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The study evaluates how the resistivity and properties of the material 
change in response to environmental factors such as temperature and 
humidity, and how these changes impact its performance in various 
applications. In order to develop a highly thermal graphene 
hybridization conductive ink, a new formulation of conductive ink was 
formulated using graphene nanoplatelet (GNP), silver flake (Ag), and  
silver acetate (SA) as conductive fillers mixed with organic solvents. 
The batch of chemicals was converted into a powder by undergoing 
sonication and stirring to create a powdery state. The powder was then 
treated with organic solvents, specifically 1-butanol and terpineol, and 
mixed using a thinky mixer to form a paste. The GNP/Ag/SA hybrid 
conductive ink paste was then printed on copper substrates using a 
mesh stencil and was cured at 250°C for 1 hour.  Cyclic testing had been 
conducted using a cyclic bending test machine and a cyclic torsion test 
machine in a heat chamber with different temperature-humidity. The 
new formulation then was characterized base on the electrical and 
mechanical behaviour. After the torsion and bending tests, the 
GNP/Ag/SA hybrid conductive ink formulation reliability was 
evaluated. GNP/Ag/SA hybrid conductive ink room temperature 
baseline and GNP/Ag/SA hybrid conductive ink after given different 
temperature-humidity were compared in terms of electrical and 
mechanical properties. Both cyclic bending and torsion testing results 
showed an increasing value of resistance and resistivity with every 
progress of bending and torsion cycle, which displays a clear trend.  The 
results indicate that the average resistance values at all sample points 
either stay constant or decrease with the increasing temperature. This 
observation suggests that the ink's electrical conductivity remains 
rather stable as the temperature increases. Thus, even with rising 
temperatures, the ink's electrical conductivity remains stable, 
indicating the ink's capacity to preserve its integrity and structural 
qualities within a defined temperature range. Future research should 
focus on improving the adhesion, stability and reliability of stretchable 
conductive inks under various temperature and humidity conditions. 
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1. Introduction 
In recent years, the development of flexible and stretchable electronics has garnered significant interest due to its 
potential applications in various fields, including electrical devices, biomedical devices, and flexible displays [1, 
2]. One of the key components of these devices is stretchable conductive ink, which allows for the transmission of 
electrical signals even when the material is subjected to deformation [2]. The main characteristics of stretchable 
conductive ink are its flexibility and expandability, and its ability to retain low resistance levels [3]. Despite its 
potential application, establishing thermal conductivity in electrical devices and high-power semiconductors has 
become a crucial technological challenge [2, 4]. The traditional use of soldering in die-attach techniques carries a 
risk of thermal stress because of the substantial disparities in thermal expansion coefficients between the die and 
the substrate [5]. Furthermore, constraints on die height stem from the limited amount of solder that may be used 
for application, leading to a shift towards developing composite materials for electronic pastes, especially in 
applications that need high thermal conductivity.  

The GNP, Ag, and SA are three materials that have shown great promise in the field of conductive inks due to 
their high conductivity, flexibility, and ease of processing. Graphene shows great potential due to its exceptional 
thermal conductivity, electrical conductivity, and mechanical strength [6]. Graphene also has been extensively 
studied because of its outstanding electrical and mechanical properties, making it a highly desirable material for 
creating conductive inks. However, pure graphene inks often exhibit low electrical conductivity, which limits their 
suitability for use in printed electronics applications [2]. The incorporation of metallic nanoparticles into 
graphene-based conductive inks has garnered attention as a strategy to enhance the intrinsic properties of 
graphene. Silver is selected as a filler for its more effective properties as a conductive ink and adhesion compared 
to other electrically conductive fillers. This is due to its high electrical and thermal conductivities, chemical 
stability, and the conductivity of its oxide form [7]. Additionally, silver has a low melting point, which is important 
for applications involving flexible substrates since it encourages the creation of conductive thin films at 
comparatively low temperatures [8-10]. 

Various research studies conducted experiments with varying temperatures, both higher and lower, on 
conductive ink. Most of the findings indicated that the resistance of the conductive ink decreases as the 
temperature rises when exposed to high temperatures [11-12]. According to [13], the printed film's conductivity 
improves with the increasing temperature and sintering time, and the SEM micrographs display more compact 
microstructures and larger coarsening grains [11, 13, 14]. The coarse grains allow electron transfer between 
grains, leading to a reduction in the resistivity of conductive ink.  Silver ink performed better at higher curing 
temperatures, with the lowest sheet resistance recorded at 105oC. An opposite trend was seen with graphite ink, 
with resistivity decreasing during low temperature curing at 50oC. Ink with a larger concentration of silver 
exhibited improved conductivity at elevated temperatures, while ink with a higher quantity of graphite shown 
superior conductivity at lower temperatures [13, 15]. 

Advancements in mechanics and materials now enable the creation of integrated circuits with electrical 
capabilities akin to those of conventional rigid circuits, while also possessing the ability to stretch, compress, twist, 
bend, and mold into various forms [16]. The GNP-based conductive ink printed on substrates showed consistent 
high electrical conductivity even after undergoing severe bending cycles following thermal reduction [11].  In 
addition to electrical properties, mechanical characteristics of stretchable conductive inks are also important for 
their practical applications. Therefore, cyclic testing such as stretch, bending and torsion are commonly used to 
evaluate the mechanical properties of these materials. When printed conductive ink undergoes single or repetitive 
deformation such stretch, bending, and torsion, the flexible conductors deform significantly between the film and 
the substrate, leading to a reduction in device performance. High-quality conductive ink should maintain its 
functionality even after enduring numerous repetitive deformations caused by body movements [17]. 

This research focuses on the relationship between temperature and humidity on the electrical and mechanical 
properties of a highly thermal GNP/Ag/SA conductive ink. The findings of this study provide insights into the 
electrical and mechanical properties of ink under different environmental conditions, which is important for the 
development of more reliable and stable stretchable electronics. 

2. Material and Methods 

2.1 Material 
The formulation of highly thermal GNP hybridization consists of GNP, Ag and SA as the filler, ethanol as the 
chemical solvent, and I-Butanol and terpineol as the organic solvents as shown in Table 1.  

2.2 Substrate Preparation 
Copper was used as the substrate because of its high density, high thermal conductivity, and high specific heat 
capacity. Copper is also recognised for its outstanding physical and chemical qualities, including heat conductivity 
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of 400 W/(m•K), electrical conductivity of 58 × 106 S/m, and corrosion resistance. [18, 19, 20]. Metal base 
substrates are frequently used in electronic devices that demand great performance, including high-frequency 
circuit boards, power electronics, and high-temperature applications.  

The copper substrates were used as received and were cut according to the size needed. The dimensions of the 
substrate are 120 mm (l), 7 mm (w), and 0.1 mm (t). To prevent the copper substrates from oxidizing, it was etched 
with sandpaper. Six (6) pieces of cooper substrate were prepared for this research. Each substrate was then 
marked with 20mm between each mark for the printing process, as shown in Fig. 1.  

Table 1 Composition of different constituents’ mixture according to the weight for 1 set 
 GNP (g) Silver Flake (g) Silver Acetate (g) Ethanol (ml) I-Butanol (drop) I-Terpineol (drop) 

1 set 0.05 0.4292 0.042 5 3 3 
 
 

 
Fig. 1 Dimension of the cooper substrate 

2.3 Formulation Development of GNP Hybrid 
With the aim of developing a highly thermal graphene hybridization conductive ink, a new formulation of 
conductive ink was formulated using GNP, Ag, and SA as conductive fillers mixed with organic solvents. To turn 
the batch of substances into a powder, they were sonicated and followed by stirring to form the mixture into a 
powder. At room temperature mixture powder was pound until it produced a fine powder. Before curing at 250oC 
for 1 hour, the powder was dripped with organic solvents, 1-butanol, and terpineol and mixed using a thinky mixer 
machine to form a paste.  

2.4 Printing Method Process 
The GNP hybrid paste was printed on copper substrates using a mesh stencil as shown in Fig. 2. The mesh stencil 
has a thickness of 10 µm. The hybrid GNP paste was placed on the selected grid (3mm x 3mm) and applied using 
a squeegee. The paste was printed on the three selected points of the substrate strip. After the printing was 
completed, the mesh stencil was cleaned, and the process was repeated on each sample.   

 

Fig. 2 Printing process using the mesh stencil 
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2.5 Cyclic Bending Test 
Cyclic testing was performed through a cyclic bending test machine and a cyclic torsion test machine. The cyclic 
test was conducted following the guidelines of ASTM D7774-17, utilizing a three-point loading technique. 
Durability of conductive ink was assessed by cyclic bending and torsion tests conducted both before and after the 
experiment. The resistivity of the conductive ink is determined when the process is completed. 
 In this research the cyclic bending test machine was placed in a heat chamber. The testing was done based on 
different temperature-humidity. Each number of lamps resulted in different temperature and humidity. Once the 
reading from the temperature and humidity sensor stable in the heat chamber, the test was done starting with 
1000 cycles, 3000 cycles and 5000 cycles, respectively. Once the counter hits 1000 cycles, resistance 
measurements were taken using a Two-Point probe. This procedure was repeated for 3000 cycles and 5000 cycles. 
 The samples were printed at three different points on the copper substrate. After the bending process, the 
resistivity and physical condition of the surface at these three points were compared. To bend the samples, the 
substrate was held firmly at both ends while only one end was free to bend. A 12 V DC motor on the bending test 
equipment rotated the wheel and connected the sample holder, bending the sample along the rail. As shown in 
Fig. 3, a cyclic bending test machine was used to measure the durability of the sample. 
 

 

Fig. 3 Cyclic bending test machine 

2.6 Cyclic Torsion Test 
The sample preparation for the cyclic torsion test was similar to the bending test sample preparation except for 
the primary mode of deformation involves twisting, with conductive ink printed at three separate points on a 
copper substrate to determine the physical condition and resistivity value after twisting. The twisting motion of 
the samples was caused by two holders, with one remaining stationary while the other repeatedly rotated. During 
the tests, the twisting deformation was first rotated in a clockwise direction, then in the opposite direction, with 
a twisting angle of ± 90°. Fig. 4 shows the cyclic bending test machine. 

2.7 Heat Chamber 
The values of temperature and humidity in this research are based on the number of lamps switched on in the 
heat chamber as shown in Fig. 5. The heat chamber has six (6) lamps. Different temperature and humidity levels 
are gained by turning on two (2) lamps, four (4) lamps, and six (6) lamps, respectively, in the chamber. The 
temperature and humidity readings are obtained by using a temperature and humidity sensor, as shown in 
Table 2. 

3. Results and Discussion 
Cyclic testing had conducted using a cyclic bending test machine and a cyclic torsion test machine in a heat 

chamber with different temperature-humidity was used to analyze the resistivity of GNP/Ag/SA 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 

Sample holder 

12V DC motor 

Counter Proximity sensor 
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bending and cyclic torsion processes. GNP/Ag/SA hybrid conductive ink room temperature baseline and 
GNP/Ag/SA hybrid conductive ink hybrid after given different temperature-humidity were compared in terms of 
electrical and mechanical properties. The purpose of the cyclic bending and cyclic torsion tests is to ensure the 
reliability of the GNP/Ag/SA 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 [21]. 
 

 

Fig. 4 Cyclic torsion test machine 

 

 

Fig. 5 Heat chamber 

Table 2 Value of temperature and humidity 
Number of Lamps Temperature oC Relative Humidity % 

0 21.6 80.5 
2 25.2 72.4 
4 28.6 64 
6 30.6 60.8 

Power supply 

Counter 

Sample holder 

12V DC motor 
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3.1 Cyclic Torsion Test 
Table 3 shows the resistance and resistivity measurement data for 1000, 3000, 5000 cycles of bending and torsion 
testing respectively. Resistivity value increases with the increment of numbers of cycle for both testing. The 
resistivity reading at cycle 1000 for bending test indicates the stability of the conductive ink. The highest 
resistivity value is at cyclic torsion test at 5000 cycles at point three (3) with 11.78 x 10-6 ohm.m with 21.86% of 
resistivity percentage change. 

Table 3 Resistance and resistivity of GNP hybrid at temperature 25.2oC - humidity 72.4% 
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 Based on Fig. 6, it can be observed that the value of resistivity increases with the increment of the number of 
cycles for both tests. The values of resistance and resistivity for the cyclic torsion test are slightly higher than those 
for the bending test, in the cyclic torsion test, the material is subjected to alternating torsional loads. During a 
cyclic torsion test, the material experiences alternating torsional loads by the repetitive application of twisting or 
rotating force in opposite directions. This typically occurs with a specialised testing device designed for torsional 
testing, like a cyclic torsion testing machine. During the testing period, the GNP/Ag/SA hybrid conductive samples 
is secured at both ends and subjected to a torsional strain by rotating one end while keeping the other end 
stationary.  
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The twisting action creates shear stresses in the material, leading to deformation. Then, the rotation direction 
is reversed, applying an opposing torsional load to the material. The cyclic loading method is performed numerous 
times to mimic torsional fatigue effects on the material. This generates 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. The increase in resistivity is more significant in torsion tests due to the complex stress and strain 
patterns generated in the material [22]. During cyclic torsion deformation, the GNP/Ag/SA hybrid conductive ink 
samples experience a twisting motion that leads to a more even distribution of stresses and strains across the 
sample. Table 4 shows the resistance and resistivity measurement data for 1000, 3000, 5000 cycles of bending 
and torsion testing respectively at Temperature 28.6oC - Humidity 64%. At cyclic bending test, the average 
resistivity increases at all points along with the amount of bending cycle. At cyclic torsion test, increment of 
resistance and resistivity can be observing except for cycle 1000, point 1 and 2 and cycle 3000, point 2.  

The variations in the electrical characteristics of the material across the substrate can be caused by the 
differences in the thickness of the ink layer. Uneven spacing may arise during the screen-printing process when 
the squeegee moves across the gap, potentially due to factors such as ink speed or viscosity. When the squeegee 
moves across the gap, there are some uneven spaces because of the speed or viscosity of the ink during the screen-
printing process [23]. The squeegee transfers ink onto the substrate through a mesh screen, and changes in speed 
or ink thickness can impact the consistency of the ink layer. Differences in the thickness of the ink layer can cause 
variations in the electrical properties of the material, resulting in differences in conductivity or other electrical 
characteristics throughout the substrate. Controlling ink viscosity, printing speed, and screen alignment are 
essential for maintaining consistent electrical characteristics of the printed material. 

Fig. 7 presents the resistance and resistivity values and their corresponding standard deviations for each 
sample at a temperature 31.6oC - humidity 60.8%. From the result shows that the same pattern where the 
resistance and resistivity of 5000 cycles is higher than 3000 and 1000 cycles. The prolonged cyclic loading over 
5000 cycles compare to 3000 and 1000 cycles causes progressive material deterioration condition as stated in 
Euler and Bernoulli beam theories. Crack formation in the GNP/Ag/SA hybrid conductive sample was cause by 
the stresses on the surface. The stresses were caused by both bending moment and shear force. Cracks occurred 
in the samples when subjected to cyclic fatigue. As the cycle was increased, the crack extended and merged from 
both sides to create a fully extended crack across the ink width. Repeated bending and torsion stress on the sample 
led to stress concentration at the top surface [4].  

During cyclic loading, the material experiences plastic deformation, which can lead to the formation of 
dislocations, grain boundary sliding, and other microstructural changes. Plastic deformation occurs when a 
material is subjected to cyclic loading, especially over its elastic limit. This indicates that when the load is released, 
the material does not revert to its initial form. The shape and structure of the material permanently alter as a 
result of plastic deformation. Plastic deformation in materials occurs because of the displacement of dislocations, 
which are linear imperfections in the crystal lattice of the material.  Fig. 8 shows how edge dislocations 
accommodate shear stress by migrating through the crystal lattice. These changes can increase the scattering of 
electrons, leading to an increase in electrical resistance and resistivity [24]. 

 

Fig. 6 Resistance and resistivity of each cycle base on bending test and torsion test with temperature-humidity 
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Table 4 Resistance and resistivity of GNP hybrid at temperature 28.6oC - humidity 64% 
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Table 5 Resistance and resistivity of GNP hybrid at temperature 30.6oC - humidity 60.8% 
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Point 2 1.0333 10.33 x 10-6 1.678 16.78 x 10-6 1.90 x 10-7 62.39 

Point 3 1.0778 10.78 x 10-6 1.667 16.67 x 10-6 3.30 x 10-7 54.67 

 
The result in Table 5 shows the resistance and resistivity measurement data for 1000, 3000, 5000 cycles of 

bending and torsion testing respectively at Temperature 30.6oC - Humidity 60.8%. The resistivity percentage 
changes compared to resistivity at room temperature are in the range of 24% to 62% showing increment of 
resistivity at every point of each sample. As mentioned earlier, repeated stress from bending and torsion can cause 
dislocations within the material. The significant increase in dislocation density and dispersion caused by the high 
imposed stress can be attributed to the resistivity increase after processed [25]. It can be observed that the 
percentage change of point number 2 in cyclic torsion test at 5000 cycles are the highest with 62.39% because it 
is in the most critical area, which is the notch tip of torsion [26].  

 

Fig. 9 Measurement of resistance and resistivity of each cycle base on bending test and torsion test with 
temperature 30.6oC - humidity 60.8% 

Figure 9 illustrates the comparison measurement of resistance and resistivity for each cycle based on bending 
and torsion tests conducted at a temperature of 31.6°C and humidity of 60.8%. It can be observed that the value 
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of resistivity increases with the increasing number of cycles for both tests. This occurred because of the effect of 
the Euler-Bernoulli beam theory. The material was stretched during the bending and torsion cyclic tests, 
increasing the constriction and tunneling resistance because of the filler particles' increased distance, crack 
nucleation and propagation development [4]. A significant increment of resistivity can be observed at cycles 1000 
for both tests. Elevated temperatures can have a significant impact on the electrical resistivity of the hybrid 
material. High temperatures can result in the degradation or oxidation of the graphene, which can negatively 
impact its electrical conductivity and increase the resistivity. A decrease in electrical conductivity and an increase 
in resistivity were observed with the increasing temperature due to the degradation or oxidation of the graphene 
[27]. Graphene is a carbon, which is composed of a layer of independent sp2 hybrid carbon atoms and each carbon 
atom in graphene is bonded to three adjacent carbon atoms [28]. Graphene is susceptible to thermal breakdown 
at high temperatures, which potentially weakens the structural integrity of the graphene lattice. The breakdown 
of carbon-carbon bonds within the graphene structure is a primary cause of this degradation and oxidation, which 
can result in the creation of defects, including vacancies, edges, and structural disorder. 

Cyclic testing involving variations in temperature and humidity can yield insights into the temperature-
humidity dependent electrical resistivity of a material. By subjecting the material to a range of temperature-
humidity conditions, it is possible to observe changes in its electrical resistivity as a function of temperature-
humidity. This data holds significance in characterizing the material's temperature stability and offers valuable 
insights into its applicability for specific purposes. 

 

Fig. 7 Resistance and resistivity of each cycle base on bending test and torsion test with temperature-humidity 

 

Fig. 8 Migration of edge dislocation when shear stress is applied [29] 
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4. Conclusion 
The results of the correlational analysis show that electrical conductivity of the GNP/Ag/SA hybrid conductive is 
stable and consistent under standard and controlled conditions. Furthermore, the GNP/Ag/SA hybrid conductive 
demonstrates thermal stability, where resistivity value remains stable or decreases with the increasing 
temperature before the cyclic testing. This observation suggests that the ink's electrical conductivity remains 
rather stable as the temperature increases. It indicates ink's capacity to preserve its integrity and structural 
qualities within a defined temperature range.  
 The resistance and resistivity values demonstrate an incremental rise with each successive bending and 
torsion cycle under varying temperature-humidity conditions. Nevertheless, the conductive ink exhibits overall 
robustness, albeit with minor deleterious effects observed. The differences in temperature-humidity effects 
among the three distinct temperature-humidity conditions remained relatively consistent. However, a notable 
increase in resistance and resistivity was observed under the highest temperature condition (6 lamps). This 
significant rise in resistivity can be attributed to the heightened dislocation density and dispersion induced by the 
substantial stress imposed during processing. In conclusion, the stable electrical conductivity and thermal 
stability of the GNP hybrid conductive ink under standard and controlled conditions, along with its overall 
robustness despite minor deleterious effects observed during cyclic testing, affirm its suitability for various 
applications. 
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