous 

solution that cannot wet the hydrophobic surfaces. The polydopamine modification 

method enabled direct deposition of solution processed materials on the PDMS stamp. 

Polydopamine changed the PDMS surface to hydrophilic so that any solution based 

organic material can form a thin film on the stamp. This made transfer printing simpler 

since it is now one step direct film deposition on the stamp and one transfer step.  

It is expected that technologies introduced in this thesis improve manufacturing 

systems for printed electronics, giving one good option to roll-to-roll printing system 

especially where r-GO thin films are necessary. Although r-GO thin films used in this 

thesis do not have as good electrical properties as pristine graphene has, the unique 

properties of r-GO can have its applications in different areas. Also, there are doping [74] 

and alternative synthesis methods [25] already available for solution based r-GO of 

better electrical properties, and enhancing the electrical properties of solution processed 

graphene is a matter of time since countless researchers are developing better quality 

solution processed graphenes.    

4.2. Future Work 

The work performed in this thesis project suggests several possible 

improvements recommended to be done in the future. 

4.2.1. Transfer to Other Substrates 

The transfer experiments of r-GO thin films were mainly done with glass 

substrates in this project. Though PET substrates were used to demonstrate the transfer 

onto a flexible polymer substrate, the parameter optimization still needs to be done for 

the best transfer quality. Likewise, the optimization process has to be rendered for other 

substrate materials to employ the transfer mechanism to roll-to-roll systems for various 

printed electronics.  
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4.2.2. Increasing Printing Speed 

The printing rate with our roll-to-roll apparatus for r-GO thin film is now 5mm/min, 

which is not as fast as other existing roll-to-roll systems. Since printing speed is one of 

main factors in manufacturing systems, it has to be proved further. To make printing rate 

higher, printing parameters have be optimized by 4 dimensional optimization process 

understanding relations between parameters.  

4.2.3. Reducing Wrinkles on Transferred r-GO Thin Films 

r-GO thin films transferred by shear-induced transfer mechanism have wrinkles 

on them. The direction of wrinkles is always vertical to the printing direction. This 

happens because the induced shear force on the stamp also shrinks the stamp surface 

along the printing direction. Wrinkles can be positively used in that it can give some 

directional stretchability to the printed electrode when it is printed on flexible material, but 

there are cases in which wrinkles have negative effects.  

To reduce wrinkle generation, the stamp has to be modified.  The material for 

stamp surface should be stiffer than the material for the stamp post. When stamp 

surface is more rigid than the stamp post is, the deformation induced by mechanical 

stress tends to be concentrated more on the less rigid stamp post, eventually making 

less shrinkage on the surface during transfer.  
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