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ABSTRACT 

 

This research project were done to investigate the effect of type of substrates to conductive 
ink under thermal performance. Two type of substrates were use which is Thermoplastic 
Polyurethanes (TPU) and Polyethylene Terephthalate (PET) were considered to be use in 
this research project. Carbon conductive ink from company Bare Conductive were used to 
be printed on the substrates using screen printing method. Instead of conventional method 
of screen printing method which use mesh as ink template, two tape were tape parallel to 
each other with the gap of 3 mm to create the ink template. The consistency of the ink printed 
where considered before continue with the resistivity test of the substrate. The conductive 
ink were printed for both TPU and PET substrates to be use for the resistivity test & surface 
roughness test. The electrical resistivity were tested using four-point probe from Jandel’s 
RM3000 test unit, with using ASTM F390-98 as guideline. In terms of the substrate’s 
resistivity, it can be conclude that the TPU resistivity is much lower than PET resistivity 
where TPU at room temperature have 149.2 Ω/sq while PET have 370.8 Ω/sq at room 
temperature which is twice the amount of TPU. For the resistance against temperature’s 
result, the resistivity of the conductive ink on both substrates will decrease as the temperature 
applied to the conductive ink increase where at 100°C, TPU resistivity drop till 52.8 Ω/sq 
while PET resistivity at 100°C is 102.3 Ω/sq. The surface roughness of both of the substrates 
and the conductive ink will also decrease when the temperature applied increase where for 
TPU the mean surface roughness are 2.958μm at room temperature and drop to 1.17μm at 
100°C while PET’s mean surface roughness for room temperature are 1.921μm and drop to 
1.332μm for 100°C. For the adhesion test, a new batch of TPU and PET samples were made 
to be conduct for this test. The test were conducted using ASTM D3359 as guideline. For 
the adhere test, the conductive ink appear to be easily detached from the TPU substrates 
compare to PET and the same results occurred as the temperature increase. However this 
result seems to be contradicted to the fact that higher surface roughness give better adhesion. 
Therefor, it can also be conclude that this conductive ink are not suitable as it is very easily 
detach from the substrates. 
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ABSTRAK 

 

Projek penyelidikan ini dilakukan bagi menyiasat kesan jenis-jenis substrat kepada dakwat 
konduktif dibawah prestasi termal. Dua jenis substrat telah digunakan iaitu Poliuretana 
Termoplastik (TPU) dan Polietilena Tereftalat (PET) telah dipertimbangkan bagi 
digunakan didlam projek penyelidikan ini. Dakwat konduktif karbon daripada syarikat Bare 
Conductive telah digunakan untuk dicetak pada substrat mengunakan kaedah percetakan 
skrin. Daripada mengunakan kaedah konventional percetakan skrin iaitu mengunakan jerat 
sebagai templat dakwat, dua pita di pita selari sesamanya berjurangkan 3 mm untuk dibuat 
ruang sebagai templat dakwat. Konsistensi dakwat dicetak telah dipertimbangkan sebelum 
meneruskan ke ujian rintangan kepada substrat. Dakwat konduktif ini telah dicetak pada 
kedua-dua substrat TPU dan PET untuk kegunaan ujian rintangan dan ujian kekasaran 
permukaan. Rintangan elektrik telah diuji menggunakan prob empat titik daripada Jandel 
RM3000 unit ujikaji, dengan mengunakan ASTM F390-98 sebagai garis panduan. Dari segi 
rintangan substrat, ia boleh dirumuskan bahawa tahap rintangan TPU lebih rendah 
berbanding tahap rintangan PET dimana di suhu bilik, TPU mempunyai rintangan sebanyak 
149.2 Ω/sq dan PET pula 370.8 Ω/sq iaitu dua kali ganda lebih banyak berbanding TPU. 
Untuk keputusan rintangan terhadap suhu, rintangan dakwat konduktif pada kedua-dua 
substrat akan berkurangan jika suhu yang dikenakan kepada substrat bertambah dimana di 
suhu 100°C, rintangan pada TPU menurun ke 52.8 Ω/sq dan PET pul menurun ke 102.3 
Ω/sq. Kekasaran permukaan kedua-dua substrat dan dakwat konduktif juga akan berkurang 
apabila suhu yang dikenakan bertambah dimana untuk TPU purata kakasaran permukaan 
adalah  2.958μm untuk suhu bilik dan menurun ke 1.17μm pada suhu 100°C manakala 
purata kekasaran permukaan bagi PET di suhu bilik adalah 1.921μm dan menurun ke 
1.332μm ke 100°C. Untuk ujian kelekatan, kumpulan sampel TPU dan PET yang baru telah 
dihasilkan untuk digunakan di ujian ini. Ujian ini telah dijalankan mengunakan ASTM 
D3359 sebagai garis panduan. Untuk ujian kelekatan, dakwat konduktif didapati mudah 
untuk tercabut daripada substrat TPU berbanding substrat PET dan hasil yang sama juga 
berlaku apabila suhu ditambah. Namun keputusan ini kelihatan bercanggah dengan fakta 
dimana kekasaran permukaan yang tinggi mampu memberikan kelikatan yang lebih baik. 
Oleh itu ianya boleh dikonklusikan bahawa dakwat konduktif ini adalah tidak bersesuaian 
untuk kegunaan kerana ianya mudah untuk tercabut daripada substrat.  
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CHAPTER I   

 

 

INTRODUCTION 

 

 

1.1 Background 

Flexible electric circuit (FEC) or flexible circuit board is an revolutionized 

technology for printed circuit board (PCB) where its serve the same purpose which is 

connect electrical and mechanical component into a device. For PCB, it have a solid 

substrate property while the FEC have a flexible substrate property. This difference is one 

of the main point of interest in FEC as it can lead to creation of device or machine which is 

flexible to do a certain task. 

The study on the FEC were conduct by many researcher which consist of 

combination of varies material of substrates, various combination of filler, binder and 

solvent to create a conductive ink, the thickness of the conductive ink as well as the width 

of the conductive ink as well. Not only the combination of filler, binder and solvent to create 

conductive ink will give a various kind of results data, the combination of substrates and 

conductive ink as well can give different data for its properties and reaction between the 

combination make it that there are million possibilities for the data to obtain.  
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In this study, the type of substrates used where compared between Thermoplastic 

Polyurethane (TPU) into Polyethylene terephthalate (PET). Both type of substrates will 

undergo the same experiment which is experiment test in room temperature and designed 

temperature of 40°C, 60°C and 100°C on both substrates and the ink, adhesion test, surface 

roughness test and the resistivity measuring of the conductive ink. 
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1.2 Problem statement 

In the industry, the PCB were commonly use in making product. However there are 

a lot of limitation of PCB which searching for new alternative have been the aim of 

researcher to research for the new method for the electric circuit. Firstly the limitation of the 

size of the PCB where it is very hard to store. Bigger PCB mean that there are a lot of 

components can be attach to the board. However, bigger PCB mean bigger board and this 

will make it hard to transport or store. FEC reduce this problem where FEC can be reshape 

which it can be fold to reduce the area to store.  

FEC usage is also new in the industry. Its combination between various substrates as 

well as various conductive ink are potential to have thousands of variety. Therefore there are 

lack of information and data of the usage of the FEC. This research also include the 

temperature effect on the combination of carbon conductive ink with TPU and PET 

substrate. 
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1.3 Objectives 

The objectives of the study is to: 

1) To analyst the resistivity of TPU and PET substrates with carbon conductive ink. 

2) To compare the resistivity of both TPU and PET sample when different range of 

temperature applied on the sample. 

3) To compare the surface condition of the TPU and PET sample before and after the 

temperature applied on the sample. 

4) To analyst the adhesion capability of the carbon conductive ink on both TPU and 

PET sample with and without the temperature applied on the sample. 

 

1.4 Scope of project  

The scope of this study are to : 

1) Make a comparison on the behavior of the substrates and ink when on temperature 

test of 40°C, 60°C and 100°C. 

2) Make a study on the TPU and PET sample surface condition before and after the 

temperature test. 

3) Make comparison on adhesion test result of the TPU and PET sample with no 

temperature applied and 100°C temperature applied samples. 
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1.5 Planning and execution 

In this project, several action that need to be carry out to complete it which is: 

1) Literature review 

Review any related journal, article, or any materials related with the project subject  

2) Making sample 

Print the carbon ink onto the substrate to obtain the TPU and PET sample using a 

suitable ASTM as guidance. 

3) Taking data 

Obtaining the resistivity on the TPU and PET sample by conduct the experiment on 

the sample with and without apply temperature to the sample using suitable ASTM 

as guidance. 

4) Surface roughness 

Conduct experiment on surface roughness on the TPU and PET sample. 

5) Adhesion test 

Make a new sample for TPU and PET sample with different dimension according 

to the ASTM for the adhesion test.  

6) Result analysis 

Analysis the result obtain from all variables applied on the FEC. 

7) Report writing 

Write a report based on data obtain from the experiment by the end of the 

experiment. 
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By referring Table 1.1 below, the research activities for PSM1 illustrate from start of 

the PSM title selection, literature review, design of experiment, sample preparation and 

testing, data analysis, submission of progress report 1, final report draft submission and PSM 

seminar 1. 

Table 1.1 PSM 1 planned schedule 

 Week/Activities 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Research title selection                             

Literature review                             

Experiment design                             

Sample testing                             

Data analysis                             

Submission progress report 1                             

Final report draft submission                             

PSM 1 seminar                             

 

In PSM 2, the activities planned were compiled in a schedule as Table 1.2 below. 

The research start with continuing the literature review from PSM 1 to fill in studies on the 

test that will be conduct in PSM 2. The research then continued with apply temperature 

experiment, surface roughness test, and surface morphology study on the same TPU and 

PET sample which were made in PSM 1. A new set of TPU and PET sample were made for 

adhesion test. All data will then be analyst and the result will be discuss before it is compiled 

in the report. The finished report will then be submit before the presentation in PSM 2 

seminar. 
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Table 1.2 PSM 2 planned schedule 

 Week/Activities 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Literature review                             

Apply temperature experiment                             

Surface roughness test                             

Adhesion test                             

Analysis                             

Results and discussion                             

Submission progress report 1                             

Final report draft submission                             

PSM 2 seminar                             
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CHAPTER II  

 

 

LITERATURE REVIEW 

 

 

2.1 Introduction 

In this chapter, a review of flexible printed circuit, conductive ink, ink printing, ink 

curing, conductivity of the ink, material of substrate, surface roughness of the conductive 

ink as well as the behavior of the substrates itself were reviewed from previous studies on 

this area. 

 

2.2 Flexible electric circuit 

 Flexible electric circuit (FEC) is a new emerging technology for a electronic device. 

Its a replacement for the use of printed circuit board (PCB) which commonly used. However, 

due to its nature of new technology, FEC were tested into various of experiment variation 

which involve the substrates, ink, and more (Byun et al., 2017; Din et al., 2017). 
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Initially the PCB which is consist of circuit on top of hard board while FEC is circuit 

on top of board which is soft and flexible. As the experiment on FEC increasing on testing 

the properties and performance of FEC, more and more new technologies emerge which 

revolve around technology of FEC. This include the properties of soft behavior of FEC on 

flexibility, stretchability, and more. Experiment on mixing both properties of softness of 

FEC and hardness of PCB were also made to increase the varies in this new technologies 

(Byun et al., 2017). 

According to Norhidayah et al. (2017), the basic component for FEC consist of 

substrates which is usually made up of polymer and conductor (conductive ink). The FEC 

were tested by experiment and simulation to find out the effect of mix matching different 

type of substrates and conductive ink. The effect of fillers composition in the conductive ink 

with solvent and binder are also studied. A conclusion were made where usually the best 

curvature angle will give better stretch ability interconnection of the substrates (Norhidayah 

et al., 2017). 

One of the main use of FEC, which is wearable electronics usage is increasing by 

numbers by days lead to research on improve the gadgets. With the increment of the usage 

of wearable electronics, it bridging the users with their electronics. This can lead to the users 

use their gadgets in daily tasks which can lead towards the development of Internet of Things 

(IoT).  
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Figure 2.1 Wearable Market Share Revenue for 2014 and Forecast Revenue for 2018 

(Suikkola, 2015) 

 

 The increment from 8.58 to 37.03 billion in revenue in 2018 is to be expected as it is 

start to be used by multiple industries. For example, sports industry in product of Pedometer 

where it is used to count the number of steps of its user and heart beat waist band for checking 

the heart beat of the users (Qi & Boyce, 2004; Suikkola, 2015). 

In a research paper by Din et. al. (2017), it is stated that the most important ingredient 

in making a good stretchable printed circuit is that it contain conductive filler and a non-

conductive stretchable polymer. Fillers such as carbon nanotubes (CNT) and silver 

nanowires were embedded into conductive polymer making the substrates electrically 

conductive as the filler materials touching each other. Some polymer such as ionic polymer, 

which a conductive polymer with low electrical conductivity, need higher amount of filler 

to make it more conductive. However, this will cause the substrate become more brittle. 

Each type of fillers have different electrical conductivity value. Thus the amount need to 

make a substrate with filler and polymer ratio is varies with the filler itself (Din et al., 2017; 

Yu et al., 2017). 
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FEC have different characteristic with stretchable printed circuit (SPC) where SPC 

is test to check on the capability of the printed circuit to stretching while FEC test on the 

ability to flex. However, the mechanical and thermal properties of both type of printed circuit 

can be test almost similarly. In this case, a research by  Happonen et al. (2015) stated on the 

capability of FEC to flex after numerous flex cycle.  

 
Figure 2.2 (a) absolute and (b) normalized initial resistances of the studied populations as a 

function of trace width (Happonen et al., 2015) 
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 In this research, the researcher state on through different material of substrates with 

different thickness, the resistance for the electrical conductivity of the substrates decrease as 

the width increase. This pattern is consistent across all material which were present and used 

in the research. An assumption of the research and any future research on this subject can be 

made where the thickness increase will reduce the resistivity (Happonen et al., 2015: 

Happonen, 2016). 

 Happonen et al. (2015) also state in his report which discuss on fatique effect. In the 

thesis, the fatique means the response of the material which deformed after being applied 

repeating cycles of loading. Additionally, fatigue can be seen as small crack in the substrate 

or ink, which then accumulate into bigger crack and physically damaged. However, physical 

loading is only one of the factors affecting the fatigue life. Others factors which affecting 

fatigue life can be seen in Figure 2.3 below. Therefore, in order to extend the life of the 

substrate, these factors need to be considered when use the material for any applications 

(Happonen et al., 2015). 

 
Figure 2.3 Factors affecting fatigue life (Happonen, 2016) 
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2.3 Conductive ink 

 In relation of substrate with conductive ink, there are difficulties in print the ink with 

the substrate. This is because most substrate is hydrophobic and have low surface energy. 

This indicate that the ink will be having a difficulty to adhere to the substrate the if the 

substrate have a smooth surface and the ink wettability will make it hard for both of the ink 

and substrate to stick together. The adhere factors between both substrates and ink can be 

determine by (Cruz et al., 2016): 

a. Substrate properties 

b. Ink properties 

c. Superficial tension 

d. Functional group and their intermolecular forces present in the ink/polymer system 

e. Surface topologies and mechanical locking mechanism between ink and polymer  

 Conductive ink is an ink which were blended by mixing 3 main component which is 

conducting filler, non-conducting resin/binder and volatile solvent(s). Occasionally some 

conductive ink were also mixed with additives to further improve the ink. In conductive ink, 

the conductive filler were blend together with resin (binder) and solvent to make it into either 

liquid (with additive) or paste type of ink. The different between these two type of conductive 

ink are the liquid ink contain more solvent but low viscous, and the paste ink is vice versa 

(Bhore, 2013; phillips, 2017). 

 



 

14 
 

 
Figure 2.4 Various factors governing the properties of a conductive ink (Bhore, 2013) 

 

 When making a conductive ink, the composition ratio between the 3 main component 

can be varies and as well obtain a different characteristic and properties. It is essential for 

researchers to make a same ratio when making a batch of the conductive ink as different 

amount of ratio can differs the electrical conductivity obtain. 
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 In comparing the PCB and FEC or SPC, the conductivity of PCB depend on the 

copper lining in the circuit and FEC or SPB use conductive ink. PCB circuit lining need to 

be conventionally solder the interconnection where FEC or SPC use the conductive ink’s 

adhesive properties. The properties of conductive ink have above conventional solder are 

(Yim & Paik, 2006): 

a. Environmentally friendly since conventional soldering need to use lead-base solder 

as adhesive material of the interconnection. 

b. Processing temperature for conductive ink is lower compare soldering. 

c. Conductive ink is more flexible compare to soldering. 

d. Soldering need higher skill to have a neat and clean finishing while conductive ink 

does not. 

e. Conductive ink have higher option substrates that can be use such as glass and fabric. 

 

2.4 Carbon ink 

 Carbon ink is commonly used conductive ink as it is consist of conductive filler, 

polymetric binder and organic solvent which is all three are cheap in cost. Carbon ink’s filler 

consist of carbon and graphite which both material have characteristic which they are easy 

to process, low current conduction, good surface chemistry and ratioly modify. By adjusting 

these two ratio as filler, it can give various results (Monteiro et al., 2015; Phillips, 2017; Li 

& Meng, 2013). 
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 In this research, the carbon ink used is commercialized carbon ink by company Bare 

Conductive. Due to confidentiality of the product information, no information regarding the 

ratio of filler, binder and solvent used by the company used is disclosed in this research (n.d, 

p.1).  

 

2.5 Screen printing 

 There are few methods that been used in producing FEC were studied to identify the 

relationship of its flexible interconnect. Few examples are lamination of ink and substrates, 

inkjet printing, and the commonly used which is screen printing. In this project, screen 

printing method were used as it is suggested by the commercialize ink product’s instruction. 

There are 4 main components in screen printing which is ink paste to make the 

conductive ink, screen for the pattern design, substrates used, and squeegee which is the 

tools used to spread the paste throughout the screen. 

 
Figure 2.5 Fundamental principle of screen printing (Suikkola, 2015) 
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 By refer the Figure 2.5 above, the concept of screen printing can be seen. The paste 

were placed above the screen along the substrate. Squeegee were used to spread the paste 

along the screen. The paste will paste on top of the substrate accordingly to the shape of the 

screen (Suikkola, 2015; Khirotdin et al., 2016). 

 

2.6 Ink curing 

 After the conductive ink pasted, the volatile solvent evaporates, the mixture will be 

left with the filler and binder. The binder is needed for adhere the conductive ink with the 

substrates while the filler is needed to conduct the electricity. This process is known as ink 

curing (Phillips, 2017). The composition of the conductive ink during curing process 

showing in Figure 2.6.  

 
Figure 2.6 Conductive ink reaction to UV radiation in curing process (Bhore, 2013) 

 

 Curing is the process which the change of overall electric properties in printed 

conductive ink were produced by microstructurally change the particle in the ink by heating 

the ink with a designed work temperature range. By heating the conductive ink to the 

maximum allowed temperature, the electrical performance of the conductive ink can be 

improve dramatically (Roberson et al. 2011). 
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 For this research on the effect of type of substrate to conductive ink under thermal 

performance, the carbon conductive ink used  does not have a conventional curing process. 

Rather than cure the conductive ink using the curing machine, the carbon conductive ink 

were left at room temperature for 15 min till it dry. The reason it does not need to be cure in 

the curing machine is due to the warning notes left by the company of this commercialized 

carbon ink in the conductive ink data sheet (n.d, p.1).  

 

2.7 Conductivity 

 In an electrical circuit, electromotive force (EMF) is the force which cause the 

movement on the electrons. EMF does not move the material instead the motion of electron 

running in the circuit determined by the EMF or voltage of the circuit. The electrical charge 

determine by the rate of the electron motion in the circuit or also known as current. If there 

is any opposing flow of electron happen to presence in the circuit in response to the applied 

voltage, it is known as the resistance.  

 This three main elements in the electrical circuit can be formulate in to Ohm’s Law 

which is  

𝑉 = 𝐼𝑅            (1) 

Where V is the voltage measured in volts (V), I is the current (A) and R is the resistance (Ω).  

In this project, assuming the voltage of the circuit is constant, the conductivity which 

where needed to determine will be varies depend on the resistance in the substrate and ink 

of the circuit.  By referring the Figure  2.7 below, the resistance varies depend on the material 

used (Banfield, 2000). 
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Figure  2.7 Surface-resistivity spectrum (Banfield, 2010) 

 

 Electric conductivity is a measurement used to identify the capability of the material 

to direct electric current in the circuit. Conductivity is directly increase when resistance of 

the electrical particle to move in the material decrease (Khirotdin, 2016). By determine the 

resistivity of the material by using (1), we can derive: 

𝜎 =
1

𝜌
          (2) 

Where 𝜎 is conductivity and 𝜌 is volume resistivity 
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2.8 Printed pattern 

 In searching for the stretchable and the highest endurance on cycle resistance SPC 

while obtain the highest conductivity ink, the pattern of the printed conductive ink play a 

major role in the research.  

 The pattern for printed conductive ink is very important. This is because with all the 

motion of the substrates whether flex or stretch, the ink need to be stay connected to ensure 

the circuit complete. If the conductive ink is easily broke, then the circuit will fail as well.  

In a journal Kim et al. (2013), the author test on 4 different pattern of printed 

conductive ink.  

 
Figure 2.8 Schematics of the various circuit design: (a) single line, (b) rectangular shape, 

(c) horseshoe/serpentine, (d) zigzag, and (e) the stretch capability of the Ag-MWNT 
circuits with different mixture ratio (Kim et al., 2013) 
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 By referring Figure 2.8, the ratio of Silver multi-wall carbon nanotubes (Ag-MWNT) 

in the sample does increase the stretchability of the sample. But in the case of the pattern in 

relation with the stretchability, the horseshoe have the highest stretchability compare the 

others, having the highest stretchability percentage which is around 45% from its initial, it 

is the most suitable in product making. However, the backdraw from this pattern is that it 

took more ink to print as wanted where single line most probably use less conductive ink to 

print it shape. It is also conclude from that report that the pattern of the stretchability start 

with single line being the less stretchable, then zigzag, rectangular pulse and lastly the 

horseshoe pattern which the horseshoe pattern is the most stretchable (Kim et al., 2013). 

Another research by Yu et al. (2016) have few data’s on ink pattern stretchability. 

From the data present in that research show that horseshoes/serpentine pattern of the ink can 

produce different elastic stretchability percentage by changing the arc angle. The data shows 

that the higher the arc angle will allow for higher elastic stretchability of the ink. As shown 

in Figure 2.9, the arc angle of 235° were use and the stretchability keep increasing up until 

the strain reach 60%. Buckling mode is demonstrated when the interconnect strain reach 

80% (Yu et al., 2016). 
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Figure 2.9 a) simulated of elastic stretchability for horseshoe/serpentine patters with 

different arc angle, and (b) experimental and FEM analysis of sympatric buckling behavior 
of the horseshoe/serpentine pattern with strain from 0% to 80% (Yu et al., 2017) 

 

2.9 Substrate material 

 In the use of substrates, there are various material can be choose and use to be made 

as combining with the conductive ink to make up the printed circuit. Some material is 

stretchable, some can be flexible, some have high melting point, and more. Depending on 

the material, it can give different result in conductivity, resistivity, strain properties, thermal 

results and more. 

 Polymer which is the basic structure of plastic is a combination of monomer into a 

macromolecule chains by using chemical process. From here, there are two types of polymer 

which is Polyaddition and Polycondensation. By refer the Figure 2.10 below, a full list of 

polymers and plastics currently available commonly use were listed (Klein, 2012). 
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Figure 2.10 Processes of producing plastic and its example (Klein, 2012) 

 

 In this research, the main point is to identify the resistivity of the FEC under thermal 

(heat temperature) load as well the surface roughness after heated. Several important 

information that need to be take note on the materials when been apply the load are (2011, 

p.5): 

a. Wear and tear resistance of the substrate when applied the load. 

b. Maximum temperature that the material can withstand. 

c. Flexibility of the substrates when applied with heat. 

d. The surface energy effect on the adhesion of the conductive ink. 

 

 



 

24 
 

2.10 Thermoplastic Polyurethanes (TPU) 

 Thermoplastic Polyurethanes (TPU) is a material which combination of two 

properties which is stretchable like a rubber but can also be process as plastic. This material 

particle consist of hard and soft segment which cause this material to be able have a wide 

range of elasticity as well as strain durability. 

 A research were made which state that thermoplastic is a material which have high 

range of combination of hard and soft elasticity which can be used in various application. 

Soft elasticity consist of elastomer while hard elasticity come from thermoset does not melt 

easily while it does melt under mechanical, thermal and radiation energy (Klein, 2012). 

 
Figure 2.11 TPU structure (2011, p.5) 
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 In many TPU, the hard segment control the rubbery properties of the TPU which 

govern the tensile strength of the material while the soft segment control the stretchability 

of the TPU where it govern the elongation of the TPU. Different ratio of hard and soft 

properties give different ratio of tensile strength and elongation of the TPU (Qi & Boyce, 

2004). 

 According to Cho et al. (2017), a experiment were made on identifying the true strain 

and true stress of TPU comparison when different ratio of soft and hard properties is used. 

In their report, they stated that the ratio as Table 2.1 below were used and the TPU then 

applied with a deformation of maximum strain of the TPU (Cho et al., 2017). 

Table 2.1 Max stress of TPU with different Hard and soft TPU segment 
 𝑻𝑷𝑼𝑨 𝑻𝑷𝑼𝑩 𝑻𝑷𝑼𝑪 

Hard Segment 30% 43% 56% 

Soft Segment 70% 57% 44% 

Max Stress 10MPa 20MPa 36MPa 
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Figure 2.12 Stress-strain behaviors of TPUs when under a large strain compression acting 

on (a) overall TPU, (b)TPUa , ©TPUb , and (d)TPUc (Cho et al., 2017) 
 

 As seen in the Figure 2.12, the maximum stress will increase as the ratio of hard 

segment increase in the TPU. In the experiment, the strain rate were also test at 0.001, 0.01 

and 0.1 /s in each ratio where the smaller the strain rate also effect the behavior of the TPU. 

 TPU behavior can be seen different using atomic force microscope (AFM) when it is 

synthesize with another material. Since TPU have a smooth and low surface energy, it does 

not adhere nicely with many type of conductive inks. Cruz et al. (2016) have conduct 

experiment by synthesizing TPU with Nano silica particles (SP).  
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Figure 2.13 AFM topographical images of the (a) TPU and (b) SP–TPU surface (Cruz et 

al., 2016) 
 

 In the research, by combining SP and TPU, the SP deposition and surface cleaning 

process were made as sample preparation. It is later thermally treated to achieve the particle 

sink-in which able the conductive ink material to adhere better on top of the surface of TPU. 

This can be proved where the data in Table 2.2 below. The increment of root-mean-square 

roughness (RMS) and mean roughness(Ra) mean that the synthesize increase the surface 

roughness of TPU which mean the adhere between conductive ink and polymer can be 

increase (Cruz et al., 2106).  

Table 2.2 Root mean square (RMS) and mean (RA) roughness of TPU and SP-TPU 
 RMS Roughness (nm) RA Roughness (nm) 

TPU 27.056 19.574 

SP-TPU 194.94 152.40 
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2.11 Polyethylene Terephthalate (PET) 

 Polyethylene Terephthalate or also widely known as PET is a thermoplastic polymer 

resin from polyester group. PET is commonly used by people all over the world as it is a 

material which is good mechanical and thermal properties, good chemical resistance and low 

cost. Having this properties is the reason that PET have a wide range of application in daily 

life as it possess a good balance in its material properties (Kahraman, 2015; Gao et al., 2017; 

Miranda et al., 2017). 

 
Figure 2.14 Structure of PET (Miranda et al., 2017) 

 

Due to PET usage in various of application, a research by made Li et al. (2016) on 

the aging effect on the usage of the material. The researchers believe that the usage may be 

at an environment which exposed to high risk of radiation need to be emphasis for the 

awareness on the safety of the users of the product from this material.  

By thermally control the sample inside a test chamber, the thermal aging effect can 

be simulated on the PET sample (Li et al., 2016). The data obtain from the research shows 

that the increase of aging time do effect the surface potential which it is reduce rapidly but 

will gradually become stable. The increase of aging time and radiation dose, the surface 

potential decay rate for sample PET will be increasing.   
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Figure 2.15 Surface potential amplitude and decay time of thermally aged sample (Li et al., 

2016) 
 

With the change of the surface potential, it will also change the conductivity where 

conductivity will decrease if the surface potential decrease. The aging time and radiation 

dose however will effect the volume conductivity of the sample which the increment of aging 

time and radiation dose will increase the volume conductivity (Li et al., 2016). 

Other research on PET behavior is on the thermal stability of the material were made 

by Kahraman (2015), where they research on improving the thermal stability of PET by 

combining PET with Huntite/hydromagnesite mineral (Mg3Ca(CO3)4). Huntite is a non-

corrosive and environmentally safe to use material as it is flame retardant additives. 

Therefore many studies were made on Huntite to used as filler (Kahraman, 2015). 
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Table 2.3 Formulation content for PET and Huntite ration (Kahraman, 2015) 

 

 

By using thermogravimetric analysis (TGA) and Differential scanning calorimetry 

(DSC) to determine the thermal properties of the composites, results obtained as Table 2.4 

below. 

Table 2.4 Thermal properties of composite for PET and Huntite (Kahraman, 2015) 

 

 

By compare both of the Table 2.3 and Table 2.4, it is can be said that the glass 

transition temperature, Tg increase as the huntite percentage in the composite increase. It can 

be conclude that the composite of PET/Huntite is more thermal stable compare to normal 

PET (Kahraman, 2015).  
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Gao et al. (2017) investigate on the surface roughness of PET films by using 

dielectric barrier discharge (DBD). The electrode arrangement of the of DBD generate a 

non-uniform distribution of plasma to the film create the formation of three region on the 

film which is central zone, boundary zone and diffuse zone. 

 
Figure 2.16 A dielectric barrier discharge plasma sketch with (a) typical discharge image 

of plasma system. (b) the schematic picture of the surface modified different areas (Gao et 
al., 2017) 

 

It is proven that polymer surface can be roughen by using plasma, but zones of 

different surface roughness produced from the process.  

 
Figure 2.17 Image of water droplet on top of the PET film surfaces (Gao et al., 2017) 
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In a normal case, the contact angle is around 71.2°, but the contact angle on the zones 

which were processed have a lower contact angle than the controlled sample as shown in 

Figure 2.17 (Gao et al., 2017). It can be conclude that the surface roughness of PET can 

change and it can effect the adhere of the conductive ink on the substrate. This will indirectly 

effect the conductivity of the circuit. 

This can further prove as the thesis made by Eshkeiti (2015), where a part of the 

research focus is  on comparing the resistance vs the roughness of the material of glass, PET 

and paper. The characteristic of the substrates can be seen in the Table 2.5 below. 

Table 2.5 Summary of different characteristic substrates 
Substrate Surface energy (dynes/cm) Thickness (μm) Roughness (μm) 

Paper 53.9 177 ± 12 0.175 

PET 43.8 127 ± 1 0.015 

Glass 58.21 629 ± 1 0.005 

 

 

 
Figure 2.18 Effect of roughness on resistivity of printed line (Eshkeiti, 2015) 



 

33 
 

2.12 Surface roughness 

 Surface roughness of the substrates play an important role in the conductivity of the 

conductive ink. One of the importance are the conductivity itself where the higher surface 

roughness will give a higher conductivity and lower resistivity. As stated by Wood Et al. 

(2005), where their research regarding “Paper substrate and inks for printed electronics”, 

they conduct the experiment on a sample of UniTherm Sharp substrate provided by Stora 

Enso to compare the conductivity of the substrate before and after the surface smoothed by 

calendar process. 

Table 2.6 Effect of surface roughness on conductivity (Wood et al., 2005) 

Calendaring 

Conditions 

Roughness (microns) Thickness (cm) Conductivity 

(𝑺. 𝒄𝒎−𝟏) 

None 1.58 0.001 1177 

10# 1 Pass 1 Side 1.31 0.001 945 

40# 1 Pass Each Side 1.25 0.001 786 

10# 2 Pass 1 Side 1.24 0.001 812 

50# 3 Pass Each Side 1.15 0.001 852 
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 As shown in Table 2.6 above, the substrates were calendared into few conditions to 

obtain different surfaces roughness. When the surface roughness at normal condition, the 

surface roughness is the highest. At this condition, the conductivity obtain is the highest. 

However, the conductivity decrease when the surface roughness is reduced. Therefore it can 

be conclude that the surface roughness of any substrates can effect the conductivity of the 

circuit as well instead of the conductive ink only. Also can be note that the thickness of the 

substrates does not effect the conductivity of the substrates on any circumstance of the 

surface roughness. 

 
Figure 2.19 Schematic adhesion between conductive ink and substrate (Ryan & Lewis, 

2012) 

 

 Another important of surface roughness for the substrates is the adhesion capability 

of the conductive ink with the substrates. According to Ryan & Lewis (2012) the ideal 

adhesion capability can be obtain which the higher the surface roughness, the higher the 

effectiveness of the adhesion between the surface of the substrates and the conductive ink. 

As shown in Figure 2.19 above, the conductive ink deposited under the thickness above the 

highest substrate peak represent the adhesion capability of the conductive ink.  However a 

good balance between surface roughness of the substrates are needed as smooth surface 

roughness will make the adhere of the conductive ink became weaker and high surface 

roughness will cause discrepancies of the ink thickness.  
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Figure 2.20 Mean average roughness, Ra (2001, p.1) 

 

 In theoretical, the Figure 2.20 above show the mean arithmatic sketch of the surface 

roughness value of the substrate (Ra). Ra is obtained from using the formula below which 

the roughness curve expressed in terms of y = f(x), where the X-axis to the mean line 

direction and Y-axis is the mean of the roughness curve value along the range sample of 

length, ℓ. (2001, p.1) 

 Ra =  
1

ℓ
 ∫ {f(x)} dx

ℓ

0
         (3) 
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CHAPTER III  

 

 

METHODOLOGY 

 

 

3.1 Overview of research 

In this chapter, the method of sample preparation, jig producing, sample testing as 

well as method of taking data result from the sample were explained. Also included in this 

chapter are description of the materials, tools and apparatus used throughout this research 

project. By referring to the Figure 3.1, the summary of the procedures for this research 

project were shown. The research project can also be divided into few main activities which 

is: 

a. The preparation of TPU and PET printed circuit sample. 

b. Listing suitable tools, apparatus, and materials accordingly with the procedures in 

this research project. 

c. Conduct experiment test with designed temperature (RT, 40°C, 60°C and 100°) on 

the TPU sample accordingly with the research plan. 

d. Conduct surface roughness test on TPU sample which pre-heated and heated (40°C, 

60°C and 100°). 

e. Conduct adhesion test on TPU sample 

f. Re-do all test on PET sample  
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Figure 3.1 General flowchart of methodology 
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3.2 Sample preparation 

Refer to Chapter 2.5 regarding screen printing, there are 4 main components in screen 

printing which is commercialize carbon ink paste as the conductive ink, tape for the pattern 

design, substrates used, which is TPU and PET for this research project, and scrapper as the 

squeegee which for spread the paste through the pattern.  

 
Figure 3.21 Image of (a) scrapper, (b) TPU roll, (c) Bare Conductor conductive ink, and 

(d) 0.04mm tape 

 

Firstly the TPU substrate is cut in a small size with scissor which is then the TPU 

substrates were taped on top of the table. Important note before taping it is to make sure that 

the TPU substrate (clear) side is facing upward and not the substrate cover (pink). 
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Figure 3.3 TPU (Clear) and TPU cover (pink) 

 

The TPU substrate then taped at the upper side of the substrate which then a 3 mm 

gap were made using a ruler and marker pen to make a gap for the ink. The marked location 

is then taped to make a parallel taped line with 3 mm wide for replacement of the stencil’s 

print pattern. Side note of this part is that this part need be measure and tape precisely as it 

is difficult to paste the tape. 
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Figure 3.4 Taped TPU substrates for making a sample 

 

By referring the Figure 3.5 and Figure 3.6 below, the test samples were made 

consistently with the suggested dimension. 

 
Figure 3.5 Sample dimension 
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Figure 3.6 Example sample 

 

For this research project, the ink were printed as stated in Figure 3.5  above where 

the printed area are 3 mm wide and 0.08 mm thick. The wide of 3 mm obtain by making a 

marked gap using ruler and marker pen. The thickness of 0.08 mm however, obtain by tape 

the marked point twice. This is because the thickness of the tape used are 0.04 mm. 

To print the conductive ink onto the TPU substrate, the conductive ink paste were 

placed on top of the print pattern using small spoon, which were then spread across the 

parallel of the pattern line using scrapper. The scrapper must be at consistent angle with low 

force pulling the conductive ink. 

 

3.3 Curing 

For this process, the conductive ink does not need to be cure in the oven. As specified 

in the technical specification of the commercialize conductive ink, the conductive ink only 

need to be cure in room temperature for 15 mins. After the conductive ink paste were spread 

on top of the substrate, the sample were left for 15 mins before removal of the tape.  
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3.4 Sample labeling  

Before any experiment test were conduct to the sample, the sample first need to be 

label. The sample will be labelled as the dimension shown in Figure 3.7 below. The gap is 

needed to give a space for the four-point probe needle to be placed. This mean that all four 

pin will be place within the two line labelled. The 5 sections made are for the 5 location of 

the pin to be place. 

 
Figure 3.7  Sample labeling 

 

 
Figure 3.8 Example sample labelled 
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3.5 Resistivity against temperature experiment setup 

In this research project, four-point probe were used as the apparatus to measure 

resistivity of the carbon conductive ink. Four-point probe are connected to the computer 

which the data sheet resistance (Ω/sq) value can be obtain through it. In taking the data, the 

use of four-point probe were referred to a guideline from American Society for Testing and 

Material (ASTM) which is ASTM F390-98. The four-point probe used is from company 

model RM3000 test unit. 

 
Figure 3.9 Jandel's Four-point probe model RM3000 Test Unit 
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For the method of taking the data, the four-point probe were slowly positioned above 

the ink until the value from the machine monitor displayed. The pin from of the four-point 

probe need to be on top of the ink for the reading to be taken. If there is no reading, the 

method repeated by lift the pin up and slowly lower it again at the surface of the conductive 

ink until a reading is obtain. Save the data for every section around 3 times to obtain the 

average value of each section. 

 

3.5.1 Room temperature against resistivity 

As stated in the review obtained in Chapter 2, the resistivity of the conductive ink are 

believe can be effected by the temperature of the conductive ink itself. Therefore, to prove 

this the conductive ink need to be tested pre-heated as a datum for the data. In this case, the 

room temperature (RT) which is 28°C are used as a constant that there are no addition of 

heat applied onto the substrate and conductive ink. 

 
Figure 3.10 Data taking process for resistivity against room temperature 
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 The data obtain in this experiment will be used as a master data, where the change 

observation or behavior after any thermal experiment data obtained will be compare to. This 

experiment were also conducted to observe the physical condition of the substrates before it 

were heated. 

 

3.5.2 Designed temperature against resistivity 

For this experiment, similar with Chapter 3.5.1, the method of taking the data are still 

be same. However, slight change on this experiment is that the substrate will be heated to 

different range of temperature which is 40°C, 60°C and 100°C. 

 
Figure 3.11 Heating experiment setup 

Substrate 
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The tool that were use in heating the substrates into the designed temperature are hair 

dryer. Since the hair dryer heat generated are uneven which some part are concentrated while 

some are not, the concentrated heat from the dryer were aimed at the substrates to ensure the 

are heating happen at the substrates.  

 
Figure 3.12 Image of (a) hair dryer, and (b) thermal imaging camera 

 

However, thermal imaging camera were used to further ensure that the concentrated 

heat were aimed at the location that need to be heated which is at the substrates. This is by 

rendering the infrared radiation of a given space aimed by the thermal imaging camera, it 

can show the thermographic image of heat of anything aimed at.  
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3.6 Surface roughness test setup 

For surface roughness, the apparatus needed are 3D non-contact profilometer. This 

apparatus allow the user to check on the roughness of the surface of the substrates in 

microscopic size. As for guideline, the apparatus were used according to the apparatus 

manual of operation provided by the company. The brand of the 3D non-profilometer are 

Shedensha. 

 
Figure 3.13 Surface roughness test setup 

 

The method of using the apparatus firstly place the substrate on top of glass slide. 

This is because the small size of the substrate can easily be move using the glass slide. Then 

the substrates placed underneath the apparatus microscope. The light from the apparatus 

aimed at the location of the surface of the conductive ink which the location for the research 

of the conductive ink will be.  
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From the location aimed at the conductive ink, the image of the surface of the 

conductive ink will be transfer to the screen of the 3D non-contact profilometer as well as 

the linked computer. Using the program Winroof, the image from 3D non-contact 

profilometer can further extract data of 3D cross-section and roughness data of the 

conductive ink. 

 

 
Figure 3.14 Data taking process for surface roughness sample 

 

3.7 Adhesion test setup 

For adhesion test, the guideline used are ASTM D3359 where the setup are using test 

method B which is cross-cut tape test. In the ASTM D3359, there are two test method which 

test method A is X-cut tape test and test method B are cross-cut test method.  
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As stated in the guideline, the selection method between these two test methods are 

that test method A are more suitable to be use at field or job sites while test method B are 

more suitable to be use in laboratory. Test method B also conditioned that it is more suitable 

to be use for sample which is thicker than 5 mils (125 μm). Since this test were conduct in 

laboratory and the sample itself is thicker than 125 μm which is 650 μm. 

the apparatus need are few simple tools such as knife, tape, ruler and marker. The 

marker and ruler used to mark the location that need to be cut. The knife or any cutting tool 

are used to do the cutting task and tape were used to pull the conductive ink from the 

substrate. The tape brand are specifically use scotch tape (Pawel & McHargue, 1988). 

 
Figure 3.15 Magic’s scotch tape used for adhesion test 

 

New sample were made using the same steps in Chapter 3.2 but with different 

dimensions. This new sample new dimensions are as Figure 3.16 below. 
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Figure 3.16 Adhesion sample dimension 

 

3.7.1 Room temperature 

By following the guideline of ASTM D3359, the conductive ink will be slit into 6 

line vertical and 6 line horizontal to obtain 25 small square cut. The total gap between each 

slit is 20 mm where gap between slit are 4 mm. Marker and ruler were used to mark the 

position of the slit. 
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Figure 3.17 12 slit cut for adhesion test samples 

 

Without apply any temperature and working in room temperature, a strip of tape were 

placed on top of the 25 small square cut. Make sure each square are adhere with the tape by 

rubbing slowly the tape where the square are adhere to ensure that the tape adhere evenly to 

all 25 square cut. 
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Figure 3.18 Taped sample 

 

Within 90 ± 30 s of tape the 25 square cut area, the tape were removed slowly at 

angle of as closer to 180° as possible from the tape and pull until the free end of the 

conductive ink. By observing the amount of square cut of conductive ink still attached to the 

substrate, the percentage area of conductive ink removed can be obtain. And observation and 

data obtain from this test will be use to compare with the data and observation obtain when 

the sample heated  
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Figure 3.19 Pulling process of adhesion test 

 

3.7.2 Designed temperature 

The sample were heated first before conducting the  test. The sample heated until 

100°C which then proceed with repeating the same procedure in Chapter 3.7.1 which consist 

of marking, cutting, taping and tape removing. The data then compared with the room 

temperature data obtained 
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CHAPTER IV  

 

 

RESULT AND DISCUSSION 

 

 

4.1 Overview of research 

In this research, the main focus finding that wish to find are the resistivity of the 

conductive ink under the different range of temperature as well as the reaction of the 

conductive ink surface roughness and adhesion with the TPU and PET substrate before and 

after heated with the different range of temperature. Throughout this chapter, the data obtain 

and any findings which affecting the results for the data obtain will be discuss. This also 

include assumptions made to justify for the findings.  

 

4.2 Physical observation of conductive ink and substrates 

Before start the data taking for resistance, an observation were made for the 

conductive ink and both of the TPU and PET substrates. This is to see the reaction of all 

three materials on its changes when the heat applied, and make any hypothesis based on the 

reaction the materials shows. 
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4.2.1 Conductive ink 

For the conductive ink, the ink at room temperature is more flexible and stretchable 

together with the substrate. When the conductive ink were heated from room temperature to 

40°C, 60°C and 100°C, the conductive ink getting drier as the heat increase causing the ink 

at 100°C is brittle.  

As for the dryness of the conductive ink, the conductive ink is dry after the curing 

process of the ink when preparing the sample. However, as stated in Chapter 2.6 and Chapter 

3.3, curing is a process where the conductive ink is heated to achieve a certain state. The 

process of heating however is also encouraged by the same process as curing. This cause the 

conductive ink very dry after heated to 100°C.  

Table 4.1 Conductive ink properties after heated 

  RT 40°C 60°C 100°C 

Conductive ink Flexy Lean Delicate Brittle 

Ink dryness Dry Dry Very dry Very dry 

 

 

4.2.2 Thermoplastic polyurethane (TPU) and polyethylene terephthalate (PET)  

substrates 

An observation can be made that the substrates and conductive ink do have physical 

and resistivity change when it were heated from room temperature to 40°C, 60°C and 100°C.  

The observation can be simplify as shown in Table 4.2 below. 
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Table 4.2 TPU substrate properties after heated 

  RT 40°C 60°C 100°C 

Softness Rough Firm Soft Silky 

Stretchability Stretchy and 

retract 

Stretchy and 

retract 

Stretchy Stretchy 

 

Physically the substrates during room temperature are the TPU substrate is stiff and 

stretchy. When pull, it will stretch and retract back to its original shape quickly. However 

this properties change as the temperature on the substrate increase. It is slowly swell and 

slowly lose its retract to the original shape properties. The substrate also getting silkier 

compare to before heated. By the end of 100°C, the substrate is swell compare to its original 

shape and the substrate is softer. 

Like TPU substrate, PET substrate were also undergo the same experiment of heated 

to designed temperature which room temperature to 40°C, 60°C and 100°C. There are slight 

difference between both substrates in term the physical state of the substrates and resistivity 

of the conductive ink using the substrate.  

Table 4.3 PET substrate properties after heated 

  RT 40°C 60°C 100°C 

Softness Rigid Rigid Rigid Rigid 

Flexibility Flexible Flexible Flexible Flexible 

 

As shown in Table 4.3 above, in terms of the physical state of the substrate, PET 

substrate remain almost similar throughout the heating process. The rigidity remain same 

without any changes. The same goes with the flexibility of the substrate where it can flex 

normally at room temperature as well after heated in either 40°C, 60°C or 100°C. 
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To compare the difference between the substrates, firstly is the physical state of the 

substrates before and after heated. For TPU, it is more stretchable, retractable and flexible 

before heated. However the TPU substrate changed after heated where it lost its retractable 

properties and become more silkier. PET however have no obvious changes that can be seen 

easily. The substrate is flexible and retain it shape throughout the pre and post heating 

process.  

 

4.3 Resistivity against temperature 

The conductive ink contain resistivity to electricity which this research is study on. 

The rise and drop of resistivity is research in order to identify which situation suit the 

conductive ink in order to produce the best result of electric conduction.  

With the rise of the temperature from room temperature to 40°C, 60°C and 100°C on 

the conductive ink, the result of the resistivity of the conductive of both TPU and PET 

substrates can be seen below. 

On the resistivity changes of the TPU substrate, the resistivity data result can be seen 

in Figure 4.1 below. On average, the data resistivity of the conductive ink is around 149.2 

Ω/sq at room temperature. This value then decrease with positive slope as the temperature 

increase by 40°C, 60°C and 100°C.  
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Figure 4.1 TPU and PET sheet resistivity, Ω/sq vs temperature, °C 

 

While the range of average value for room temperature and 40°C is almost similar, 

it can be conclude that there are small difference between these two temperature which 

around 10-14°C. A huge difference can be seen in room temperature average value and 

100°C where the 100°C is three times smaller than the room temperature average data which 

around 52.8 Ω/sq.  

For the resistivity of PET, the graph are almost linearly negative slope where the 

resistivity decrease as the temperature increase. The resistivity at room temperature on 

average is 370.8 Ω/sq. The resistivity however decrease in linear slope where the average 

resistivity at 100°C are three times lower than average resistivity at room temperature. The 

average resistivity at 100°C are 102.5 Ω/sq. 

 

 

149.2 141.4
109.5

52.8

370.8

234.3
177.2

102.3

0.0
50.0

100.0
150.0
200.0
250.0
300.0
350.0
400.0
450.0

RT 40 60 100

Sh
ee

t R
es

is
tiv

ity
, Ω

/s
q

Temperature, °C

TPU PET



 

59 
 

To do the comparison between both substrates, the similarities of the conductive ink 

on both substrates are heated from room temperature to 40°C, 60°C and 100°C respectively. 

Both substrates also show that the resistivity of the conductive ink decrease as the heat 

increase by threefold of the room temperature resistivity. We can conclude that the heat can 

reduce the resistivity of the conductive ink given to any type of substrate. 

Also can be compare are that the resistivity of the conductive ink on both substrates 

where conductive ink on TPU substrates give lesser resistivity compare to conductive ink on 

PET substrates. On average of room temperature, the resistivity of PET substrates is three 

times higher compare to TPU substrates.  

 

4.4 Surface roughness test result 

Surface roughness refer to the roughness of the surface of a material. In this project, 

the surface roughness of dried carbon conductive ink on substrates were researched to see 

the co-relation between the temperature applied on the substrates against the surface 

roughness of the carbon conductive ink as well as the co-relation of surface roughness with 

the resistivity of the conductive ink. 

By referring Figure 4.2 below, the carbon conductive ink on top of the TPU substrate 

have a mean roughness for room temperature is 2.958 μm. The surface roughness also 

decrease as the temperature increase where the highest temperature of 100°C give the lowest 

amount of the mean roughness at 1.17 μm.  
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Figure 4.2 TPU and PET mean surface roughness, Ra vs Temperature, °C 

 

For the conductive ink surface roughness on PET substrate, it have lower mean 

roughness which around 1.92 μm. By referring Figure 4.5 below, like TPU substrate, the 

mean roughness were also slowly decrease as the temperature increase to 100°C where the 

mean roughness decrease to 1.332 μm. 

The graphical image result for the an average surface roughness of the conductive 

ink on top of TPU substrates can be seen in Figure 4.3 below where the 3D image of the 

surface roughness high of the carbon conductive ink can be seen here. If a section of 2D 

plane image were taken from the front view of the 3D section, it can be seen that the 

roughness is non-uniform throughout the sample length shows jut how rough is the 

conductive ink roughness when combine with a certain substrates which in this case the TPU 

substrates were use. The up and down of the graph were averaged to obtain the mean average 

roughness of the carbon conductive ink. This mean average roughness is the indicator 

whether the carbon conductive ink is very adhere or not to other substrates. 
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Figure 4.3 Graphical image of TPU sample surface roughness 

 

For the graphical image of the conductive ink on PET substrate samples, on average 

the carbon conductive ink is more smooth rather that spiky up and down waves. The 

roughness itself is very smooth and with less cavity or hole or gap between the waves. The 

smooth roughness of the 3D image of the surface reflect itself in the Figure 3.6 data which 

the smooth surface will give less the less mean roughness.  

 
Figure 4.4 Graphical image of PET sample surface roughness 
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For a comparison of both carbon conductive ink on top of both TPU and PET 

substrates, firstly is that the TPU have higher mean roughness compare to PET mean 

roughness which the difference is around 35.05% differences at room temperature.  

However for the similarities itself, as shown in Figure 4.5 below where the physically 

image the carbon conductive itself does not change a lot in terms of its surface roughness 

when applied to different substrate. Therefore it can be said that the substrates surface 

roughness is only important for the adhere properties between the conductive ink and the 

substrates. But this does not change the data obtain for the resistivity change for both 

substrates. 

 
Figure 4.5 Comparison of conductive ink surface roughness on a) TPU substrate and b) 

PET substrate 

 

In terms of the data obtain, several key points need to be taken into consideration are 

the usage of the 3D Non-Contact Profilometer itself as it is difficult to take an accurate 

average data. During the iteration of data taking process for single data, the data taken are 

sometimes blur even though the process and methods use to take the data are same. As a 

result, an error occurs once in a while for the graphical image of the carbon conductive ink. 

Although the problem can be reduce by doing the a repetition of this process, sometimes it 
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is hard to define whether the data obtain are reliable when the eyes getting blurry from the 

repetitive process of looking at the screen for the physical image of the conductive ink. 

 
Figure 4.6 Example damage on the conductive ink surface 

 

For another key point that need to be consider are the gap or hole in the conductive 

ink. This happen due to the tear of the conductive ink when under process such as heating 

and resistance checking from 4-point probe. As shown in Figure 4.6 above, the mark from 

using 4-point probe left a circle hole on the surface of the conductive ink. The tear that 

happen from heating and sometimes from improper printing during the ink printing created 

as shown as well. This defect on average will not only effect the mean roughness of the 

conductive ink, it also increase the chance of the conductive ink to peel off from the 

substrate.  

 

4.5 Adhesion test result 

Ink adhesion relate to the ability of the conductive ink to stick to the substrates. For 

this adhesion test, the TPU and PET samples were tested with test method B which is the 

cross-cut test method. The number of small square cut remain are multiply with percentage 

to define its ability to stick to the substrate.  
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For TPU at room temperature, the result can be seen in Figure 4.7 for room 

temperature and Figure 4.9 for 100°C. The amount of black column in the cross-cut template 

are indicate the amount of carbon conductive ink still remain at the substrates after the tape 

removed from the substrates. 

 
Figure 4.7 Schematic diagram of TPU at room temperature adhesion test 

 
Figure 4.8 Image of TPU sample after tape pulling process for room temperature 

 

For room temperature substrates, the amount of carbon conductive ink remain are 

zero where the percentage is 0% for all three samples of TPU substrate. The conductive ink 

instantly removed together with the tape when the tape pulled.  
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Figure 4.9 Schematic diagram of TPU at 100°C adhesion test 

 

Figure 4.10 Image of TPU sample after tape pulling process for 100°C 

 

However for 100°C, the amount of conductive ink remain are almost similar except 

for sample no 1. The sample has 6% of conductive ink stick to the substrates. This indicate 

that after heated to 100°C, there are possibility for the ink to stick better to the TPU substrates 

due to the properties of TPU substrate itself. However the 6% is still too low to say that the 

conductive ink is very adhere since the possibility to stick is still to low. Need to take into 

consideration as well is the brittleness of the conductive ink after heated where the ink start 

to chipping after heated. 



 

66 
 

For the conductive ink do stick to the PET substrates nicely. By referring the Figure 

4.11 below for room temperature test, the conductive ink on two sample does not peel off 

with the tape when pulled. On sample 1, around 72% which is can still be consider a good 

adhesion between carbon conductive ink with PET substrates. 

 
Figure 4.11 Schematic diagram of PET at room temperature adhesion test 

 

However, the result for the 100°C temperature test on the PET substrates are shown 

in Figure 4.12 below. The three samples result are all different with another. The 1st  sample 

have roughly around 4% of conductive ink remain on the sample. The 2nd  sample have 0% 

where all the conductive ink were peeled off from the substrates. The last sample, the remain 

conductive ink is around 82% of the total conductive ink.  

 
Figure 4.12 Schematic diagram of PET at 100°C adhesion test 
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From this data in PET substrates, it can be consider that the brittleness and dryness 

of the conductive ink have effect on the adhesion of the conductive ink with the substrates. 

Even if the ink still intact like 3rd  sample, the ink is too brittle and dry where the conductive 

ink start to chipping bit by bit. 

 
Figure 4.13 Image of PET sample after tape pulling process for 100°C 

To discuss on the similarities, the TPU and PET substrates are both undergo the same 

process and treatment in the same period of time. Unlike the sample for temperature analysis 

and surface roughness test, the process of making new sample for adhesion test, the process 

of curing, the process of adhesion test itself as well as the temperature heating to 100°C of 

both TPU and PET substrates were conduct at the same time. There for the gap of time error 

during the process such as weather as well as storage period can be reduce. 

For comparison, both conductive ink and substrates react as state in Chapter 4.2.1 

and Chapter 4.2.2 where the conductive ink become more brittle and dry as the temperature 

increases while the TPU substrates swell and silkier, and PET substrates remain same as 

temperature increase. 
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As for data comparison, the carbon conductive ink can be conclude that it does not 

have any adhesion capability with TPU substrates. Although there are increase percentage 

of conductive ink remain when the substrates heated to 100°C, there are possibilities that the 

remain conductive ink are due to few minor external variables. 

For PET substrates, the room temperature samples can be say that the carbon 

conductive ink can adhere nicely to the substrates. On average, the 2 samples out of 3 still 

have 100% conductive ink remain adhere while the 1st sample have above 70% of the 

conductive ink still remain adhere. For the samples which heated to 100°C, the data obtain 

are inconsistence whether it is can adhere or not. This is due to the data obtain are vary for 

all three samples. One sample have few conductive ink remain, one have none and one have 

a lot. 

Although this results is inconsistence, it can conclude that the heated conductive ink 

will lose its adhere. The chipping of the heated conductive ink indicate that the conductive 

ink might be shrinking from the heat and particle of conductive ink moved from the surface 

of the substrates. And when there are external force pull or push it such as air-condition 

breeze, the chipping happen.   

 

4.6 Surface roughness against resistivity and temperature 

The three main important variable in this research are the co-relation of the surface 

roughness, the resistivity of conductive ink and the temperature applied to the samples. To 

conclude the finding, the co-relation were separate into few sections of comparison. 
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4.6.1 Surface roughness against resistivity 

As shown in Chapter 2.12 and Chapter 4.4, the surface roughness for conductive ink, 

TPU and PET substrates give of different value of roughness. The surface roughness of the 

substrates itself will effect the resistivity of the conductive ink along with the conductive 

ink’s resistivity. When the surface roughness is high, more conductive ink can be deposit on 

top of the  substrates which will cause more electric current flow through it. 

 

4.6.2 Surface roughness against temperature 

For the surface roughness vs temperature, the temperature will reduce the surface 

roughness. Theoretically, the heat will slowly trying to melt down the substrate. The rough 

surface will melt down and became smooth which reduce the substrate surface mean 

roughness. This can be seen in Chapter 4.4 and Chapter 4.4 which the graph are sloping 

down when the temperature increase.  

 

4.6.3 Resistivity against temperature 

To discuss on the resistivity and temperature, the increment of the temperature heat 

up the atom in the conductive ink. The particle will then merge thus increase the surface 

contact between atom. The electric current which flow along the conductive ink will flow 

much easier when the surface contact is higher. 

 

4.6.4 Overall result 

In this research, overall the TPU substrate have higher surface roughness than PET 

substrate. The resistivity for TPU is also higher than PET which is to be expected. From the 

overall result as well the temperature increment will cause the resistivity decrease which 

TPU is still the highest. 
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4.7 Research finding 

In this section, several points need to be discuss as to for any factors that cause any 

misreading, misleading and failure in the samples.  

 

4.7.1 Stencil 

Stencil were used to print the ink paste on top of the substrates by using the screen 

print method as stated in Chapter 2.6 on information for the method of screen printing. 

Initially the substrates were printed using stencil instead of tape. However due to a finding 

on this method lead to change of the screen printing using tape instead. 

 
Figure 4.14 Stencil used for print screening process 
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Figure 4.15 Image of test sample of (a) stencils, (b) 1 mm tape and (c) 2 mm tape 

 

As can see in the Figure 4.15, the sample on the left is the sample which is printed 

using stencil while on the right is the sample which printed using tape. A first observation 

can be easily see as the sample which were printed using stencil have an inconsistency 

straight line pattern, while the sample printed using tape have more reliable and eyes pleasing 

straight line pattern.  

This finding can be then seen in the data taken result where the data from sample 

using stencil does not provide a consistent result. Since the result is inconsistent whether its 

either no reading obtain from the four-point probe, or the sample will tore first. A counter 

measure of changing the tools for screen printing method from stencil to tape are due to the 

observation of many sample from stencil give error compare to tape’s sample. 
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4.7.2 Ink dimension 

In this research, initially the width of the ink printed on the substrates were 1 mm as 

per used by most of the previous research that been made by many researchers. However, 

the width dimension were change after few attempt on taking the data. A responsive outcome 

were obtain as the observation of the ink of few samples does not either tore, broke or detach 

from the substrate. 

From the initial of 1 mm, the width of new sample were change to 3 mm which is 

triple the dimension of the initial sample and the data thickness is increased twice the initial 

amount which from 0.04mm to 0.08mm. A finding were obtain which show that the 

thickness and width increment will increase the adhere potential of the conductive ink with 

the substrates. 

 
Figure 4.16 Conductive ink detach from the substrate 

 

 

 

Ink detach 
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4.7.3 Ink adhesion 

Ink adhesion relate to the ability of the ink to stick to the substrates. In this discussion, 

the ink adhesion with the width of the ink are to be believe have a relation which affect the 

failure of the test sample. The ink detach from the substrate relate with the ink adhesion with 

the substrates itself. Adhesive of the ink relate with the viscosity of the ink and the surface 

energy of the substrate (Cruz et al., 2016). 

Also to be noted is that the adhesion against the width of the ink. It is to be believe 

that the width of the ink do effect the adhesion. As the ink getting wider, the ink adhere to 

the surface area of the substrates increase, which is can be summarize to able the ink stick 

better to the substrate.  

Since both ink and substrates were commercialized product, it is hard to state the 

adhesion potential from both product since some of the information is confidential from the 

company. However, with enough time and data from test samples, an ideal ratio can be made 

to give this research project a better results. 
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CHAPTER V 

 

 

CONCLUSION & RECOMMENDATION 

 

 

5.1 Conclusion 

 In this research for effect of type of substrates to conductive ink under thermal 

performance, the type of conductive ink play a very important role in this research. The result 

obtain depend highly on the conductive ink itself whether the flexible electric circuit (FEC) 

is applicable for use in daily life. 

 The conductivity rely on the resistance of the electricity flow through the conductive 

ink. When the resistance is low, the amount of electric flow through will be higher. In this 

research, the ideal result will be for the resistance to be low without high impact on the 

substrates and the conductive ink. 

 For the substrates resistivity between thermoplastic polyurethane (TPU) and 

polyethylene terephthalate (PET), the overall resistivity of PET is higher than TPU. For the 

resistivity when temperature applied on the substrates, both substrates shown that the 

resistivity of the conductive ink reduce as the temperature increase from room temperature 

to 100°C. 
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 As for the adhesion of the conductive ink on both substrates, it can be conclude that 

the conductive ink are not really adhere to any of the substrates. Although theoretically there 

are value of surface roughness of both substrates and conductive ink to say that both of it 

can adhere with each other, in actual the conductive ink are really unreliable and easily 

detach from both of the substrates. 

 Lastly from the physical observation, although TPU substrate can be stretch, when 

heated it became more stretchy and easy to stretch but cannot retract back to its original 

shape. This is not desired as it is not useful for repetitive motion or movement. For PET, the 

substrate does not effect by the increment of temperature. Therefore PET will maintain it 

shape until higher heat applied which will melt the substrate itself. For the conductive ink, 

the ink will be more brittle and dry after heated which make it easier to detach or break apart 

from the substrates which the FEC can be consider fail. 

  

5.2 Recommendation for future works 

 Flexible electric circuit (FEC) offer many use compare to normal printed circuit 

board (PCB). It can reach out many new possibilities of uses rather than normal use which 

no one have ever thought of. However to achieve this new milestones, the FEC need to be 

tested more in terms of its usability and its applicable in various environment as well as it 

compatibilities between materials. 

 One of the main focus that recommended for further study is the material itself where 

the material for substrates which have various range of surface roughness and conductibility 

and the material of the conductive ink  as well. The combination of 2 new material of 

substrates and conductive ink can increase the knowledge on the new kind of FEC.  
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