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CHAPTER I 
INTRODUCTION 

 
Three-dimensional (3D) printing stands as an additive manufacturing method, 

crafting tangible items from digital blueprints. This technique involves depositing fine 
tiers of substance, which can be in the shape of fluid or powdery plastic, metal, or 
cement, and subsequently melding these tiers to form a cohesive whole. The 3D 
printing has been used in many industries such as science, medicine, and construction 
etc. The electrospinning technique is a scaffold fabrication method that uses the 
electrical charge to draw a very fine scaffold from the polymer solutions. It also can 
be used in many industries as well, such as medicine and science. And the combination 
of the 3D printing and the electrospinning is called the 3D electrospinning technique. 
It is a technique that uses the electrical charge to fabricate a scaffold from the polymer 
solution and can be fabricated the scaffolds in 3D shape. To fabricate the 3D scaffolds 
that has the similar shape to the original 3D designed shape, the polymer solutions 
and the most appropriate parameters that affects directly to the scaffold results (such 
as the needle size, flow rate, applied voltage, needle tip to the collector distance) 
have to be suitable for the 3D scaffolds results. 

This research work will investigate and find the polymer solutions and the most 
appropriate parameters that are suitable for the 3D scaffold results. In addition, three-
dimensional (3D) electrospinning will be used to fabricate 3D scaffolds using polymer 
solution with carbon-based nanomaterials additions. The carbon-based nanomaterials 
will be used as an additive because this carbon-based nanomaterial can enhance 
mechanical properties of the 3D scaffolds. Several research reports presented that 
scaffold containing appropriated amounts of carbon-based nanomaterials have the 
higher tensile strength than that do not contained carbon-based nanomaterials. 
Furthermore, polymer scaffolds fabricated by the 3D electrospinning techniques with 
and without the carbon-based nanomaterials would be compared by using the 
mechanical testing machine. And the 5 unknown carbon-based nanomaterials would 
be characterized by using the SEM, FTIR and XRD as well. This research would show 
the  most  appropriate  fabricating  parameters  that are suitable  for the 3D  scaffolds 
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fabrication and the unknown carbon-based nanomaterials characterizations. 

 

1.1 Research objectives 
1.1.1 To find the new polymer solution with/without the carbon-based 

nanomaterials addition that can be fabricated the 3D polymer fibrous scaffold. 1.1.2
 To fabricate 3D fibrous scaffolds from polymer solution that are similar to the 
prototype file by using 3D electrospinning technique. 

1.1.3 To investigate the physical and chemical properties of the carbon-based 
nanomaterials additions in the 3D polymer fibrous scaffolds with/without the carbon-
based nanomaterials addition for the characterization and identification of each type 
of the additions in solutions. 

 

1.2 Research hypotheses 
1.2.1 The optimization of a new polymer solution, with or without the addition 

of carbon-based nanomaterials, enables the fabrication of 3D polymer fibrous 
scaffolds. 

1.2.2 The implementation of a novel fabrication process, utilizing 3D 
electrospinning techniques, allows for the creation of 3D polymer fibrous scaffolds that 
closely resemble the desired 3D prototype shape. 

    1.2.3 A comprehensive understanding of the physical and chemical properties 
of carbon-based nanomaterial additions in 3D polymer fibrous scaffolds, both with and 
without such additions, facilitates their characterization and identification, enabling 
differentiation between the various types of additions in solution. 

 

 

 

 

 

 



 

 

CHAPTER II 
LITERATURE REVIEWS 

 
2.1 Polymers                

Based on the findings of previous research on polymer electrospinning, it was 
observed that the initial polymer solutions did not yield satisfactory results, 
necessitating the development of a new polymer solution. Firstly, finding the new 
polymer that is biocompatibility like polycaprolactone (PCL), so polyvinyl alcohol (PVA) 
and polylactic acid (PLA) was found. Then the new suitable solvent had to be found 
for each polymer. The biocompatibility and biodegradability of polylactic acid (PLA) 
have been extensively researched. Over the past two decades, biodegradable 
polymers like PLA, PGA, and polycaprolactone (PCL) have emerged as a class of 
biomaterials garnering increased attention in surgical applications, drug delivery, and 
tissue engineering. These applications include sutures for wound healing, internal 
fixation devices for bone structures, carriers for controlled release of bioactive 
molecules, and scaffolds for tissue or organ regeneration. The synthetic copolymer 
PHEA-PLA possesses unique properties that render it suitable for crafting biocompatible 
scaffolds, without compromising cell viability. Monte, A. I. L., Licciardi, M., Bellavia, M., 
Damiano, G., Palumbo, V. D., Palumbo, F. S., … Giammona, G. (2012) Polylactic acid 
(PLA) stands as a bioabsorbable polymer extensively employed in the production of 
bioabsorbable implants, such as pins, plates, and screws. These implants gradually 
degrade within the body primarily through hydrolysis, coinciding with the progression 
of bone union. PLA also finds application as a fundamental material in Fused 
Deposition Modeling (FDM) for crafting 3D-printed objects. Nevertheless, certain 
limitations exist that could curtail the utilization of 3D-printed PLA within the medical 
domain. Notably, PLA possesses a relatively hydrophilic nature, which can lead to 
reduced cell affinity and occasional elicitation of inflammatory reactions upon direct 
interaction with surrounding tissues. Saniei, H. and Mousavi, S.  (2020). Polylactic acid 
(PLA) has low hydrophilicity. Liu, Y., Wang, S., Lan, W., and Qin, W. (2018). From Zhang, 
W., Huang, C., Kusmartseva, O., Thomas, N. L., and Mele, E. (2017), Polylactic acid (PLA) 
was  solubilized  using  acetone  at  a  concentration  of 15% w/v. This  study  further 
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introduced tea tree oil or manuka oil into the PLA/acetone solution at five distinct 
concentrations: 2.5% v/v, 5.0% v/v,7.5%v/v, 10.0%v/v and 15.0%v/v for antibacterial 
activity and mechanical properties improvements. According to Saavedra, J. P., 
Ricaurte, L., Perez, N. C. P., and Carvajal, M. X. Q. (2022), Polyvinyl alcohol (PVA) 
represents a synthetic polymer possessing optimal traits for fabricating fibers. It boasts 
biodegradability, biocompatibility, water solubility, and robust chemical and thermal 
stability. Notably, polyvinyl alcohol (PVA) is a non-toxic polymer, receiving approval 
from the Food and Drug Administration (FDA) for applications involving materials in 
direct contact with food. Polyvinyl alcohol (PVA) does exhibit certain drawbacks, 
including relatively modest mechanical attributes and limited thermal stability. 
However, these shortcomings can be effectively mitigated by incorporating graphene, 
resulting in a notable enhancement of these properties. Ginestra, P., Riva, L., Fiorentino, 
A., Zappa, D., Comini, E., and Ceretti, E. (2019). In Saavedra, J. P., Ricaurte, L., Perez, N. 
C. P., and Carvajal, M. X. Q. (2022) research, polyvinyl alcohol (PVA) is dissolved with 
the distilled water at a temperature of 90°C ± 5°C in the concentration of 8 %w/v, the 
dispersions were agitated until it is fully dissolved and cooled at 65°C. And from (Saniei, 
H. and Mousavi, S.  (2020)), polyvinyl alcohol (PVA) is dissolved with water into three 
different concentrations of 5wt%, 8wt% and 10wt% at the temperature of 90°C. 

 

2.2 Solvents 
According to the polymers in 2.1, the appropriate solvents that can dissolve each 

polymer have been found. At first, acetone was used as the solvent of 
polycaprolactone (PCL). Acetone is a relatively ecofriendly and less-toxic solvent 
compared to other organic solvents. But there are only few reports regarding the use 
of acetone in order to fabricate the scaffold. Agarwal, S. and Greiner, A., (2011)  
therefore, acetone was used as the solvent in this research work and acetone mixed 
with water had been used, also dimethyl sulfoxide (DMSO) which are seen as 
alternative non-toxic solvents, DMSO is water soluble and it could be diffused into 
water very quickly. Jia, W. J., Gu, Y. C., Gou, M. L., Dai, M., Li, X. Y., Kan, B., … Qian, Z. Y. 
(2008), it is produced in nature and is known to be a source of carbon and sulfur. It is 
used in many experiments such as pharmaceutical preparations, biological 
experiments and of course, as a polymer solvent. and it must be carefully used at high 
concentration. Kim, K. and Lee, S. E. (2020). And DMSO with acetone combined was 
used to be the solvent of polycaprolactone. For polyvinyl alcohol (PVA), acetone and 
acetonitrile were used as the solvent. Acetonitrile is much less toxic due to its stable 
C-CN bond and has been widely used as a polar aprotic solvent in organic synthesis 
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and purification. Ebrahimlo, A. R. M., and Soreh, P. G. (2019), ethanol or ethyl alcohol 
that is the organic solvent. Youn, H. S., Kim, S. J., Kim, G. H., and Um,B. H. (2022). 
Ethanol can be produced by fermentation of sugars and utilized as partial gasoline 
replacement. It is gaining increasing attention due to its major environment benefits. 
Elbakush, A. E. and Guven, D. (2020). It also can be produced by reductive 
carbonylation of methanol. El-Zeftawy, A. M. (1993). And methanol or methyl alcohol. 
It is a colorless, mobile and neutral liquid with light alcohol smell. It is useful as a 
drying fluid and completely miscible with water that is much lighter. Methanol is a 
good solvent for the organic industries, but it is volatile, highly flammable and very 
toxic chemical. El-Zeftawy, A. M. (1993). It has to be very careful to used methanol as 
the solvent of PVA. And for polylactic acid (PLA) solvents, acetone, acetone mixed with 
Dimethylformamide (DMF) was selected as the solvent for this application. DMF finds 
widespread usage across various industries, including synthetic leather, polyurethane 
resin, Orlon, and polyacrylic fibers. Renowned as a universal organic solvent, DMF is 
favored for its exceptional miscibility with water and a wide range of common organic 
solvents such as toluene, ethyl acetate, and ketones. Nonetheless, it is crucial to note 
that excessive exposure to DMF has been linked to adverse health effects, 
encompassing hepatotoxicity, alcohol intolerance, potential embryotoxicity, and 
teratogenicity in both human and animal subjects. Presently, the permissible exposure 
limit for DMF concentration within workplace air stands at 10 ppm in the United States 
and Taiwan. Chang, H. Y., Shih, T. S., Guo, Y. L., Tsai, C. Y., and Hsu, P. C. (2003). The 
industry that uses DMF as a material, requires the airborne levels in the workplace 
should not exceed a 10 ppm. 8 h and skin contact be avoided. Hurtt, M. E., Placke, M. 
E., Killinger, J. M., Singer, A. W., and Kennedy, Jr. G. L. (1991). and also used chloroform 
as a solvent of PLA. Chloroform, also known as trichloromethane (CHCl3), is a 
transparent and colorless chlorinated solvent that exhibits high volatility. It possesses 
a distinctive odor and a somewhat sweet taste. Due to its sensitivity to light, chloroform 
is typically stabilized with approximately 0.75% ethanol to prevent its conversion into 
phosgene and hydrogen chloride through photochemical processes. While it readily 
dissolves in a wide range of organic solvents, its solubility in water is relatively limited. 
Luttrell, W. E. (2005). Chloroform is a highly hazardous solvent with potential risks. It 
can negatively impact reproductive function and contribute to the development of 
congenital anomalies. Furthermore, chloroform has the capacity to harm vital organs 
like the kidneys and liver, as well as impair the nervous system. Its effects extend to 
the circulatory system, potentially leading to severe consequences. Dehghani, M., 
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Shahsavani, S., Mohammadpour, A., Jafarain, A., Arjmand, S., Rasekhi, M. A., … Conti, G. 
O. (2021). 

 

2.3 Carbon-based nanomaterial  
Ever since the discovery of graphene in 2004, a single atom-thick layer of graphitic 

structure, it has garnered significant attention across numerous domains owing to its 
exceptional electrical, chemical, and mechanical characteristics. Notably, graphene 
holds immense potential, particularly when contrasted with other carbon-based 
materials like carbon nanotubes (CNTs) and graphite. Karuwan, C., Wisitsorrat, A., 
Phokhratkul, D., Sriprachuabwong, C., Lomas, T., Nacapricha, D., and Tuantranont, A. 
(2013). Graphene stands as a two-dimensional nano-carbon material, featuring a 
honeycomb lattice structure that showcases remarkable physical, chemical, and 
electronic attributes. Sriprachuabwong, C., Karuwan, C., Wisitsorrat, A., Phokhratkul, D.,    
Lomas, T., Sritongkham, P., and Tuantranont, A. (2012). Graphene, being a carbon-based 
nanomaterial, plays a pivotal role in bolstering the mechanical attributes of fiber mats. 
This enhancement leads to structural benefits, as graphene contributes to the 
formation of a non-woven mesh characterized by a substantial surface area per unit 
mass and a considerable interconnected porosity fraction. Comprising a solitary layer 
of aromatic carbons, graphene emerges as an exceedingly auspicious contender for 
generating functionalized electrospun scaffolds. This is largely attributed to the 
chemical and physical properties inherent to graphene. Ceretti, E., Ginestra, P. S., 
Ghazinejad, M., Fiorentino, A., and Madou, M. (2017). And in this paper, the graphene 
was mixed into the 1:1 mixture of tetrahydrofuran (THF) and dimethylformamide (DMF) 
– polycaprolactone (PCL) solutions with the concentrations of 0.5wt%, 1wt% and 
2.0wt% to be compared to each solution. 
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Figure 2.1 Typical Transmission Electron Microscope (TEM) micrograph of 
electrolytically exfoliated graphene. 

 
According to Figure 2.1, The transmission electron microscopy (TEM) image 

illustrates the intricate structure of electrolytically exfoliated graphene. The image 
reveals a thin, polygonal sheet with rounded edges, spanning approximately 250 nm 
and 800 nm in width and length, respectively. Notably, the sheet exhibits variations in 
thickness. The identification of this sheet as graphene is corroborated by the high-
resolution TEM image. Karuwan, C., Wisitsorrat, A., Phokhratkul, D., Sriprachuabwong, 
C.,   Lomas, T., Nacapricha, D., and Tuantranont, A. (2013). And in Ginestra, P., Riva, L., 
Fiorentino, A., Zappa, D., Comini, E., and Ceretti, E. (2019) research, the study employed 
reduced graphene oxide (rGO), obtained through the reduction of graphene oxide (GO) 
via thermal, chemical, or electrical treatments, with rGO generated by eliminating 
oxygen functional groups from GO. The performance enhancements in graphene-based 
nanocomposites stem from the imperative of achieving full exfoliation and uniform 
dispersion of the graphene nanofiller within the matrix. However, it's important to note 
that graphene's inherent hydrophobic nature restricts its utilization in aqueous-based 
preparations. Ginestra, P., Riva, L., Fiorentino, A., Zappa, D., Comini, E., and Ceretti, E. 
(2019). Graphene oxide nanoplatelets (GO) were synthesized from graphite powder 
using the modified Hummers method. Chaudhuri, B., Mondal, B., Kumar, S., and Sarkar, 
S. C. (2016). 
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2.4 3D electrospinning 
3D electrospinning is the scaffold fabrication technique that from the combination 

of 3D printing with electrospinning. 3D printing operates on the principle of layered 
manufacturing, where materials are progressively deposited layer by layer to create a 
three-dimensional model. Yan, Q., Dong, H., Su, J., Han, J., Song, B., Wei, Q., and Shi, Y. 
(2018). It was introduced in the late 1980s to fabricate objects with any complex shape 
quickly. Chua, C. K., Leong, K.  F., and An, J. (2020); Honiggman, P., Sharma, N., Okolo, 
B., Popp, U., Msallem, B., and Thieringer, F. M. (2018). Since its inception, the technology 
has experienced rapid advancement beyond initial expectations, extending its reach 
beyond mechanical manufacturing into diverse realms of scientific exploration and 
technological innovation. Notably, 3D printing has demonstrated remarkable utility in 
the medical domain, including the swift production of customized scaffolds, the 
creation of organ models, and even direct printing at sites of defects. Kao, C. T., Lin, C. 
C., Chen, Y. W., Yeh, C. H., Fang, H. Y., and Shie, M. Y. (2015). Nevertheless, practical 
utilization of 3D printers may encounter certain challenges. For instance, in the medical 
context, these printers might necessitate specialized materials, a proficient level of 
technical expertise for operation, and adherence to specific operational parameters, 
all of which can contribute to elevated production costs. 

 

2.5 Parameters of 3D electrospinning 
The key 3D electrospinning parameters considered in this study include flow rate, 

applied voltage, needle tip to collector distance, needle size, the size and shape of 
the 3-dimensional file, and printing velocity. To create PVA scaffolds through 
electrospinning, aqueous PVA solutions with varying concentrations (5wt%, 8wt%, and 
10wt%) were formulated at 90°C. The electrospinning process employed a standard 
1mL syringe equipped with a 23G stainless steel needle to hold the solutions. Essential 
electrospinning components encompassed a syringe infusion pump, a power supply, 
and a grounding electrode. (Saniei, H. and Mousavi, S.  (2020)). And in Ginestra, P., Riva, 
L., Fiorentino, A., Zappa, D., Comini, E., and Ceretti, E. (2019) research,  

A solution consisting of 15wt% PVA and 1wt% reduced Graphene Oxide (rGO) was 
prepared and combined at room temperature. This resulted in a mixture with a 
PVA:rGO ratio of 3:2, achieved by stirring for 2 hours. The mixture was then loaded into 
a 10mL syringe affixed with a 21G stainless steel needle. The electrospinning setup is 
illustrated in Figure 2.2, wherein experiments were conducted using both a square flat 
collector and a rotating drum collector. The electrospinning process employed a flow 
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rate of 1mL/h and an applied voltage of 20kV. Scaffolds were collected on the square 
flat collector, with the distance between the needle tip and collector varying from 
20mm to 80mm. Additionally, experiments were conducted on the rotating drum 
collector to assess potential effects of collector rotation on scaffold diameter and 
alignment. 

a  b  

Figure 2.2 a.) Electrospinning set-up integrated with the flat square collector. b.) 
Electrospinning set- up integrated with the rotating drum collector. And 1.) Syringe 
pump, 2.) Needle tip, 3.) The collector, 4.) Zoom in the needle tip to collector distance. 

 

For the electrospinning of PCL scaffolds, three uniform solutions containing 15wt% 
of polycaprolactone (PCL) were prepared by stirring PCL in a blend of tetrahydrofuran 
(THF) and dimethylformamide (DMF) in a 1:1 ratio. This stirring process was conducted 
for 24 hours at room temperature. Subsequently, graphene nanoplates at 
concentrations of 0.5wt%, 1.0wt%, and 2.0wt% were added to the solutions. These 
mixtures underwent one hour of sonication followed by continued stirring. The 
resultant solutions were then loaded into a 5mL plastic syringe equipped with a 20G 
stainless steel needle. The electrospinning process was initiated, applying a flow rate 
of 0.5mL/h from the syringe and a voltage of 20kV to the needle tip. And the needle 
tip to the grounded aluminum foil collector distance is 120mm and the experimental 
procedures were conducted under standard ambient conditions of 25°C temperature 
and 40% relative humidity. Electrospinning trials were executed, with a duration of 45 
minutes for the solution containing 0.5wt% graphene, 30 minutes for the 1.0wt% 
graphene solution, and merely 15 minutes for the 2.0wt% graphene solution. Beyond 
these durations, the uniformity of the scaffolds began to deteriorate. Ceretti, E., 
Ginestra, P. S., Ghazinejad, M., Fiorentino, A., and Madou, M. (2017). 
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The polymer dissolution process occurred through stirring under ambient 
conditions. All concentrations were expressed as weight percentages (wt%). 
Specifically, 15wt% of polystyrene (PS) was dissolved in dimethylformamide (DMF), 
15wt% of polyacrylonitrile (PAN) was dissolved in DMF, and 15%wt of 
polyvinylpyrrolidone (PVP) was dissolved in methanol (MeOH). Each solution 
maintained a consistent 15wt% concentration. Additives were introduced subsequent 

to the complete dissolution of the polymer solution, with quantities ranging from 2μL 

to 200μL per 20g of solution. Each electrospinning experiment spanned 10 minutes 
and utilized a fresh polymer solution.Vong, M., Sanchez, F. J. D., Keirouz, A., Nuansing, 
W., and Radacsi, N. (2021). 

 

2.6 Electrode configurations 
In Figure 2.3, to manipulate the electric field, diverse conductive obstructions and 

supportive materials were directly introduced into the electrospinning chamber. All 
objects were made with the cardboard and wrapped it in aluminum foil. Regarding 
shape, several geometries were employed, including flat circles, flat rectangles, and 
hollow cylinders or rings. These structures were strategically positioned either at the 
nozzle level or on the collector. Their placement allowed them to function as base, 
steering, or guiding electrodes, influencing the electrospinning process. 

The base electrodes, the 5cm, 10cm of flat circle and 5.5cm of the ring were used. 
And they were placed around the nozzle for decreasing the size of the deposition 
area. The steering electrodes, the 5.5cm of the ring was used and floated in the mid-
way between the nozzle and the collector for controlling, deflecting the trajectory of 
electrospinning jet and in Deitzel, J. M., Kleinmeyer, J. D., Hirvonen, J. K., and Beck Tan, 
N. C.  (2001), The implementation of ring electrodes demonstrated a reduction in 
whipping motion, consequently leading to a more confined deposition area. The 
guiding electrodes, the 4cm x 5cm rectangles and 5.5cm of the ring were placed 
directly on the collector for serving as a converging area for electrospinning jet. All 
electrode configurations are summarized in Figure 2.3. 
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Figure 2.3 The electrode configurations that were used the base electrode, a.) 5cm of 
flat circle around the nozzle, b.) 10cm of flat circle around the nozzle and c.) 5.5cm 
of the ring around the nozzle. The steering electrode is d.) 5.5cm of the ring floating 
between the nozzle and the collector by floating in 2.5cm above the collector. And 
the guiding electrodes, e.) two of 4cm x 5cm rectangles and f.) 5.5cm of the ring is 
placed on the collector. 

 

For the results, the electrodes serve the purpose of directing the path of the 
electrospinning jet, minimizing the deposition area, and altering the electric field's 
configuration. These factors collectively exert a direct impact on the electrospinning 
process. In the case of the base electrodes, it was observed that all three shapes were 
ineffective at achieving uniform fiber electrospinning. Instead, they promoted the 
development of microbeads and droplets, as depicted in Figure 2.4. 

 

Figure 2.4 Results of based electrodes in 3D electrospinning. a.) High FPS camera 
photograph and a.1) electric field simulations of electrospinning with a 5cm aluminum 
foil circle base electrode, where b.) and b.1) 10cm aluminum foil circle and, c.) and 
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c.1) 5.5cm aluminum ring. The base electrodes decrease the whipping motion of the 
electrospun jet, resulting in a wet line. 

 
For the steering electrode results, according to there is no external applied voltage 

added in the 5.5cm ring of electrode with no connection to the ground, Furthermore, 
the proximity of the ring electrode to the collector serves as a converging focal point 
for the electrospun scaffolds just prior to their interaction with the collector surface. 
This configuration prompts the electrospun jet to converge towards the electrode 
rather than the collector itself, a phenomenon depicted in Figure 2.5. 

 

Figure 2.5  The result of steering electrode on 3D electrospinning. a.) High FPS camera 
photograph and b.) The electric field simulation of electrospinning with a 5.5cm 
aluminum ring electrode. As no voltage is applied to the ring, the electrospun jet can 
converge to it. 

 
In the guiding experiments, two rectangular electrodes were utilized to emulate 

the parallel electrodes of a collector. This arrangement induced scaffold alignment by 
attracting the electric field lines towards the separated electrodes. Consequently, the 
scaffolds were directed to converge onto the electrode planes, preventing them from 
descending to the grounded collector. Meanwhile, the ring electrode positioned within 
the nozzle's movement region exerted a more pronounced influence on the three-
dimensional structure, aligning with the nozzle's trajectory, as depicted in Figure 2.6. 
This outcome mirrored the characteristics of a cylindrical shape, where no flat scaffold 
layer converged onto the collector. As a result, this setup expedited the three-
dimensional assembly process, yielding enhanced fidelity in shape for the constructed 
three-dimensional structures. Vong, M., Sanchez, F. J. D., Keirouz, A., Nuansing, W., and 
Radacsi, N. (2021). 
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Figure 2.6 The guiding electrode results on 3D electrospinning, a.) High FPS camera 
photograph and a.1) Electric field simulations of electrospinning with two parallel 
aluminum rectangles. b.) High FPS camera photograph and b.1) Electric field 
simulations of electrospinning with a 5.5cm aluminum ring put on the collector. The 
guiding electrodes help to shape the electrospun 3D structure. 

 

2.7 Characterizations 
In this part, the mechanical properties test and the morphological characterization 

were shown such as SEM and optical characterization such as FTIR and XRD. 

 2.7.1 Mechanical properties  
          Firstly, in Cedillo, E. R., Lara, W. O., Pizana, M. R. R., Uribe, J. A. G., Zuniga, 
A. E., and Rodriguez, C. A. (2019), the analysis of the mechanical strength of the PCL 
electrospun membranes, according to Halldorson, V. S. N., Steiner, R. L., and Smith, G. 
B. (2003), rectangular samples were prepared, measuring 5mm in width and 30mm in 
length, with a width ranging between 0.17mm and 0.35mm. These samples were 
mounted longitudinally between two gripping units of the tester, providing a 3cm 
gauge length for mechanical loading. A uniform cross-head speed of 10mm/min was 
applied to all tested specimens. Mechanical assessment was conducted using an 
Instron 3365 universal test machine equipped with a 5kN load cell. And for Augustine, 
R., Kalarikkal, N., and Thomas, S. (2015), The PCL samples were cut into rectangular 
shapes, each measuring 6x1cm². These samples were mounted vertically between two 
mechanical gripping units of the tester, allowing for a 3cm gauge length to facilitate 
mechanical loading. A 500N load cell was applied, and the tests were conducted at a 
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crosshead speed of 1mm/min. The thickness of each sample was measured using a 

precision electronic micrometer with an accuracy of 1μm. Tensile property averages 
were derived from the outcomes of five tests. The stress-strain curve, illustrated in 
Figure 2.7, provides a comprehensive insight into the material's tensile properties. 
Among all the samples tested, the scaffold employing acetone as the sole solvent 
exhibited the highest break stress, but the lowest modulus. On the other hand, the 
sample electrospun using acetic acid alone displayed the lowest elongation at break 
due to the prevalence of beads, resulting in reduced mechanical stability. The PCL 
scaffold crafted using a 3:7 ratio of acetone and acetic acid achieved the highest 
elongation prior to breakage and acetic acid also showed the highest toughness as 
shown in table 2.1. 

 

Figure 2.7 Stress-strain behavior of electrospun PCL membrane using various ratio of 
solvents. All cases, PCL concentration of 15wt%, tip to collector distance of 20cm, 
flow rate of 0.5mL/h and applied voltage 15kV were maintained. 
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Table 2.1 The mechanical properties of electrospun PCL membrane using various 
solvents ratios. All cases, PCL concentration of 15wt%, tip to collector distance of 
20cm, flow rate of 0.5mL/h and applied voltage 15kV were maintained. 

Solvent Break stress 
(MPa) 

Elongation at 
break (%) 

Tensile modulus 
(MPa) 

Relative 
toughness 

Acetone 1.45 ± 0.23 323 ± 16 2.1 ± 0.28 362 ± 11 
Acetic acid 0.82 ± 0.14 110 ± 13 3.4 ±0.25 86 ± 6 

Acetone and acetic acid 
in 1:1 ratio 

0.99 ± 0.16 130 ± 15 4.7 ± 0.23 104 ± 13 

Acetone and acetic acid 
in 7:3 ratio 

1.21 ± 0.26 292 ± 21 3.8 ± 0.27 272 ± 16 

Acetone and acetic acid 
in 3:7 ratio 

1.36 ± 0.12 351 ± 17 3.0 ± 0.18 382 ± 8 

 

      2.7.2 Morphology  
   According to Bosworth, L. A. and Downes, S. (2012). in Figure 2.8 and Agarwal, 

S. and Greiner, A. (2011) in Figure 2.9, the SEM was used for morphological 
characterization. And to compare the different of the diameter or morphological of 
the fibers and the SEM will be used in my research as well.  

 

Figure 2.8 SEM micrographs for the PCL scaffolds with concentrations of 5, 7.5 and 
10%w/v when electrospun with flow-rate of 0.05mL/min. 
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Figure 2.9 SEM images of electrospun PCL membranes using acetone as the solvent. 
10wt% PCL (a) and 15wt% PCL (b) solutions electrospun at a tip to collector distance 
of 15cm, an applied voltage of 18kV and a flow rate of 1mL/h. Graphs represent the 
frequency of diameter distribution. 

 

      2.7.3 Fourier-Transform-Infrared (FTIR) spectroscopy 
    Fourier-Transform-Infrared (FTIR) spectroscopy is a vibrational spectroscopic 

method employed to gather insights into the chemical composition of a sample, 
essentially serving as its "molecular fingerprint." In this study, FTIR was employed to 
analyze and elucidate the chemical interactions occurring between the polymer, 
solvent, and additive components. Saavedra, J. P., Ricaurte, L., Perez, N. C. P., and 
Carvajal, M. X. Q. (2022). FTIR spectroscopy has demonstrated its utility in the analysis 
of various biochemical compounds, particularly for studying changes in the 
composition of intracellular and extracellular metabolites. This technique allows for 
the examination of functional groups within cell constituents such as proteins, lipids, 
carbohydrates, and nucleic acids without necessitating cell disruption. Elbakush, A. E. 
and Guven, D. (2020). Also, FTIR serves as a potent tool for characterizing chemical 
alterations, with a distinct ability to identify functional groups within irradiated 
substances. This technique holds uniqueness in its capability to discern and analyze 
such changes effectively. Hosseini, M. A., Malekie, S., and Ebranimi, N. (2020). 

    For example, For the purpose of comparing chemical interactions between 
the additive and polymer, the FTIR spectra of both two-dimensional (2D) and three-
dimensional (3D) polystyrene (PS) fibers were analyzed. The objective was to assess 
whether significant distinctions emerged as a result of introducing the additive 
responsible for facilitating the three-dimensional structural formation. 

 



17 
 

 

 

Figure 2.10 FTIR spectra of electrospun polystyrene (PS) fibers, with (3D) and without 
(flat) HCL additive. No significant shifts in peaks are observed. 

 
As depicted in Figure 2.10, the faint absorption peaks around 3024cm-1 arise 

from the C-H stretching within the benzene ring of PS. The C-H stretching related to 
the CH2 and CH groups within the primary PS chain are evidenced by subtle absorption 
bands at approximately 2917 and 2850cm-1, respectively. Vibrations of the benzene 
ring manifest at frequencies of 1600 and 1583cm-1, alongside robust peaks observed 
at 1492 and 1451cm-1. A minor peak at 1154cm-1 corresponds to C-H bending in the 
para-position. Further, the moderate peaks detected at 1069 and 1027cm-1 correspond 
to hydrogen-bending modes within the benzene ring. Lastly, the less pronounced peak 
at 906cm-1 and the robust peaks at 755 and 696cm-1 correspond to out-of-plane C-H 
bending. Regarding the primary PS chain, the stretching mode and bending mode of 
CH2 are intertwined with the bands at 2917 and 1451cm-1, respectively. Similarly, C-C 
stretching interacts with the 1069cm-1 band. Vong, M., Sanchez, F. J. D., Keirouz, A., 
Nuansing, W., and Radacsi, N. (2021). and there are no significant shifts in peak are 
observed. 
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Figure 2.11 FTIR analysis of graphene oxide (GO) nano powders at the different 
absorbed doses. 

 
In Figure 2.11, the gamma irradiation of nano-graphene oxide powder is 

depicted within a range of 0–80kGy. The absorption spectra reveal distinct 
characteristic peaks, including the intense and broad absorption bands at 3400cm-1, 
attributed to O-H stretching, and in the range of 3500-3300cm-1. Two prominent 
absorption bands at 1720cm-1 and 1620cm-1 are particularly noteworthy, corresponding 
to the skeletal stretching modes of C=O and C=C bonds, respectively. Additionally, 
peaks at 1010cm-1 and 1110cm-1 are discernible within the spectra's fingerprint region, 
likely indicating COOH and C-OH vibration modes, respectively. Hosseini, M. A., Malekie, 
S., and Ebranimi, N. (2020). 

 

Figure 2.12 FTIR analysis of graphite (black color line) and FTIR analysis of graphene 
oxide (orange color line). 
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 As seen in Figure 2.12, the FTIR analysis of graphite shows few absorptions 
signals because the variation in charge distribution among the carbon atoms results in 
weak differences, giving rise to minor induced dipoles that contribute to a distinct and 
well-defined spectrum. Notably, the application of oxidation treatment on the material 
introduces bands corresponding to oxygenated functional groups, affirming the success 
of the oxidative process. Ruiz, S., Tamayo, J. A., Ospina, J. D., Porras, D. P. N., Zapata, 
M. E. V., Hernandez, J. H. M., Tovar, C. D. G. (2019). 

      2.7.4 X-Ray diffraction (XRD) spectroscopy  
X-Ray diffraction (XRD) spectroscopy is a non-destructive method used to 

gather the molecular pattern of a sample. The diffraction angle or direction provides 
insight into the shape and dimensions of the unit cell, while intensity indicates the 
arrangement of atoms within the unit cell. Jiang, J., Zhang, S., Longhurst, P., Yang, W., 
and Zheng, S. (2021). X-Ray diffraction line profile analysis serves as a robust and 
comprehensive method for characterizing the microstructure of crystalline materials, 
offering reliability and non-destructiveness to the sample. This approach enables the 
estimation of domain size within the specimen and quantification of microstrain 
variations subsequent to Shot Peening (SP) – a surface treatment known for enhancing 
surface properties of metallic components in industrial settings. This technique proves 
valuable in assessing the impact of graphene reinforcement on microstructural changes 
within the composite following SP treatment. Zhan, K., Wu, Y., Li, J., Zhao, B., Yan, Y., 
Xie, L., Ji, V. (2017). For an example of X-Ray diffraction in Figure 2.13.  

 

Figure 2.13 (a) X-Ray diffraction patterns of graphite powder and GO and (b) X-Ray 
diffraction patterns of PCL and GO-PCL composite. 
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Figure 2.13(a) showcases the X-Ray diffraction patterns of both graphite and 
Graphene Oxide (GO) for comparative analysis. Notably, the distinctive G peak, 

positioned at 2θ = 11.1° with a d-spacing of 0.78nm, is absent in the XRD patterns of 
GO-PCL presented in Figure 2.13 (b.). This absence can be attributed to the disruption 
of the regular and periodic structure of GO, leading to the development of fully 
exfoliated structures and a uniform dispersion of GO within the polymer matrix. 
Chaudhuri, B., Mondal, B., Kumar, S., and Sarkar, S. C. (2016). 

 



 

 

CHAPTER III 
MATERIALS AND METHODS 

 
3.1 Solution preparations  

Polymers that were used in the preparations are Polycaprolactone (PCL), Polyvinyl 
alcohol (PVA) and Polylactic acid (PLA) (powder and pill appearance). All polymers that 
were mentioned are the biocompatible polymer which are non-toxic to the human 
skin and good for the environment. And the solvents that were used to dissolve the 
polymer are Acetone, Dimethyl Sulfoxide (DMSO), methanol, ethanol, acetonitrile, 
Dimethylformamide (DMF) and Chloroform. The additives that were added into some 
solutions are 5 different types of carbon-based nanomaterials. The first step, the 
additive carbon-based nanomaterials and the solvent were sonicated together in the 
sonicator bath for 30 minutes by using normal waves for the additive dispersion, then 
the polymer were added in the solutions and the solutions were stirred at the 
temperature that suitable for each solvent and each polymer (the temperature is used 
between 55°C -120°C) until all of the polymer is dissolved in the solvent. But there are 
some polymers that were not dissolved in the solvent. All solutions that were prepared 
had 7.3 and 7.5%W/V of concentrations. And the concentration of the carbon-based 
nanomaterial additions was 0.35%W/V of all solutions. 

 

 

3.2 Fiber fabrication (3D electrospinning technique)   
After the solutions were prepared, the 3D electrospinning technique is used only 

the completely dissolved polymer solutions to fabricate the fiber. The first step, the 
3D prototype file was created by saving it from the Thingiverse.com website and using 
the Cura program as the slicer program. The printing parameters were set into 0% of 
the infill, 0°C of nozzle temperature and bed temperature and 0mm of top/bottom 
thickness to make the hollow cylinder (the easiest shape to be fabricated in 3D 
electrospinning technique) with the size 5cm of diameter and 5cm of height. After that,
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the file was saved in the SD card and put the card in the 3D electrospinning machine. 
The next step, the z-offset setting was set in the printer to make the distance between 
the needle tip to the collector. In this study, the parameters were set into 2.5cm and 
5cm of the needle tip to the collector distance. Then, a needle was used with the size 
of (18G, 0.838mm of inner diameter and 20G, 0.603mm of inner diameter.) and 10mL 
syringe to pump the solution up and the long plastic tube is also connected with the 
syringe and the needle as in Figure 3.1(a), to make it moves easily when the 3D 
electrospinning jet is moving.  

After that, the syringe was put in the syringe pump to adjust the flow rate (in this 
research, 3, 5, 7, 8, 9, 10mL/h of flow rate were used) and to pump the solution out. 
Then, the needle was connected to the 3D electrospinning machine as in Figure 3.1(b), 
the wire is also connected to the needle tip and the collector to the power supply 
(positive electrode connected to the needle and negative electrode connected to the 
collector) as in Figure 3.1(c) to create the electric field for drawing the very fine scaffold 
from the solution. Then the 3D electrospinning machine were started to print the 3D 
scaffold, it starts to pump the solution from the syringe pump and the applied voltage 
was slowly increased from the power supply to fabricate the scaffold and to find the 
most appropriate parameters (applied voltage, flow rate and needle tip to collector 
distance) that are suitable to these experiments. And as in Figure 3.1(d), some of the 
experiments had the guiding electrode to accelerate the 3D build-up process and build 
3D structures with higher shape fidelity. Vong, M., Sanchez, F. J. D., Keirouz, A., Nuansing, 
W., and Radacsi, N. (2021). The guiding electrode is made from the aluminum foil. It 
had 6cm, 7cm and 10cm diameter with 3cm of height hollow cylindrical shape. The 
guiding electrode was placed on the middle of the collector when the fabrication 
started as in Figure 3.1(d). 

 
 

a  b   

Figure 3.1 (a) The syringe was connected to the long tube and the needle; (b) the 
syringe pump was pumped the solution out. 
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c   d  

Figure 3.1 (c) the wire was connected to the needle tip and the collector and to DC 
power supply; (d) the cylindrical aluminum foil guiding electrode (Continued). 
 

3.3 Characterizations 
In this research, there are 5 characterizations which are tensile test, morphology 

test by Scanning Electron Microscope (SEM), X-ray diffraction (XRD), Fourier transform 
infrared spectroscopy (FTIR). 

      3.3.1 The tensile test  
        For the tensile test of the 3D electrospun scaffolds were measured by a 

universal testing machine as in Figure3.2  
 

 
Figure 3.2 Instron tensile tester model 5565. 

 
        The first step of the tensile test is cutting all samples into 15x45.00mm of 

rectangular shape. After that, measured the thickness of each sample and put the 
magnitude in Merlin program including the velocity of load cells (the 5kN of load cell 
was used in this research). The load cell velocity was set at 5.00mm/min for all 
samples. Finally, the sample was fixed in the two grip units of the testing machine and 
run the machine. After that, the tensile raw data were collected, and the stress-strain 
graphs were plotted from the raw data in Microsoft Excel.
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      3.3.2 The morphological test 
        For the morphological test, the 3D electrospun scaffolds were studied their 

morphology, such as the scaffold diameter and the surface of the scaffold with a 
scanning electron microscope (SEM) in Figure 3.3 and the 5 unknown carbon-based 
nanomaterials were studied the morphology by the scanning electron microscope 
(SEM) in Figure 3.3 as well. 

 

 
Figure 3.3 Auriga series Carl Zeiss scanning electron microscopy. 

 

      3.3.3 The X-ray diffraction test (XRD) 
        The XRD spectroscopy was used to characterize the crystallinity of the 

carbon-based nanomaterials additions in the 3D polymer fibrous scaffolds by putting 
the sample in the glass holder and put it in the x-ray diffractometer as in Figure 3.4. In 

this research set the 2θ at 5-90° and 2.4 of the resolutions for all samples. Then 
OriginPro software was used to create the XRD graph from the raw data. 

 

 
Figure 3.4  Rigaku smartLab x-ray diffractometer (XRD). 
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      3.3.4 The Fourier-Transform infrared spectroscopy (FTIR)  
        The FTIR spectroscopy was used to check the chemical properties of the 

carbon-based nanomaterials additions in the 3D polymer fibrous scaffolds and to 
classify the 5 unknown carbon-based nanomaterials additions in the FTIR spectroscope 
as in Figure 3.5 and the FTIR characterizations were recorded in the wavenumber range 
of 4000-400cm-1 in transmittance mode at room temperature conditions. Then 
OriginPro software was used to create the FTIR graph from the raw data. 

 

    

Figure 3.5 Bruker Tensor27 FTIR spectroscope. 

 

 



 

 

CHAPTER IV 
RESULTS 

 
4.1 Solution preparations results 

From the 3.1 solutions preparation methods above, the results are shown in the 
table 4.1 below, the solutions that can be fabricated are the sample PC1 and PL6-
PL12 due to the polymer solubility. 

 Some solvents could not dissolve all the polymer and if the polymers were not 
completely dissolved, it will be caused the needle clogging in the fiber fabrications in 
the next step. 

 
Table 4.1 The solutions preparation results. 

Sample Polymer 

Solvent 
Addi- 
tives 

Ratio 
Concen-
tration 
(%w/v) 

Stirring 
temp. 
(°C) 

Solu- 

bility acetone 
aceto-
nitrile 

chloro-
form 

dmf dmso ethanol methanol 

 

PC1 PCL ✓ - - - ✓ - - G0* 5:1 7.5 55 ✓  

PV1 PVA ✓ - - - - - - - 1 7.5 55 X  

PV2 PVA - ✓ - - - - - - 1 7.5 55 X  

PV3 PVA - - - - - ✓ - - 1 7.5 55 X  

PV4 PVA - - - - - - ✓ - 1 7.5 55 X  

PL1 
PLA 

(powder) 
✓ - - - - - - - 1 7.5 55 X  

PL2 
PLA 

(powder) ✓ - - ✓ - - - - 1:1 7.5 55 X  

PL3 
PLA 

(powder) 
- - ✓ - - - - - 1 7.5 55 X  

PL4 
PLA 

(powder) 
✓ - - ✓ - - - - 1:1 7.5 120 X  

PL5 PLA (pill) ✓ - - - - - - - 1 7.5 55 X  

PL6 PLA (pill) - - ✓ - - - - - 1 7.5 55 ✓  

PL7 PLA (pill) ✓ - - - - - - G1* 1 7.3 85 ✓  

PL8 PLA (pill) ✓ - - - - - - G2* 1 7.3 85 ✓  

PL9 PLA (pill) ✓ - - - - - - G3* 1 7.3 85 ✓  

PL10 PLA (pill) ✓ - - - - - - G4* 1 7.3 85 ✓  
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Table 4.1 The solutions preparation results (Continued).  
PL11 PLA (pill) ✓ - - - - - - G5* 1 7.3 85 ✓ 

PL12 PLA (pill) ✓ - - - - - - - 1 7.5 85 ✓ 

*G0-G5 are the unknown carbon- based nanomaterials. 

 

4.2 Fiber fabrication (3D electrospinning technique) results 
After the solutions were well prepared and were fabricated by using the 3D 

electrospinning technique into the 5 cm of height with 5 cm diameter of the hollow 
cylindrical shape. These are the results. 

Sample PL11; the result that used PLA as the polymer and dissolved by acetone 
as solvent with 7.3%wt of concentration. This sample was fabricated by 3D 
electrospinning technique with 18G (0.838 mm of diameter) of needle at 2.5 cm 
distance between needle tip to collector. The final result as in Figure 4.1(a) shows that 
it was not performed in the 3D hollow cylindrical shape and had marks caused by 
sparks. This sample were fabricated with 9mL/h of flow rate and 10kV of applied 
voltage. And the table 4.2 below has shown the parameter adjustments for these 
sample. 

 

Table 4.2 The fabrication results of sample PL11 with 10mL/h flow rate. 

Flow rate (mL/h) 
Applied voltage 

(kV) 
Able to fabricate scaffolds 

3 - X 
5 - X 
8 8.0 X 
10 8.0 X 
10 8.5 X 
10 9.0-9.5 Yes, but has little spark 

 
In Figure 4.1(b) is the sample PL11 final result; that used PLA as the polymer and 

dissolved by acetone as solvent with 7.3%W/V of concentration. It was fabricated with 
the 18G needle size and the 2.5 cm distance from the collector to needle tip.  It was 
begun to fabricate at 3.44kV of applied voltage with 5mL/h of flow rate. Then the 
applied voltage was slowly increased and the voltage that gave the best result was 
7kV and the flow rate was 5mL/h. The result of these parameters is better than Figure 
4.1(a) result. And the result had a ring shape scaffold, but not quite in the 3D hollow 
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cylindrical shape. And the table 4.3 below has shown the parameter adjustments for 
these sample. 

 
Table 4.3 The fabrication results of sample PL11 with 5mL/h flow rate. 

Flow rate (mL/h) 
Applied voltage 

(kV) 
Able to fabricate scaffolds 

5 3.44 Start to fabricate scaffolds 
5 6.00 

Better fabrication, when increased the 
applied voltage 

5 6.50 
5 7.00 

 

In Figure 4.1(c) is the sample PL9 result that used PLA as the polymer and 
dissolved by acetone as solvent with 7.3%W/V of concentration. It was fabricated with 
the 18G needle size and the 5 cm distance from the collector to needle tip.  It was 
begun to fabricate at 10kV of applied voltage with 5mL/h of flow rate. But the flow 
rate that gave the best result was 10mL/h and the applied voltage was 12kV. The 
result of these parameters started to fabricate in the 3D hollow cylindrical shape but 
the height of the scaffold was not stable as in Figure 4.1(c). And the fabrication had an 
untidy direction when increased the flow rate and applied voltage. And the table 4.4 
below has shown the parameter adjustments for these sample. 

 

Table 4.4 The fabrication results of sample PL9 with 18G needle and 10mL/h flow 
rate. 

Flow rate (mL/h) 
Applied voltage 

(kV) 
Able to fabricate scaffolds 

3 0-15 

 

5 
7 Droplet 
10 Start to fabricate scaffolds 

7 10-12 
Better fabrication, when increased the applied 

voltage 

10 12 
 

 

10 
13 

 

14 
Untidy direction, when the applied voltage was 

increased 
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In Figure 4.1(d) is the sample PL9 result that used PLA as the polymer and 
dissolved by acetone as solvent with 7.3%W/V of concentration. It was fabricated with 
the 20G needle size and the 5 cm distance from the collector to needle tip. It was not 
performed like the 3D hollow cylindrical shape when using 0-20kV of applied voltage 
and 5mL/h of flow rate. The result had untidy direction of the fabrication and in Figure 
4.1(e) is the result of the same sample with the same needle size and distance 
between needle tip to collector, but the flow rate was 10mL/h. It started to fabricate 
in the 3D shape with 9kV of the applied voltage and gave the best result at 13kV of 
the applied voltage with 10mL/h of flow rate. It had an untidy direction fabrication 
when the applied voltage was higher than 14kV. And the table 4.5 below has shown 
the parameter adjustments for these sample. 

 

Table 4.5 The fabrication results of sample PL9 with 20G needle, 5mL/h flow rate and 
10mL/h flow rate. 

Flow rate (mL/h) 
Applied voltage 

(kV) 
Able to fabricate scaffolds 

5 0-20 

 

10 

9 Start to fabricate into 3D shape 

10-11 
Better fabrication when increased the 

applied voltage 
13 Best result 

14 

 
 
In Figure 4.1(f) is the sample PL9 result that used PLA as the polymer and dissolved 

by acetone as solvent with 7.3%W/V of concentration. It was fabricated with the 20G 
needle size and the 5 cm distance from the collector to needle tip. And this result 
had the 6cm of diameter hollow cylindrical guiding electrode to accelerate the 3d 
build-up process. The flow rate that used was 10mL/h and it started to fabricate at 
5kV of applied voltage. When the applied voltage was slowly increased to 8kV, it 
started to fabricate into the outer side of the guiding electrode and when the applied 
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voltage was increased to 13kV, it started to spark in the outer side of the guiding 
electrode. And the table 4.6 below has shown the parameter adjustments for these 
sample. 

 
Table 4.6 The fabrication results of sample PL9 result with 6cm diameter guiding 
electrode (guiding A), 7 cm diameter guiding electrode (guiding B) and 10 cm diameter 
guiding electrode (guiding C). 

Flow rate 
(mL/h) 

Applied 
voltage 

(kV) 
Able to fabricate scaffolds 

10 
+ guiding 

A 

5 Start to fabricate a scaffold 

8 
Start to fabricate into the outer side of the guiding 

electrode 

13 
Fabricate into the outer side of the guiding electrode and 

has a little spark later 

10 
+ guiding 

B 

5 Start to fabricate into 3D shape 
7-8 Fiber is fabricated into the edge of the guiding electrode 
10 Start to fabricate into the outer side of the guiding electrode 

12-13 
Often fabricate into the outer side of guiding electrode + 

fabricate the connected fiber into the inner  
side of guiding electrode 

10 
+ guiding 

C 

5 Droplet 
7 Start to fabricate on the edge of the electrode 

8-9 Start to fabricate into the center of the electrode 

10 
Had a little 3D shape on the electrode edge and fabricated 

scaffolds cover the top of the electrode 
11-13 Start to fabricate into the outer site of the electrode 

 
In Figure 4.1(g) is the sample PL9 result that used PLA as the polymer and 

dissolved by acetone as solvent with 7.3%W/V of concentration. It was fabricated with 
the 20G needle size and the 5cm distance from the collector to needle tip. And this 
result had the 7 cm of diameter hollow cylindrical guiding electrode to accelerate the 
3d build-up process. The flow rate that used was 10mL/h and it started to fabricate at 
5kV of applied voltage. When the applied voltage was slowly increased to 7- 8kV, it 
started to fabricate into the edge of the guiding electrode and when the applied 
voltage was increased to 10kV, it started to fabricate in the outer side of the guiding 
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electrode. And when the applied voltage was increased to 12-13kV, the scaffold was 
fabricated the connected scaffold onto the inner side of the guiding electrode as in 
Figure 4.1(g). And the parameters adjustments of these sample were shown in table 
4.6 above. 

In Figure 4.1(h) is the sample PL9 result that used PLA as the polymer and 
dissolved by acetone as solvent with 7.3%W/V of concentration. It was fabricated with 
the 20G needle size and the 5 cm distance from the collector to needle tip. And this 
result had the 10 cm of diameter hollow cylindrical guiding electrode to accelerate 
the 3d build-up process. The flow rate that used was 10mL/h and it started to fabricate 
droplets at 5kV of applied voltage. When the applied voltage was slowly increased to 
7- 8kV, it started to fabricate fine scaffolds onto the edge of the guiding electrode and 
when the applied voltage was increased to 10kV, it started to fabricate on the inner 
side of the guiding electrode and had a higher height of the scaffolds. When the applied 
voltage was increased to 11-13kV, the scaffold was fabricated the connected scaffolds 
onto the inner side of the guiding electrode as in Figure 4.1(h) with the higher height. 
And the parameters adjustments of these sample were shown in table 4.6 above. 

In Figure 4.1(i) is the sample PL12 that used PLA as the polymer and dissolved by 
acetone as solvent with 7.5%W/V of concentration without the carbon-based 
nanomaterials added. It was fabricated with the 18G needle size and the 5 cm distance 
from the collector to needle tip. With 5mL/h of flow rate, it started to fabricate into 
the 3D shape at 7kV of applied voltage and when the applied voltage was increased 
into 8-13kV, the scaffolds had a better fabrication with the fine fibrous scaffolds. With 
10mL/h of flow rate, it started to fabricate into the 3D cylindrical shape as in Figure 
4.1(i) at 8kV of applied voltage. The scaffold had fine appearance with higher height 
compared to all results and when the applied voltage increased into 9-10kV, the result 
had started to fabricate into the bigger cylinder shape with untidy direction. When the 
applied voltage was increased more than 11kV, the fabrication had more untidy 
direction. And the table 4.7 below has shown the parameter adjustments for these 
sample. 

 

Table 4.7 The fabrication results of sample PL12 without carbon-based nanomaterial 
added. 
Flow rate (mL/h) Applied voltage (kV) Able to fabricate scaffolds 

5 
5 Droplet 
7 Start to Fabricate into 3D shape 
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Table 4.7 The fabrication results of sample PL12 without carbon-based nanomaterial 
added (Continued). 
Flow rate (mL/h) Applied voltage (kV) Able to fabricate scaffolds 

5 8-13 
Better fabrication, when increased the 

applied voltage 

10 

5 Droplet 

8 

 
9-10 Bigger cylinder with untidy direction 

11-15 
More untidy direction when increase the 

applied voltage 
  
In Figure 4.1(j) is the sample PL7 result that used PLA as the polymer and dissolved 

by acetone as solvent with 7.3%W/V of concentration with the same 3D 
electrospinning parameters as Figure 4.1(i) with 10mL/h of flow rate. It was fabricated 
with the 18G needle size and the 5 cm distance from the collector to needle tip.  It 
was begun to fabricate into the scaffolds at 10kV of applied voltage with 10mL/h of 
flow rate. The applied voltage that gave the best result was 12kV and the flow rate 
was 10mL/h. The result of these fabrication was not in the 3D cylindrical shape with 
less than 1 mm of height (which is shorter than the height of sample PL12 without the 
additives) and with 10 cm of diameter. And the fabrication had an untidy direction 
when increased the applied voltage over 12kV (the more applied voltage, the more 
untidy direction). And the table 4.8 below has shown the parameter adjustments for 
these sample. 
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Table 4.8 The fabrication results of sample PL7 result with same parameters as Figure 
4.1(i) with 10mL/h of flow rate. 
Flow rate (mL/h) Applied voltage (kV) Able to fabricate scaffolds 

10 

5-9 Droplet 
10 Start to fabricate into scaffolds 
11 Steady fabrication 

12 

  
 

13-25 
 Untidy direction  

 
In Figure 4.1(k) is the sample PL8 result that used PLA as the polymer and 

dissolved by acetone as solvent with 7.3%W/V of concentration with the same 3D 
electrospinning parameters as Figure 4.1(i) with 10mL/h of flow rate. It was fabricated 
with the 18G needle size and the 5 cm distance from the collector to needle tip.  It 
was begun to fabricate into the scaffolds at 8kV of applied voltage with 10mL/h of 
flow rate. The applied voltage that gave the best result was 10kV and the flow rate 
was 10mL/h. The result of these fabrication was not in the 3D cylindrical shape with 
less than 1mm of height (which is shorter than the height of sample PL12 without the 
additives) and with 14.5 cm of diameter. And the fabrication had an untidy direction 
when increased the applied voltage over 11kV (the more applied voltage, the more 
untidy direction). And the table 4.9 below has shown the parameter adjustments for 
these sample. 

 

Table 4.9 The fabrication results of sample PL8 result with same parameters as Figure 
4.1(i) with 10mL/h of flow rate. 
Flow rate (mL/h) Applied voltage (kV) Able to fabricate scaffolds 

10 

5-7 Droplet 
8 Start to fabricate into scaffolds 
9 Steady fabrication, but not in 3D shape 

10 
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Table 4.9 The fabrication results of sample PL8 result with same parameters as Figure 
4.1(i) with 10mL/h of flow rate (Continued). 

Flowrate (mL/h) Applied voltage (kV) Able to fabricate scaffolds 

10 11-25 
 Untidy direction 

 
In Figure 4.1(l) is the sample PL9 result that used PLA as the polymer and dissolved 

by acetone as solvent with 7.3%W/V of concentration with the same 3D 
electrospinning parameters as Figure 4.1(i) with 10mL/h of flow rate. It was fabricated 
with the 18G needle size and the 5 cm distance from the collector to needle tip.  It 
was begun to fabricate at 8kV of applied voltage with 10mL/h of flow rate. The applied 
voltage that gave the best result was 10kV and the flow rate was 10mL/h. The result 
of these parameters started to fabricate in the 3D cylindrical shape with around 2-
3mm of height (which is shorter than the height of sample PL12 without the additives) 
and with 8.5 cm of diameter. And the fabrication had an untidy direction when 
increased the flow rate and applied voltage over 11kV. And the table 4.10 below has 
shown the parameter adjustments for these sample. 

 

Table 4.10 The fabrication results of sample PL9 result with same parameters as Figure 
4.1(i) with 10mL/h of flow rate. 
Flow rate (mL/h) Applied voltage (kV) Able to fabricate scaffolds 

10 

8 Start to fabricate scaffolds 

10 

  
 

11-25 
 Untidy direction 

 
In Figure 4.1(m) is the sample PL10 result that used PLA as the polymer and 

dissolved by acetone as solvent with 7.3%W/V of concentration with the same 3D 
electrospinning parameters as Figure 4.1(i) with 10mL/h of flow rate. It was fabricated 
with the 18G needle size and the 5cm distance from the collector to needle tip.  It 
was begun to fabricate into the scaffolds at 8kV of applied voltage with 10mL/h of 
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flow rate. The applied voltage that gave the best result was 10kV and the flow rate 
was 10mL/h. The result of these fabrication was not in the 3D cylindrical shape with 
less than 1 mm of height (which is shorter than the height of sample PL12 without the 
additives) and with 12 cm of diameter. And the fabrication had an untidy direction 
when increased the applied voltage over 11kV (the more applied voltage, the more 
untidy direction). And the table 4.11 below has shown the parameter adjustments for 
these sample. 

 

Table 4.11 The fabrication results of sample PL10 result with same parameters as 
Figure 4.1(i) with 10mL/h of flow rate. 
Flow rate (mL/h) Applied voltage (kV) Able to fabricate scaffolds 

10 

5-7 Droplet 
8 Start to fabricate into scaffolds 
9 Steady fabrication, but not in 3D shape 

10 

  
 

11 Not steady in circle fabrication 

12 

 Untidy direction 

13-25 
More untidy direction, when increased the 

applied voltage 

 
In Figure 4.1(n) is the sample PL11 result that used PLA as the polymer and 

dissolved by acetone as solvent with 7.3%W/V of concentration with the same 3D 
electrospinning parameters as Figure 4.1(i) with 10mL/h of flow rate. It was fabricated 
with the 18G needle size and the 5 cm distance from the collector to needle tip.  It 
was begun to fabricate into the scaffolds at 8kV of applied voltage with 10mL/h of 
flow rate. The applied voltage that gave the best result was 10kV and the flow rate 
was 10mL/h. The result of these fabrication was not in the 3D cylindrical shape with 
less than 1mm of height (which is shorter than the height of sample PL12 without the 
additives) and with 12 cm of diameter. And the fabrication had an untidy direction 
when increased the applied voltage over 11kV (the more applied voltage, the more 
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untidy direction) and had a little spark when the applied voltage was over than 18kV. 
And the table 4.12 below has shown the parameter adjustments for these sample. 

 

Table 4.12 The fabrication results of sample PL11 result with same parameters as 
Figure 4.1(i) with 10mL/h of flow rate. 
Flow rate (mL/h) Applied voltage (kV) Able to fabricate scaffolds 

10 

5-7 Droplet 
8 Start to fabricate into scaffolds 
9 Steady fabrication, but not in 3D shape 

10 

  
 

11 Not steady in circle fabrication 

12 

 Untidy direction 

13-18 
More untidy direction, when increased the 

applied voltage and had a little spark at over 
18kV applied voltage 
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 a  b  c  

d  e  f   

g  h  i   

  j   k   l     

m   n   

Figure 4.1 (a) Sample PL11 result with 10mL/h flow rate; (b) Sample PL11 result with 
5mL/h flow rate; (c) Sample PL9 result with 18G needle and 10mL/h flow rate; (d) 
Sample PL9 result with 20G needle and 5mL/h flow rate; (e) Sample PL9 result with 
20G needle and 10mL/h flow rate; (f) Sample PL9 result with 6 cm diameter guiding 
electrode; (g) Sample PL9 result with 7 cm diameter guiding electrode; (h) Sample PL9 
result with 10 cm diameter guiding electrode; (i) Sample PL12 result without carbon-
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based nanomaterial added; (j) Sample PL7 result with same parameters as Figure 4.1(i); 
(k) Sample PL8 result with same parameters as Figure 4.1(i); (l) Sample PL9 result with 
same parameters as Figure 4.1(i); (m) Sample PL10 result with same parameters as 
Figure 4.1(i); (n) Sample PL7 result with same parameters as Figure 4.1(i). 

 

4.3 Characterizations results 
      4.3.1 Tensile test  

    The tensile results of the scaffolds were analyzed by the stress-strain chart. 
The scaffold that has the carbon-based nanomaterials addition compared to the 
scaffold that has no carbon-based nanomaterial addition as in Figure 4.2. The carbon-
based nanomaterial (G1) added scaffold (sample PL7) with the average thickness of 
0.256 mm has 63.8564N of the maximum load, 16.63MPa of the maximum stress and 
6.63% of the elongation at break. The carbon-based nanomaterial (G2) added scaffold 
(sample PL8) with the average thickness of 0.225 mm has 52.4711N of the maximum 
load, 15.55MPa of the maximum stress and 17.17% of the elongation at break.  The 
carbon-based nanomaterial (G3) added scaffold (sample PL9) with the average 
thickness of 1.731 mm has 60.8197N of the maximum load, 2.34MPa of the maximum 
stress and 56.88% of the elongation at break. The carbon-based nanomaterial (G4) 
added scaffold (sample PL10) with the average thickness of 0.290 mm has 59.8151N 
of the maximum load, 13.75MPa of the maximum stress and 26.68% of the elongation 
at break. The carbon-based nanomaterial (G5) added scaffold (sample PL11) with the 
average thickness of 0.184 mm has 56.8944N of the maximum load, 20.61MPa of the 
maximum stress and 25.14% of the elongation at break. And the scaffold that has no 
carbon-based nanomaterial addition chart with the average thickness of 2.494 mm has 
59.9455N of the maximum load, 1.60MPa of the maximum stress and 57.16% of the 
elongation at break.  
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Figure 4.2 The stress-strain chart between the carbon-based nanomaterials (G1) added 
scaffold (sample PL7), (G2) added scaffold (sample PL8), (G3) added scaffold (sample 
PL9), (G4) added scaffold (sample PL10), (G5) added scaffold (sample PL11) and the 
scaffold that has no carbon-based nanomaterial added (sample PL12). 

 

      4.3.2 Morphology tests 
The morphology of the 3D electrospinning scaffold from sample PL12 

without the carbon-based nanomaterials added was analyzed by the scanning electron 
microscope (SEM) as in Figure 4.3 with 500times of magnification. It shows a very fine 
fiber overlapping together with the different sizes of fibers around 1-5 µm of width.  

 

 
Figure 4.3 The SEM image of 3D electrospinning scaffold. 

50µm 
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The morphology of 5 unknown carbon-based nanomaterials were analyzed 
by SEM as in Figure 4.4 with 10K times magnification. The G1, G2 and G3 carbon-based 
nanomaterials in Figure 4.4(a), (b), (c) respectively have a tiny flat flake structures which 
have around 1µm of length and the carbon-based nanomaterials agglomerate 
together. For the G4 and G5 carbon-based nanomaterials in Figure 4.4(d), (e) 
respectively have the structures like the plane sheets overlapping together and the 
length size of the G4 and G5 carbon-based nanomaterials are over than 2µm. 

 

a  b                                          

c  d                                        

e   

Figure 4.4 (a) G1 carbon- based nanomaterial SEM image; (b) G2 carbon- based 
nanomaterial SEM image; (c) G3 carbon- based nanomaterial SEM image; (d) G4 carbon- 
based nanomaterial SEM image; (e) G5 carbon- based nanomaterial SEM image. 

 

      4.3.3 XRD results  
In this study, the XRD pattern of 5 unknown carbon-based nanomaterials 

have been analyzed the crystallinity. In Figure 4.5 Shows a shape and tight peak (2θ= 
26.45° and 54.48°) which corresponds to the diffraction line C (002) with the 
intercellular spacing in the crystal (d) respectively is 3.36 and 3.72Å. The XRD patterns 

2µm 2µm 

2µm 

2µm 

2µm 
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show the data of the typical crystal structure of graphite. Siburian, R., Sihotang, H., 
Lumban Raja, S., Supeno, M., and Simanjuntak, C. (2017). And there are no significant 
differences between the 5 carbon-based nanomaterials additives. And the weak peaks 
in Graphene01-Graphene03, which are indicative of low crystallinity level. Compared 
to the strong peaks in Graphene04 and Graphene05 that indicated the high crystallinity 
level. Vong, M., Sanchez, F. J. D., Keirouz, A., Nuansing, W., and Radacsi, N. (2021). 

 
Figure 4.5 XRD patterns of carbon-based nanomaterials G1-G5 that added in the 
solutions. (In Figure 4.5, Graphene01 refers to G1 carbon-based nanomaterial, to 
Graphene05 refers to G5 carbon-based nanomaterial). 

 

      4.3.4 FTIR results 
In this study, the FTIR spectra of 5 unknown carbon-based nanomaterials 

have been analyzed the chemical interactions in the additives. In Figure 4.6, all spectra 
show the few absorptions signals due to the difference in the state of charges between 
carbon atoms. Ruiz, S., Tamayo, J. A., Ospina, J. D., Porras, D. P. N., Zapata, M. E. V., 
Hernandez, J. H. M., … Tovar, C. D. G. (2019). The slight variation results in a minor 
induced electric dipole, contributing to a remarkably clear spectrum. Lopez mata, C., 
Aguilar, J., and Peña, Y. (2012). The appearance of bands corresponding to oxygenated 
functional groups following the application of an oxidation treatment unequivocally 
signifies the successful execution of the oxidative process. Ruiz, S., Tamayo, J. A., 
Ospina, J. D., Porras, D. P. N., Zapata, M. E. V., Hernandez, J. H. M., … Tovar, C. D. G. 
(2019). And from the comparison between the FTIR spectra patterns to Figure 2.12, all 
FTIR patterns show the data of graphite and there are no significant differences 
between the 5 carbon-based nanomaterials additives. 

 



42 
 

 

 
Figure 4.6 FTIR spectra of carbon-based nanomaterials G1-G5 that added in the 
solutions. (In Figure 4.6 Graphene01 refers to G1 carbon-based nanomaterial, to 
Graphene05 refers to G5 carbon-based nanomaterial). 

 

 



 

 

CHAPTER V 
CONCLUSION 

 
In this study, the solution preparation results in table 4.1 The solutions that can 

be used to fabricate are sample PC1 that is 7.5%W/V of PCL dissolved with acetone 
and 0.35%W/V of G0 additive, PL6 that is 7.5%W/V of PLA (pill appearance) dissolved 
with chloroform without the additive, PL7-PL11 that is 7.3%W/V of PLA (pill 
appearance) dissolved with acetone and 0.35%W/V of G1-G5 additive(respectively). 
And sample PL12 that is 7.5%W/V of PLA (pill appearance) dissolved with acetone 
without the additive. And all the solutions that have PVA and PLA (powder appearance) 
as polymer cannot be fabricated because the polymer did not be dissolved in the 
solutions.  

The 3D electrospinning scaffolds results as in Figure 4.1(a) and (b) that are the 
sample PL11 results which has G5 carbon-based nanomaterial added. The shapes of 
the results are flat and not in 3D hollow cylindrical shape because the distance 
between the collector is nearby the needle tip and from the G1-G5 carbon-based 
nanomaterials morphology results in Figure 4.4, G5 carbon-based nanomaterials in 
Figure 4.4(e) has a big flat sheet flakes that were overlapping together.  

In Figure 4.1(d), (e) that are the results from PL9 that has G3 carbon-based 
nanomaterials added. Figure 4.1(e) that used 10mL/h flow rate has a better scaffold 
fabrication than Figure 4.1(d) that used 5mL/h flow rate with the same 5 cm of the 
distance between collector to the needle tip and the same 20G of needle size.  

In Figure 4.1(c) that used 18G needle size has a better scaffold fabrication than 
Figure 4.1(e) that used 20G needle size with the same 5 cm of the distance between 
collector to the needle tip and 10mL/h of flow rate.  

In Figure 4.1(f) and (g), that used the same PL9 sample, the same 20G needle size 
and the same 5cm of the distance between collector to the needle tip and had a 
different diameter of the guiding electrode that were 6 cm and 7 cm. The results of 
these samples are not in the 3D cylindrical shape. The 6 cm diameter guiding electrode 
result had the scaffolds fabricated in the outer side of the guiding electrode as in Figure 
4.1(f) and the 7 cm diameter guiding electrode result had the scaffolds fabricated on 
the inner side of the guiding electrode as in Figure 4.1(g). And in Figure 4.1(h), that had 
10 cm of diameter of the guiding electrode.
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The scaffolds were still fabricated only on the top of the guiding electrode due to the 
electric field in Figure 4.7(b) simulation that the charge will be only on the top of the 
guiding electrode. 

In Figure 4.1(i) and Figure 4.1(j to n), that used the PL12 sample without the 
additives and used the sample PL7, PL8, PL9, PL10, PL11 respectively, with the same 
3D electrospinning parameters (the needle size, the needle tip to the collector 
distance, the applied voltage and flow rate). The scaffold from the solution that did 
not have the addition could form into the fine appearance scaffolds with the higher 
height and in 3D cylindrical shape compared to result in Figure 4.1(j to n). Because the 
carbon-based nanomaterials additives weighted so that the results that has the carbon-
based nanomaterial added could not fabricated into the higher height of the 3D 
cylindrical shape compared to the result that did not have the additives in Figure 4.1(i) 
and because the carbon-based nano materials (G1-G5) were made to the low electrical 
conductivity in the solutions. 

In Figure 4.1(j to n), that contained the carbon-based nano materials (G1-G5) 
respectively. For the results comparisons in Figure 4.1. The shape that had the most-
like 3D cylindrical shape is sample PL9 that contained G3 carbon-based nanomaterials 
with the higher height compared to the sample PL10, PL11, PL7 and PL8 respectively. 

From the scaffolds results above, the most appropriate parameters that suitable 
for this research are 10mL/h of flow rate, 18G of needle size, 5 cm of the distance 
from the needle to the collector and 10-12kV of applied voltage. And the size of the 
guiding electrode, the smaller size electrode would have the scaffolds fabricated on 
the outer size of the electrode and the bigger size electrode would have the scaffolds 
fabricated on the inner size of the electrode. 

The flow rate will vary with the applied voltage for scaffold fabrication. The lower 
flow rate varies with lower applied voltage, the scaffold results will be stick together 
and have a shorter height. The higher flow rate varies with the higher applied voltage, 
the scaffold results will have the higher height but the scaffolds will be loosely 
overlapping together. But the higher applied voltage can cause the sparks, so the 
distance between the needle to the collector could be considered to the appropriate 
distance. 

The tensile characterization results, the carbon-based nanomaterial added 
scaffold has the higher maximum stress and higher maximum load, even the scaffolds 
thickness is thinner than the no-additives scaffold. The scaffolds that had the highest 
maximum stress to the lowest are sample PL11(contained G5 additives) > sample 
PL7(contained G1 additives) > sample PL8(contained G2 additives) > sample 

 



45 
 

 

PL10(contained G4 additives) > sample PL9(contained G3 additives) > sample 
PL12(non-additives). The sample PL7, PL8, PL10, PL11 had lower strains than sample 
PL9 and sample PL12 due to the scaffolds are brittle. The results could be concluded 
that the carbon-based nanomaterial additives scaffold has the higher tensile strength 
than the scaffold that did not have the carbon-based nanomaterial additives. And the 
carbon-based nanomaterials additives can enhance the mechanical properties (tensile 
stress) for the scaffold additives.   

The morphology results from SEM, shows that the scaffolds that were fabricated 
from the 3D electrospinning technique had a very fine fiber overlapping together with 
the different sizes of fibers as in Figure 4.3 And the morphology results of the G1-G5 
carbon-based nanomaterial with the same magnification in Figure 4.4, the size of G1, 
G2 and G3 carbon-based nanomaterial has smaller than G4 and G5 size.The XRD 
patterns shows that the 5 unknown G1-G5 carbon-based nanomaterial are graphite 

due to the 2θ peaks that are 26.45° and 54.48° of the results in Figure 4.5 that show 
the data of the typical crystal structure of graphite. And the weaker peaks in 
Graphene01-Graphene03, which indicated to the low crystallinity level. Compared to 
the stronger peaks in Graphene04 and Graphene05 that indicated the high crystallinity 
level. 

The FTIR spectra of 5 unknown carbon-based nanomaterials in Figure 4.6 shows 
the sparse absorption signals arise from the disparity in the charges between carbon 
atoms. This subtle distinction results in a minute induced electric dipole, yielding an 
exceptionally clear spectrum. And all the spectra indicated that 5 unknown carbon-
based nanomaterial are graphite and there are no significant differences between the 
5 carbon-based nanomaterials additives.  

For the suggestions and future works, finding the new 3D electrospinning 
parameters that can be fabricated the higher height for the carbon-based 
nanomaterials added solution and using the different type of the electrode to guide 
the 3D build-up process. 
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APPENDIX A 

SOLVENTS, POLYMERS, CARBON-BASED NANOMATERIALS AND 3D 
ELECTROSPINNING EQUIPMENTS THAT USED IN THIS RESEARCH 

 

  
Figure A1 1 liter of 99.9 % Dimethyl sulfoxide. 

 

a  b  c  
Figure A2 (a) 2.5 liters of Acetone; (b) 2.5 liters of ethanol; (c) 2.5 liters of methanol.
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a  b  

c d  
Figure A3 (a) 250g of polycaprolactone; (b) 150g of polyvinyl alcohol; (c) 1kg of 

polylactic acid (powder); (d) bottle of polylactic acid (pill). 

 
 

 
Figure A4 5 unknown carbon-based nanomaterials (G1-G5). 
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a  b  

Figure A5 (a) 10mL of syringe; (b) 18G and 20G needles. 

 

 
Figure A6 3D electrospinning machine. 
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