












































































































































































4.5 Cyclic testing 

Cyclic Bending and cyclic torsion tests are used to analyse the resistivity of GNP 

hybrid conductive ink. Cyclic testing involves subjecting a sample to repeated cycles of 

stress, to simulate real-world use and identify potential failure points. In terms of 

durability following cyclic bending and cyclic torsion tests, observations were made at 

all three points and a comparison was performed between before and after the cyclic 

bending and cyclic torsion process. The purpose of the cyclic bending and cyclic torsion 

tests is to ensure the reliability of the GNP hybrid conductive ink. The device's reliability 

and lifetime are important because mechanical stresses caused by mechanical elastic 

deformation of the substrate can lead to rapid degradation of system performance (Jeong 

et al. , 2017). In this research the testing are done in a heat chamber. The value of 

temperature-humidity in this research are based on number oflamps that are switch on in 

the heat chamber as shown in Figure 3.18. The heat chamber has six (6) lamps. Two (2) 

lamps, four (4) lamps and six (6) lamps will be switch on respectively in order to obtain 

different temperature-humidity in the heat chamber. The numbers of cycle that are 

predetermine are 1000, 3000 and 5000 for each cyclic testing. 

4.5.1 Cyclic bending test 

Cyclic bending test is a mechanical testing method used to evaluate the durability 

and fatigue resistance of a material or structure. The test involves applying a repeated, 

cyclic bending stress to a specimen, typically using a testing machine, until the specimen 

fails or reaches a predetermined number of cycles. 
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4.5.1.1 Result for cyclic bending test with different temperature-humidity 

From the result obtained, Table 4.5 and Figure 4.3 shows the average resistance 

and resistivity of data for all samples after each cycle at room temperature and after given 

different temperature-humidity based on number of lamps in the heat chamber. The data 

was retrieve from all points samples and then averaged. The resistivity are calculated 

based on the formula stated in Table 4.1 . From the data, the average resistance and 

resistivity would increase along with the amount of bending cycle, though the increment 

was not too significant in the regards of bending cycle progression, with the difference 

not exceeding 5%. However, looking at the effect of temperature towards the reading, the 

value jumps up quite significantly when tested under 6 lamp conditions. This is due to the 

accumulation of plastic deformation caused by the repeated bending and the increased 

likelihood of fatigue failure. This can lead to a decrease in the material's strength and 

durability over time. 

The increment of temperature and reduction of humidity during the cyclic bending 

testing, have a significant effect on the resistance of conductive ink. Based on the average 

data of resistance and resistivity, as temperature-humidity increase, the resistance of the 

material slightly increases, except for the 6 lamps at cycle 1000 with temperature 30.6°C 

and humidity 60.8%, which showed a significant increase in resistivity. It can be observe 

that at high temperature with low humidity can cause the ink to expand, which can lead 

to cracking and delamination. This can result in a loss of electrical conductivity, and 

increased resistance. Additionally, high temperatures can cause the ink to degrade 

chemically, which can also lead to an increase in resistance. These effects are more 

pronounced as the temperature increases. The failure connection between devices could 

affect the electrical resistance and reduce the bonding strength between them when 

exposed to hot temperature and humid environment (H. W. Cui et al. , 2013) 
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Table 4.5: Value ofresistance and resistivity of each cycle base on bending test with 
different temperature and humidity (2 lamps, 4 lamps and 6 lamps) 

AVERAGE RESISTANCE A VERA GE RESISTIVITY 
AFTER TESTING AFTER TESTING 

(Ohm) (Ohm.m) 

2LAMP 4LAMP 6LAMP 2LAMP 4LAMP 6LAMP 

CYCLE 

.......... 
a .._ 
w 
() 
z 
<{ 
I-
(/) 

(/) 
w 
0::: 

0 

1000 

3000 

5000 

1.50 

1.25 

1.00 

0.75 

1.0222 1.0407 1.0556 10.2 x 10-6 10.4 x 10-6 10.6 x 10-6 

1.0370 1.0667 1.4704 10.4 x io-6 10.7 x 10-6 14.7 x 10-6 

1.0444 1.0889 1.4889 10.4 x 10-6 10.9 x 10-6 14.9 x 10-6 

1.0741 1.115 1.5556 10.7 x io-6 11.1 x i o-6 15.6 x io-6 
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0::: 

0.50 --~-.....--..-----.-------.------.----.......... - -'- 1.ox10·5 

0 1000 3000 

CYCLE 

5000 
---Resistance at Temperature 25.2'C - Humidity 72.4% 
-.&- Resistance at Temperature 31.6°C - Humidity 60.8% 

---Resistance at Temperature 31.6'C- Humidity 60.8% 
---Resistivity at Temperature 25.2°C - Humidity 72.4% 
-.&- Resistivity at Temperature 31 .6' C - Humidity 60.8% 
---Resistivity at Temperature 31 .6'C- Humidity 60.8% 

Figure 4.3: Measurement of Resistance And Resistivity Of Each Cycle Base On 
Bending Test With Different Temperature And Humidity (2 lamps, 4 lamps and 6 

lamps) 
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4.5.2 Cyclic torsion test 

Cyclic torsion test is a test that is used to evaluate the durability and fatigue 

resistance of a material or structure under torsional loading. A torsional load is a twisting 

force that causes rotation around an axis. The test involves applying a repeated, cyclic 

torsional stress to a specimen, typically using a testing machine, until the specimen 

reaches a predetennined number of cycles. 

4.5.2.1 Measurement of resistance and resistivity of each cycle base on torsion test 

with different temperature and humidity 

Table 4.6 and Figure 4.4 shows the value of average resistance and resistivity of 

samples after each cycle base on cyclic torsion test with different temperature-humidity. 

From the table, it shows an increasing value of resistance and resistivity with every 

progress of torsion cycle, albeit not too significant it clearly displays a clear trend. In the 

regards of temperature and humidity effect, while the temperature humidity difference 

between lamp 2, 4 and 6 lamps were quite steady, the increase of resistance and resistivity 

under 6 lamps were quite significant. In cyclic torsion testing, due to the accumulation 

of plastic deformation and the increased likelihood of fatigue failure, the resistance of a 

material can increase as the number of cycles and temperature increase. As the specimen 

are subjected to repeated twisting, small defects or inhomogeneities in the material will 

be amplified, leading to the initiation and propagation of microcracks, which can cause a 

loss of strength and an increase in resistance. The significant increase in dislocation 

density and dispersion caused by the high imposed strain can be attributed to the 

resistivity increase after processed (Kocich et al., 2016). 

The increment of temperature and reduction of humidity during the cyclic torsion 

testing, also affects the material mechanical properties, at high temperature metal will 
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lose some of its strength and stiffness due to the increased thermal vibrations of the atoms 

in the metal lattice. Additionally, high temperatures can cause the metal to soften and 

become more ductile, which can make it more susceptible to deformation and failure . 

These effects can also contribute to an increase in resistance during cyclic torsion testing. 

Table 4 .6: Value of resistance and resistivity of each cycle base on torsion test with 
different temperature and humidity (2 lamps, 4 lamps and 6 lamps) 

CYCLE 

0 

1000 

3000 

5000 

g 
w 
u z 
<( 
f-
Cl) 

Cl) 
w 
0::: 

AVERAGE RESISTANCE A VERA GE RESISTIVITY 
AFTER TESTING AFTER TESTING 

(Ohm) (Ohm.m) 

2LAMP 4LAMP 6LAMP 2LAMP 4LAMP 6LAMP 

1.0259 1.0519 1.0037 10.3 x l0-6 10.5 x 10-6 10.0 x 10-6 

1.0593 1.0852 1.5778 10.6 x lo-6 10.9 x 10-6 15.8 x 10-6 

1.0815 1.1074 1.5778 10.8 x 10-6 11.l x 10-6 15.8 x l0-6 

1.1 259 1.174 1.6667 11.3 x 10-6 l 1.7 x 10-6 16.7 x lo-6 

1.75 -.----.---.--~---.------.------.-------.--.-

1.50 

1.25 

1.00 

0.75 

0 

1.6x10·5 

E s 
1 4x10-s >-. f-

> 
i= 
Cl) 

Cl) 
w 

1.2x10-s 0::: 

---·~ 
1000 3000 

CYCLE 

5000 
..... Resistance at Temperature 25.2°C - Humidity 72.4% 

A - Resistance at Tcmpcraturc 31.6°C- Humidity 60.8% 

~ Rosistanco at Tflmp<lrature 31.6°C- Humidity 60.8% 
..... Resistivity at Temperature 25.2°C - Humidity 72.4% 
-.A-Resistivity at Temperature 31 .6°C - Humidity 60.8% 

-9- Resistivity ill Temperature 3 1.6°C- Humidity 60.8°h 

Figure 4.4: Measurement of resistance and resistivity of each cycle base on torsion test 
with different temperature and humidity (2 lamps, 4 lamps and 6 lamps) 
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4.6 Comparison measurement of resistance and resistivity of each cycle base on 

bending test and torsion test with different temperature and humidity 

4.6.1 Temperature 25.2°C - Humidity 72.4% (2 Lamps) 

Table 4.7 shows the average value of resistance and resistivity and standard 

deviation for each sample to measure the uniformity of the printed GNP hybrid 

conductive ink. There is no standard benchmark in detennining the standard deviation, 

but the best standard deviation must have the lowest value. Each sample has a small 

standard deviation value indicates that the value ofresistance is not significantly different. 

Based on Figure 4.5, It can be observed that the value of resistivity increase with the 

increment of numbers of cycle for both testing. The value of resistivity for cyclic torsion 

test is slightly higher than bending test because in cyclic torsion test, the material is 

subjected to alternating torsional loads, which generate complex stress and strain patterns 

in the material that can result in higher levels of material damage compared to bending 

tests, leading to higher resistivity. 

Table 4.8 shows the average value of resistance and resistivity and standard 

deviation for each sample based on each points for cyclic bending and torsion test. This 

table shows a clearer view of the resistivity result based at each point. Upon averaging all 

points, it appears that resistivity at each cycle increases, however, if each point is 

examined based on the number of cycles, the resistivity reading at cycle 1000 for bending 

test indicates the stability of the conductive ink. As the temperatures increase, the silver 

particles can further increase their mobility, leading to reductions in electrical resistivity. 

Additionally, the higher temperatures can also lead to the formation of new metallic bonds 

between the silver particles, which can further reduce resistivity or stabilize it. However, 

as the number of cycles increases, so does the resistivity, and the highest resistivity value 
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is at cyclic torsion test at 5000 cycle at point three (3) with 11.78 x 10-6 ohm.m with 

21.86% ofresistivity percentage change. 

Cycle 

0 

1000 

3000 

5000 

Table 4.7: Resistivity of GNP hybrid at Temperature 25.2°C - Humidity 72.4% 
(2 lamps) for bending and torsion test for every cycle 

Bending Test Torsion Test 

Average Average Standard Average Average Standard 
resistance resistivity Deviation resistance resistivity 

Deviation 
(Ohm) (Ohm.m) (Ohm) (Ohm.m) 

1.0222 10.222 x io-6 0.020 1.0259 1 o.259 x i o-6 0.034 

1.0370 10.370 x io-6 0.026 1.0593 1 o.593 x i o-6 0.045 

1.0444 10 .444 x 10-6 0.036 1.0815 1 o. 815 x i o-6 0.058 

1.0741 10.741 x io-6 0.054 1.1259 11.259 x i o-6 0.054 
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1.2x1Q'5 0:: 

~--.--r--...-----.-----.-----.-----r--...... 1.o x10-5 

0 1000 3000 

CYCLE 

5000 
---Bending Test with 2 Lamps 
i-&- Torsion Test with 2 Lamps 
_._ Torsion Test with 2 Lamps 
- • - Bending Test with 2 Lamps 

Figure 4.5 : Comparison Measurement Of Resistance And Resistivity Of Each 
Cycle Base On Bending Test And Torsion Test With Temperature-Humidity of 

2 Lamps 
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Table 4.8: Resistance and Resistivity of GNP hybrid at 
Temperature 25.2°C - Humidity 72.4% (2 lamps) at each point 

Average 
Average 

Average Average resistivity 
resistance at 

resistance resistivity at resistance at Standard 
Pattern different 

at room room different deviation 
Number temperature 

temperature temperature- (O.m) temperature 
-humidity (0) (0.m) humidity (0) 

(0.m) 

Point I l .0556 10.56 x 10-6 1.0556 10.56 x 10-6 1.92 x 10-7 

Point 2 l.1111 11.11 x 10-6 1.0444 10.44 x 10-6 3.85 x 10-7 

Point 3 1.0111 IO.II x 10-6 I.Oil I 10.11 x10-6 1.92 x 10-7 

Point I l.0556 11.89 x 10-6 1.056 10.56 x 10-6 1.90 x 10-1 

Point 2 l.llll 10.67 x 10-6 1.022 10.22 x 10-6 6.90 x 10-7 

Point 3 1.0111 9.67 x 10-6 1.056 10.56 x 10-6 1.90 x 10-7 

Point I l.0556 10.44 x 10-6 l.044 10.44 x 10-6 3.80 x 10-7 

Point 2 l.111 l 10.22 x 10-6 1.089 10.89 x 10-6 3.80 x I 0-7 

Point 3 1.0111 10.33 x 10-6 1.089 10.89 x io-6 8.40 x 10-1 

Point I l.1889 11.11 x 10-6 1.067 10.67 x 10-6 3.30 x 10-7 

Point 2 l.0667 11.l l x 10-6 1.056 10.56 x 10-6 5.10 x 10-1 

Point 3 0.9667 10.22 x 10-6 1.0556 10.56 x io-6 5.09 x 10-7 

Point I 1.1 889 10.44 x 10-6 1.089 10.89 x io-6 3.80 x 10-7 

Point 2 l.0667 10.67 x 10-6 1.067 10.67 x 10-6 6.70 x 10-7 

Point 3 0.9667 10.67x 10-6 l.089 10.89 x 10-6 6.90 x 10-7 

Point l l.1889 10.56 x 10·6 1.089 10.89 x 10·6 3.80 x 10-7 

Point 2 1.0667 10.33 x 10·6 1.111 11.11 x 10-6 3.80 x 10-1 

Point 3 0.9667 10.78 x 10-6 1.178 11.78 x 10-6 8.40 x 10-7 
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Resistivity 
percentage 

change 
(%) 

0.00 

-6.00 

0.00 

0.04 

-8.02 

4.44 

-1.10 

-1.99 

7.70 

-10.25 

-1.00 

9.20 

-8.40 

0.03 

12.65 

-8.40 

4.15 

21.86 



4.6.2 Temperature 31.6°C - Humidity 60.8% (4 Lamps) 

Table 4.9 and Figure 4.6 presents the mean resistance and resistivity values and 

their corresponding standard deviations for each sample at a temperature 3 l .6°C -

humidity 60.8%. From the result shows that the pattern still maintain where the resistance 

and resistivity of 5000 cyclic is higher than 3000 and 1000 cyclic. The value of resistivity 

for cyclic torsion test also is slightly higher than bending test because in cyclic torsion 

test, the material is subjected to alternating torsional loads, which generate complex stress 

and strain patterns in the material that can result in higher levels of material damage 

compared to bending tests, leading to higher resistivity. 

Based on Table 4.10, the average resistance and resistivity would increase at all 

points along with the amount of bending cycle expect at cyclic torsion test at cycle 1000 

and 3000, though the increment was not too significant in the regards of bending cycle 

progression. Increment of resistance and resistivity can be observe at cyclic torsion test 

at cycle 1000, point 1 and 2 and at cycle 3000, point 2. This suggest that there are 

differences in the electrical properties of the material across the substrate and could be 

related to variations in the thickness of the ink layer. Perfonnance of the hybrid GNP 

conductive ink is affected by factors during substrate preparation and printing conditions. 

It is possible that the ink is not evenly distributed throughout the stencil space during the 

screen-printing process. When the squeegee moves across the gap, there are some uneven 

spaces and due to the speed or viscosity of the ink during the screen-printing process 

(Zavanelli et al, 2021 ). 

The highest resistance and resistivity value at temperature 3 l .6°C - humidity 

60.8%, for cyclic bending test and cyclic torsion test is at point 3, cycle 5000 with 11.11 

x 10-6 ohm.m and 11.78 x 10-6 ohm.m respectively. 
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Table 4.9: Resistivity of GNP hybrid at Temperature 31.6°C - Humidity 60.8% 

Cycle 

0 

1000 

3000 

5000 

Bending Test Torsion Test 

Average Average Standard Average Average Standard 
resistance resistivity Deviation resistance resistivity 

Deviation 
(Ohm) (Ohm.m) (Ohm) (Ohm.m) 

1.0407 
1.041 x 1 o- 0.056 1.0519 1.052 x 10-5 0.040 5 

1.0667 
1.067 x 10-

0.062 1.0852 1.085 x 10-5 0.049 5 

1.0889 
1.089x 10-

0.054 1.1074 1.107 x 10-5 0.026 5 

1.115 
1.115 x io-

0.064 1.174 1.174 x 10-5 0.013 5 
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--Bending Test with 4 Lamps 
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-A- Torsion Test with 4 Lamps 
- • - Bending Test with 4 Lamps 

Figure 4.6: Measurement ofresistance and resistivity of each cycle base on bending test 
and torsion test with temperature-humidity of 4 lamps 
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Table 4.10: Resistance and Resistivity of GNP hybrid at 
Temperature 3 l .6°C - Humidity 60.8% at each point ( 4 lamp) 

Average 
Average 

Average Average resistivity 
resistance 

resistivity at resistance at Standard 
Pattern resistance at different 

at room room different deviation 
Number temperature temperature 

temperatur 
temperature- (O.m) 

e -humidity (0) (O.m) humidity 
(0) 

(0.m) 

Point I 1.0444 I 0.44 x 10-6 1.0778 10.78 x 10-6 5.09 x 10-7 

Point 2 1.0222 10.22 x 10-6 1.0667 10.67 x 10-6 6.67 x 10-7 

Point 3 1.0333 10.33 x 10·6 1.0556 10.56 x l0-6 6.94x l0-7 

Point l 1.0444 10.44 x 10-6 l.l 11.00 x 10-6 5.80 x 10-7 

Point 2 1.0222 10.22 x 10-6 1.078 10.18 x l0-6 8.40 x 10-1 

Point 3 l .0333 io.33 x l0-6 1.089 10.89 x 10-6 1.90 x 10-7 

Point 1 1.0444 10.44 x 10-6 l.13 3 11.33 x 10-6 6.70 x 10-7 

Point 2 1.0222 10.22 x 10-6 1.1 11.00 x 10-6 8.80 x 10-7 

Point 3 1.0333 10.33 x 10-6 1.111 11.1 I x 10-6 3.8o x 10-1 

Point l 1.1111 11.11 x 10·6 1.0889 10.89x 10-6 6.94 x 10-1 

Point 2 1.1111 11 .1 1 x 10·6 1.0889 10.89 x 10-6 3.85 x 10-7 

Point 3 1.0222 10.22x 10-6 1.0778 10.78 x 10-6 3.85 x 10-1 

Point 1 1.1111 11.l l x 10·6 1.122 11.22 x 10-6 1.90 x 10-7 

Point 2 1.1111 11.11 x 10-6 1.089 10.89 x 10·6 3.80 x 10-7 

Point 3 1.0222 10.22 x 10-6 1.111 11.11 x 10-6 1.90 x 10-7 

Point I 1.1111 11.11 x 10-6 1.1 78 11.78 x 10-6 1.90 x 10-7 

Point 2 1.1111 11.11 x 10-6 1.167 11.67 x l0-6 0.00 

Point 3 1.0222 10.22 x 10·6 1.178 11.78 x 10-6 1.90 x 10-1 
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Resistivity 
percentage 

change 
(%) 

3.20 

4 .35 

2. 16 

5.32 

5.46 

5.39 

8.48 

7.6 1 

7.52 

-2.00 

-2.00 

5.44 

0 .98 

-1.99 

8.69 

6.02 

5.03 

15.24 



4.6 Temperature 31.6°C - Humidity 60.8% (6 lamps) 

Table 4.11 shows the average value of resistance and resistivity and standard 

deviation for each sample to measure the uniformity of the printed GNP hybrid 

conductive ink meanwhile Figure 4. 7 illustrates the comparison measurement of 

resistance and resistivity of each cycle base on bending test and torsion test with 

Temperature 31.6°C - Humidity 60.8% due to the number of 6 lamps. It can be observe 

that the value of resistivity increase with the increment of numbers of cycle for both 

testing. Significant increment ofresistivity can be observe at cycle 1000 on both testing. 

Elevated temperatures can have a significant impact on the electrical resistivity of the 

hybrid. At high temperatures can result in degradation or oxidation of the graphene, which 

can have a negative impact on its electrical conductivity and increase the resistivity. 

Based on table 4.8, the resistivity percentage changes compared to resistivity at 

room temperature are in the range of 24% to 62%. It shows increment ofresistivity at all 

points for all sample. Under high temperature and low humidity conditions, the 

combination of cyclic bending and torsion testing can result in an increase in resistivity 

due to the material's degradation caused by exposure to high temperatures. This 

degradation can cause structural changes within the material, which can further contribute 

to the increase in resistivity. Additionally, the repeated stress from bending and torsion 

can cause dislocations within the material to move, leading to a change in the material's 

electrical properties and an increase in resistivity. The significant increase in dislocation 

density and dispersion caused by the high imposed stress can be attributed to the 

resistivity increase after processed (Kocich et al. , 2016). 

Percentage change of point number 2 in cyclic torsion test at 5000 cycle is the 

highest with 62.39% because it is in the most critical area which is the notch tip of bending 

(Suksangpanya et al., 2018). 
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Table 4 .11: Resistivity of GNP hybrid at Temperature 31.6°C- Humidity 60.8% 

Bending Test Torsion Test 
Average Average Average 

Average 
resistance resistivity Standard resistance resistivity Standard 

Cycle after after Deviation after 
after testing Deviation 

testing testing testing 
(Ohm.m) 

(Ohm) (Ohm.m) (Ohm) 

0 1.0259 i.026 x 10-5 0.060 1.0037 1.0037 x 10-5 0.024 

1000 1.4704 1.47 x 10-5 0.070 1.5778 1.5778 x 10-5 0.013 

3000 1.4889 1.489 x 10-5 0.068 1.5778 1.5778 x 10-5 0.041 

5000 1.5556 1.556x 10-5 0.055 1.6667 1.6667 x 10-5 0.034 
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1.0x 10·5 

0 .50 

0 1000 3000 5000 

CYCLE ---Bending Test with 6 Lamps 
- .6.- Torsion Test with 6 Lamps 
- • - Bending Test with 6 Lamps 
_._ Torsion Test with 6 Lamps 

Figure 4.7: Measurement of Resistance and Resistivity of Each Cycle Base On Bending 
Test And Torsion Test With Temperature-Humidity of 6 Lamps 
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Table 4.12: Resistance and Resistivity of GNP hybrid at 
Temperature 3 l.6°C- Humidity 60.8% at each point (6 lamp) 

Average Average 
Average Average resistivity resistance 

resistance resistivity at resistance at Standard 
Pattern at different different deviation 
Number at room room temperatur 

temperature temperature temperature- (O.m) 
e -humidity (0) (0.m) humidity (0) (0.m) 

Point 1 1.0556 10.56 x 10·6 1.4667 14.67 x 10'6 3.33x 10-7 

Point 2 1.1111 11.11 x I o-6 1.5222 15.22 x 10·6 1.58 x 10·6 

Point 3 1.0111 10. 11 x 10·6 1.4222 14.22 x 10-6 1.92 x 10-1 

Point I 1.1889 11.89 x 10'6 1.478 14.78 x 10'6 1.48 x 10-5 

Point 2 1.0667 10.67 x 10'6 1.544 15.44 x 10'6 1.35 x 10·6 

Point 3 0.9667 9.67 x 10·6 1.444 14.44 x 10·6 5.10xl0'7 

Point 1 1.0444 10.44 x 10'6 1.522 15.22 x 10'6 1.90 x 10-7 

Point 2 1.0222 10.22 x 10'6 1.589 15.89 x 10'6 9.60 x 10-7 

Point 3 1.0333 10.33 x 10'6 1.556 15.56 x 10'6 5.IOxJ0·7 

Point I 1.1111 11.11 x 10·6 1.556 15.56 x J0-6 1.90x 10-7 

Point 2 1.1111 11.11 x I o-6 1.567 15.67 x 10'6 0.00 

Point 3 1.0222 10.22 x 10·6 1.556 15.56 x 10·6 1.90 x I 0-7 

Point 1 1.0444 10.44 x 10'6 1.567 15.67 x 10'6 3.30 x 10-7 

Point 2 1.0667 10.67 x 10'6 1.578 15.78 x 10'6 1.90 x 10-7 

Point 3 1.0667 10.67 x 10'6 1.589 15.89 x 10'6 6.90x 10-7 

Point 1 1.0556 10.56 x 10'6 1.656 16.56 x 10·6 5. 10 x 10-7 

Point 2 1.0333 10.33 x 10·6 1.678 16.78 x 10·6 J.90x 10-7 

Point 3 1.0778 10.78 x 10'6 1.667 16.67 x 10'6 3.30 x 10-1 
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Resistivity 
percentage 

change 
(%) 

38.94 

37.00 

40.66 

24.32 

44.75 

49.37 

45.73 

55.45 

50.59 

40.04 

4 1.03 

52.22 

50.04 

47.93 

48.96 

56.88 

62.39 

54.67 



4.7 Summary 

In general, torsional stress is more likely to cause damage to the conductive 

pathways created by the ink than bending stress. This is because torsional stress causes 

rotation around an axis, which can cause twisting and stretching of the conductive 

pathways. This can cause breaks or disconnections in the pathways, increasing the 

resistivity of the ink. 

Bending stress, on the other hand, is more likely to cause deformation or 

compression of the condue>tive pathways. This can cause the pathways to become less 

conductive, but they may not break or disconnect as easily as they would under torsional 

stress. 

Higher temperature generally decreases resistivity. This is because as temperature 

increases, the mobility of the charge carriers (e.g. electrons) in a material generally 

increases, leading to a reduction in resistivity. The exact relationship between temperature 

and resistivity depends on the specific material and its microstructure, and some materials 

may have an increase in resistivity with increasing temperature due to other factors such 

as themrnl expansion or the formation of defects. 

Cyclic testing with temperature variation can provide information on the 

temperature dependence of the electrical resistivity of a material. By heating and cooling 

the material through a range of temperatures, it is possible to observe changes in its 

electrical resistivity as a function of temperature. This information can be useful in 

characterizing the temperature stability of the material, and can provide insights into its 

suitability for certain applications. 
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CHAPTERS 

CONCLUSION 

5.1 Conclusion 

As a conclusion, this chapter concludes the study findings in based on the 

objectives. The correlation on different temperature-humidity of highly thermal graphene 

hybridization conductive ink has been studied, as well as the study about the electrical 

and mechanical behaviour of the highly thermal graphene hybridization conductive ink. 

In this research, the development of the highly thermal graphene hybridzation 

conductive ink specifically on the GNP, silver flake (Ag) and silver acetate (SA) 

conductive inks was reviewed. The challenges and opportunities during the development 

of conductive ink have been discussed. Important remarks from this research described 

as follows; 

1. To construct the conductive ink on the substrate, all procedures including mixing, 

printing, and curing can be conducted through the formulation of new highly 

thermal graphene hybridization conductive ink. The behaviour of conductive ink 

was evaluated after fabrication using electrical, and mechanical test based on the 

resistivity of the hybrid GNP conductive ink at room temperature set as the 

baseline and compare it to the resistivity readings obtained at varying 

temperatures-humidity levels. 

11. Both cyclic bending and torsion testing result shows an increasing value of 

resistance and resistivity with every progress of bending and torsion cycle, albeit 

not too significant it clearly displays a clear trend. In the regards of temperature 
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and humidity effects, while the temperature-humidity difference between 2, 4, 6 

lamps were quite steady, the increase of resistance and resistivity under 6 lamp 

were quite significant 

111. The GNP hybridization conductive ink is considered thermally stable when its 

resistivity value remains constant or decreases with increasing temperature before 

the cyclic testing. This means that the ink's electrical conductivity does not 

deteriorate significantly as temperature increases, indicating that the ink maintains 

its structural and electrical properties within a specific temperature range. This is 

a hallmark of a hybrid conductive ink with good thermal stability. 

iv. At temperature 31.6°C- humidity 60.8% (6 lamps), the percentage change of point 

number 2, sample 6 in cyclic torsion test at 5000 cycle is the highest with 62.39% 

because it is in the most critical area which is the notch tip of bending and torsion 

(Suksangpanya et al. , 2018). 
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5.2 Recommendation 

As the study of hybrid conductive ink gaining interest among researchers, few 

recommendations made for future research in current related area. 

L Variation on particle size of GNP can be considered. The decreasing the size of 

GNP filler leads to increase the interface between the other solid fillers. 

1i. As the current research only focuses on cyclic test, future research could consider 

the variation of other testing method such as the Impact testing and the Hardness 

testing. 

ni. Polyethylene Terephthalate (PET) can be used as the alternative substrate which 

have greater flexibility than copper. 

v. Other than experiment, a numerical simulation method can be considered. Results 

obtain from both methods can be compared. 
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