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Abstract: This review construes diverse upcoming technologies and significant physical concerns in 

polymer-carbon composite materials nanoelectronics. There are numerous cases from mechanically 

flexible and portable thin-film transistors based on carbon materials, flexible and stretchable energy 

storage applications, flexible sensors applications to flexible solar cells. In various systems, the 

mechanical structure design is as essential as circuit structure designing. Recent studies in flexible 

carbon materials-based nanoelectronics suggest that in addition to the advancement, multidisciplinary 

approaches such as 3D printing, incorporating almost every area of the conventional research, in 

materials science, chemistry, physics, and engineering fields such as electrical, electronic and 

mechanical. 
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1. Introduction 

Advancement is the key to the next generation innovations, which takes place when we 

need to modify the current technology. This is because of the need to solve the problem and 

because of basic human nature. We have been working hard to expand and test the limits in a 

defined time frame. Our skills and scope of innovation are limited by the knowledge that we 

have gained. Through a clever interdisciplinary approach, with the help of existing fields, there 

are many opportunities to develop new scientific fields.  

There is a growing call for in-growing sustainable manufacturing strategies that can 

permit an automated fabrication of a described quantity of products on call for, at a proportional 

cost of the traditional serial manufacturing routes. The benefit would be to make manufacturing 

the goods more sustainable, reducing the waste and minimizing the energy used. This will lead 

to a paragon shift in today’s industry, in which advanced manufacturing technologies can create 

new large-scale manufacturing systems The number of publications on 3D printing of 

functional devices such as sensors and biomedical devices increases every year. In particular, 

3D printing technology has serious advantages over existing technologies for manufacturing 

functional devices for energy storage in a small area to apply the biomedical field. These 

advantages are: (1) Create structures of any geometric shape, lateral extent, and thickness; (2) 

Controllable composition and properties of printed devices; (3) Due to the additive aspect of 

the process, low manufacturing costs, and less material waste is achieved. In addition, 3D 
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printing shows remarkable applicability on flexible and curved substrates, such as plastic, 

paper, conductive films, etc. 

Here in this review, we significantly discuss the techniques used to 3D print inks 

primarily based totally on solid-state materials, which are applicable for energy storage 

applications, which can be used in various applications such as implantable devices as well as 

health monitoring devices and the demanding situations withinside the field. Direct inks can 

be 3D printed for various materials, including ceramics, polymers, metals, and carbon materials 

such as graphene and carbon nanotubes. In particular, graphene-based materials have great 

advantages in energy storage applications due to their specific surface area, excellent elasticity, 

chemical stability, and exceptional electrical conductivity. The multi-material properties of this 

printing technology enable the complete printed devices to be easily unified with external 

electronics circuits, thereby minimizing the cost and intricacy of the fabrication process. Figure 

1. shown below, represents the futuristic applications that can be realized with the help of 3D 

printing technology. 

 
Figure 1. Applications of printed carbon-based nanoelectronics. 

When the environment needed to pick a detail as the premise for life, it selected carbon. 

Pristine carbon takes place in numerous methods along with diamond, graphite, graphene, 

fullerene, and nanotubes, every allotrope of carbon has been a celebrity material its time;for 

example, diamond, which is the sp3 hybridized allotrope of carbon, became Science’s molecule 

in the year 1988 due to the fact firstly, it was synthesized in the form of thin films with the aid 

of using chemical vapor deposition (CVD). The internal charge transfer properties and main 

points that restrict the “charge carrier mobility” vary drastically among all diverse carbon nano 

range structures, whereas the electronic property of structures and the attainable properties of 

the respective π-systems. Bonding among carbon and different elements can effortlessly be 

modified with the aid of using chemical and physical interactions. Polymer carbon 

nanoelectronics is a leading-edge study area with interdisciplinary research in materials 

science, nanotechnology, chemistry, physics, and engineering domains. With the advancement 
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of polymer electronics, there was a huge interest in the characteristics of carbon-based 

substances because of the large amount of delocalization of fullerene’s and carbon nanotubes 

(CNT) π-electron. The interest in nanoscale electronics is regularly increasing the work by the 

top to the down method into nanoscale structures. The role of the most reliable material, carbon 

nanostructures, both two-dimensional graphenes [1-2] as well as quasi-1D CNTs [3], has given 

an entirely new idea in the direction of carbon-based electronics devices. In various ways, 

CNTs feature the polymer chains utilized as composite matrices, each having covalently 

bonded structures, comparable properties, and mechanical flexibility. However, despite the fact 

that there’s considerable attraction towards it in mixing little amount of CNT to polymer 

substances, the things that genuinely subjects are the capability to make suspension with them 

into the polymer base, i.e., the problem to isolate the agglomerated tubes, the sturdy faith of 

the CNT structure conductivity, as well as the limited strategies for analyzing its properties in 

liquid dispersion have decelerated the basic development in the usage of its strength in the field 

of nanotechnology. Through the current technological advancements in the area of nano-

polymers, the blend of conventional polymers, and the growing area of nanotechnology, many 

interesting outcomes have been validated; those polymers packed with carbon-based 

substances have specific properties consisting of advanced energy and durability, electrical 

conductivity, UV absorption, flame resistance, as well as decreased permeability. 

From the beginning of the 2000s, some of the researchers from industries and academia 

have explored the various opportunities for understanding flexible electronic device 

techniques, for example, synthetically tailored soft materials with variable electrical and 

electromagnetic behaviors [4]. Flexible device approaches bring an awful interest in electronics 

for flexible applications because the flexible devices can be bent and can be folded to any shape 

within a confined area as per necessity. For regulation needed for the latest technology would 

be in need of in-depth knowledge. Specifically, precious are the approaches that can develop 

charge and wave transportation in the polymers incorporating nano-fillers acknowledged to 

exclusive varieties of mechanical actions. Also, the basic requirement of this investigation is 

that this problem is truly of concern to researchers inquisitive about the multifunctionality 

working of nanostructures. Well, questions encompassing the tuning among the structural, 

mechanical, and electrical behavior of that material retain to have numerous analytical 

challenges. In this review, we intend to focus on the advancement of polymer carbon 

nanoelectronics by depicting numerous revealing examples. These examples can have some of 

the common properties; however, every property additionally has specific features, for 

example, some of the materials having some capability to be used in flexible electronic 

components consisting of high frequency, likely heterogeneously incorporated with the CMOS 

Silicon interfaces, whereas others subject to dc functions, such as photovoltaics. This domain 

has advanced via the findings of various research work. 

2. SWNT for flexible thin-film electronics 

Micro and nanoelectronics well-known approaches or 3D printing methods can be 

implemented to produce SWNT thin-films on Flexible substrates to fabricate electronic 

devices, like antennas, resonators, and digital logic circuits [5-6]. Moreover, some types of 3D-

crosslinked organic layers fabricated via self-assembly methods appeal to comprehend flexible 

electronics structures because of the huge capacitance, exceptional insulating properties, and 

fine surface capacities. Besides, those devices are the best of realistic value when incorporated 

into circuits. However, the SWNT’s polarity may be controlled with the help of using charge-
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transfer doping techniques, a CMOS kind inverter, that is one of the essential electronic circuit 

components, which can be fabricated by the connection of a p-channel to the n-channel gate 

devices, by the doping of the oxygen as well as the polymers [5,7-10]. Transistor’s mobilities 

that use coordinated SWNTs arrays, for which advancement is pushed via improvement of 

regulated growth strategies, have attained the values (≈2000 cm2 V−1 s−1) that evaluate nicely 

with few outstanding inorganic semiconductors. Simultaneously, analysis of the devices that 

utilize subjective networks thin films having the mobility (approx. hundred cm2 V−1 s−1) lots 

more than one of the organic semiconductors. In both thin-film forms, control over polarity can 

be executed by charge-transfer doping strategies, as examples with power-active CMOS digital 

logic circuits. Analog circuits, as well as complex functional circuits, consists of almost a 

hundred SWNT components and running at frequencies nicely in GHz system, were validated, 

displaying the SWNT thin-films approach’s extensibility. Chimot et al. [11] have suggested 

“CNT/polyethyleneterephtalate (PET) transistors” having “current gain cut-off frequency” as 

good as 1 GHz and steady 6 GHz of maximum trans-conduction. It is additionally observing 

the extreme transportability and extinction of the bandgap rely on that the graphene could not 

be that much beneficial for the utilization in logic transistors that need to be turned off. 

However, it can be highly applicable to “high-frequency analog RF transistors”. Additionally, 

we examine, as the size of the electronic devices reduces in the nano range, the function of 

electronics leads turns into highly essential emerging as an intrinsic part of its functional 

arrangement. The process flow diagram of the 3D printed SWCNT thin film transistor is shown 

in Figure 2 [12]. 

 
Figure 2. Process flow diagram of fabrication of 3D printed SWCNT thin film transistor. 

3. Carbon-based materials for flexible electronics 

3D Printing is proven to be a resourceful generation for the applications of electronic 

devices that the usual silicon technology can’t manufacture. A hard silicon wafer is needed to 

fabricate “Single-crystal silicon micro-electronics” and are also confined into small areas. 

Polycrystalline and amorphous silicon can make broad-region devices, but they have very small 

carrier mobility and are generally confined to a hard substrate. Moreover, more than one 

lithographic process and high-vacuum methods in the cleanroom make the cost of silicon 

microelectronics devices notably much more. Whereas, the printing process of semiconductors, 
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as well as metals, allows the advent of big region electronics devices on a flexible substrate, 

which allows extreme extent economies. The utilization of 3D printed nanoelectronics is 

numerous and prevalent, such as electronic devices, e. g. biosensors, electronics devices for 

implantable medical sensors, cheap sensors, etc. It is assumed that printed electronics will 

reform our way of life in the upcoming time simply as silicon microelectronics have 

accomplished in the previous decades. The biggest division of all the 3D printed electronics 

corporations is printed transistors as well as memory devices. 

Printable inks consist of the maximum importance for 3D printing and are associated 

with the substances, the printing method, as well as the design structures of the 3D-printed 

devices. It is crucial for the ink materials to function with good viscosity and shear-thinning 

property to allow stable 3D prints. Because of the excellent chemical stability and flexibility 

of the nanostructures, carbon substances were widely utilized in 3D printing approaches. 

Carbon-based materials 3D printable inks are specifically synthesized in volatile aqueous 

solutions with carbon materials as fillers such as carbon nanotubes (CNT), carbon blacks, 

graphene oxide (GO), and a solvent addition polymers and various additives. CNTs and carbon 

black typically need the support of polymers to manage the viscosity [13] of the ink to obtain 

the right printability, and considerable research was reported on the utilization of the 3D-

printing method to manufacture exceptional devices such as batteries, supercapacitors, and also 

sensors. As correlated to CNTs and carbon black, GO is proven to be an appropriate printing 

competency with precise viscoelastic properties in an aqueous solution, in the absence of 

including polymers to govern the viscosity. If concentrations of GO are low, then GO inks 

show liquid-like properties that can’t be appropriate for 3D printing. In the GO inks, which are 

highly concentrated, GO represents a gel-like property providing a very high elastic modulus 

so that it can be printed finely in the form of filaments and complicated 3D structures in the 

form of layers [13]. Graphene is a one-atom thin, 2D carbon material that shows a sequence of 

specific properties, such as large surface area, excellent mechanical properties, low density, 

thermal stability, and outstanding electric properties, and shows a promising scope in materials 

development [14].  

 
Figure 3. Illustration of 3D printed graphene electrodes. 

As an essential variant of graphene, GO can be recognized as a resourceful transition 

through the alteration in its chemical properties to get a balanced system among graphene and 

their oxidation states that widens numerous applications [15]. They are extensively utilized in 
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lots of applications, consisting of electrochemical energy storage devices [16-19], sensors [20-

21], electronics [22-23], catalysis [24-25], and composites, and biomedical applications [26-

27]. Exclusively, the specific structural capabilities of graphene collectively with GO enable 

them to be a perfect substance as building blocks or conducting polymer additives utilized in 

electrochemical energy storage devices, like supercapacitors and batteries [18-19]. 

4. Wearable and portable electronics. 

Wearable and portable electronic materials have been the center of attraction for many 

researchers in various fields because of their large variety of applications [29-31]. The substrate 

performs an essential function when handling portable devices as it hosts several conductive, 

semiconducting, and insulating components. For this purpose, paper is a completely interesting 

substrate due to the myriad of feasible, relevant applications such as sensors [32-33], energy 

storage components [34-35], and electronic devices [36]. Many such applications appeal to the 

reality that paper is very much lightweight, globally available, biodegradable, biocompatible, 

and foldable, aside from the low-cost manufacturing [37-42]. Paper's foldable and portable 

functionality is likewise an exciting characteristic because it enables the fabrication of 3D 

printed electronic and electrochemical devices with specific properties. For example, currently, 

independent groups suggested that porous paper permits the formation of 3D conductive 

circuits connected by the substrate using polypyrrole/PEDOT: PSS [43-44] as a conducting 

medium. Including the conducting polymers, metallic nanostructures were currently utilized to 

make portable and flexible electronic devices on paper [45-46]. Carbon-based nanomaterials, 

including CNTs, graphene, and carbon black, are widely accepted for developing flexible 

electronic devices on paper because of their exceptional electrical and mechanical properties 

[46-48]. In the fabrication context, carbon-based nanomaterials are generally structured on 

paper through the utilization of wet transfer [49-50] and printing approaches [51-52]. 

Specifically, 3D printing is a trustworthy technique that permits huge area, low-cost, and 

scalable fabrication approaches[53]. Recently, numerous routes had been taken to make 

conductive circuits on paper focused on exceptional applications consisting of digital 

microfluidics [51], transistors [47], optoelectronics [50], and electrochemical devices [52]. 

Additionally, there may be a growing need for adaptable electronic paper-based electronic 

devices that can assist essential demands: (i) easy 3D printing approaches of carbon-based 

nanomaterials onto the paper, which can shape conductive circuit paths with comparatively 

little sheet resistance and good folding stability. (ii) Carbon-based electrodes with “large 

heterogeneous rate constants in flexible electrochemical cells”. (iii) Tunable electrical and 

electronic properties with the purpose to achieve good enough overall performance and 

wearable and portable devices [53-72]. 

5. Conclusions 

This review article shows the latest developments of Carbon matrix polymers for 

applications in various kinds of electronic, sensor, and optoelectronic devices. Devices that are 

based on the rising techniques of polymer-carbon composite nanoelectronics are flexible, 

portable, and foldable into different shapes, thus allowing the applications that might be very 

difficult to obtain through the utilization of the brittle, hard, and planar structure of today’s 

electronics, such as Silicon or III–Vs. For the fabrication corresponding flexible along with 
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strong electro-mechanical devices, various elements consisting of unique electrochemical and 

interfacial characteristics are required to get incorporated into each unit. 
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