
 
 

University of Birmingham

Additive manufacturing high performance
graphene-based composites
LI, Yan ; FENG, Zuying; HUANG, Lijing; Essa, Khamis; BILOTTI, Emiliano; ZHANG, Han;
PEIJS, Ton; HAO, Liang
DOI:
10.1016/j.compositesa.2019.105483

License:
Creative Commons: Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):
LI, Y, FENG, Z, HUANG, L, Essa, K, BILOTTI, E, ZHANG, H, PEIJS, T & HAO, L 2019, 'Additive manufacturing
high performance graphene-based composites: a review', Composites Part A: Applied Science and
Manufacturing, vol. 124, 105483. https://doi.org/10.1016/j.compositesa.2019.105483

Link to publication on Research at Birmingham portal

Publisher Rights Statement:
Checked for eligibility: 17/06/2019

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•Users may freely distribute the URL that is used to identify this publication.
•Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 23. May. 2023

https://doi.org/10.1016/j.compositesa.2019.105483
https://doi.org/10.1016/j.compositesa.2019.105483
https://birmingham.elsevierpure.com/en/publications/06489a5b-3281-4a32-8ab4-477cc78274e8


Accepted Manuscript

Review

Additive Manufacturing High Performance Graphene-based Composites: A Re-
view

Yan Li, Zuying Feng, Lijing Huang, Khamis Essa, Emiliano Bilotti, Han Zhang,
Ton Peijs, Liang Hao

PII: S1359-835X(19)30232-5
DOI: https://doi.org/10.1016/j.compositesa.2019.105483
Article Number: 105483
Reference: JCOMA 105483

To appear in: Composites: Part A

Received Date: 17 October 2018
Revised Date: 24 May 2019
Accepted Date: 10 June 2019

Please cite this article as: Li, Y., Feng, Z., Huang, L., Essa, K., Bilotti, E., Zhang, H., Peijs, T., Hao, L., Additive
Manufacturing High Performance Graphene-based Composites: A Review, Composites: Part A (2019), doi: https://
doi.org/10.1016/j.compositesa.2019.105483

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting proof before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

https://doi.org/10.1016/j.compositesa.2019.105483
https://doi.org/10.1016/j.compositesa.2019.105483
https://doi.org/10.1016/j.compositesa.2019.105483


  

1

Additive Manufacturing High Performance Graphene-based 

Composites: A Review

Yan LI1, Zuying FENG2*, Lijing HUANG2, Khamis ESSA3, Emiliano BILOTTI4, Han ZHANG4, Ton 

PEIJS5, Liang HAO1*

1 Gemmological Institute, China University of Geosciences, Wuhan, 430074, P. R. China.

2 Engineering Research Centre of Nano-Geomaterials of Ministry of Education, Faculty of 
Materials Science and Chemistry, China University of Geosciences, Wuhan 430074, P. R. China.

3 Mechanical Engineering, University of Birmingham, Birmingham, B15 2TT, UK

4 School of Engineering and Materials Science, Queen Mary University of London, Mile End 
Road, London, E1 4NS, UK

5 Materials Engineering Centre, WMG, University of Warwick, Coventry, CV4 7A, UK

Corresponding authors: fengzuying@163.com; liang_hao1972@foxmail.com

GRAPHIC ABSTRACT

mailto:fengzuying@163.com


  

2

ABSTRACT

The unique physical properties of graphene and its composites, combined with the capability 

of additive manufacturing (AM), to net shape manufacture intricate 3D objects layer-by-layer, 

promise to open up a plethora of new opportunities and challenges. In this review, we provide 

a comprehensive overview of graphene-based ceramic, metal, and polymer composites, 

produced by a variety of AM methods. It will be shown that the multifunctional properties 

and potential capabilities of graphene-based composites can be uniquely exploited by the use 

of AM technologies, enabling novel applications in fields like biomedicine, energy, sensing and 

electromagnetic interference (EMI) shielding.

Keywords: graphene; additive manufacturing; nanocomposites; mechanical properties; 

electrical properties; tissue engineering 

1. Introduction

1.1. Graphene and Derivatives Properties.

Graphene, a two-dimensional (2D) nano-scale material, has attracted great interest from 

academia and industries since Andre Geim and Konstantin Novoselov firstly isolated graphene 

from natural graphite [1, 2]. Graphene is a monolayer of sp2 hybridized carbon atoms, tightly 

packed in a 2D honeycomb lattice (crystalline structure) [3] with excellent optical properties 

(only 2.3% light absorption over a broad range of wavelengths), high surface area (2630 m2/g) 

[4, 5], high mechanical properties (e.g., Young’s modulus 1 TPa, tensile strength 130 GPa, 

respectively [6]), superior thermal conductivity (~ 5000W/mk) [7-9], excellent intrinsic 

mobility (2x105 cm2/sv, room temperature) [10]and barrier properties (impermeable to most 

liquids and gases) [11]. Typically, graphene is synthesized by chemical vapour deposition 

(CVD), mechanical and electrochemical exfoliation methods [12-15]. Single layer graphene 

(SLG) is difficult to manufacture in large-scale as well as difficult to disperse in a solution or 

isolated in gas phase due to its large specific surface area. Thus, graphene related materials 

such as multi-layer graphene (MLG), graphene nanoplatelets (GNP) or graphene oxides (GO) 

are much more frequently studied due to their availability. The oxidized functional groups of 

GO can enhance the dispersion of graphene into a matrix phases, and minimise phase 
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separation and aggregation of graphene. However, the presence of such functional groups 

will deteriorate the electrical conductivity of GO due to the extensive presence of sp3 C-C 

bonds as well as defects (disruption of the basal graphitic layer) and functional groups. 

Retrieval of electrical conductivity can however be achieved, at least partially, by restoration 

of the sp2 bonds. Reduced GO (rGO) is obtained by the chemical or physical reduction of GO, 

which is a cost-effective strategy to prepare graphene sheets with good electrical properties. 

As an excellent candidate nanofiller, the performance of graphene-based composites 

promises huge improvements compared to the unfilled matrix material. Ren et al. [16] 

reported that the electrical conductivity of 5 wt.% graphene nanosheets/cyanate ester 

nanocomposite was increased from 10-12 to 4.59 Sm-1 compared to neat cyanate ester. Owing 

to the formation of the efficient 3D electric and thermally conductive pathways, the 

electromagnetic interference (EMI) shielding effectiveness and thermal conductivity of the 

resulting nanocomposite reach a maximum value of 38 dB and 1.18 Wm-1 K-1, respectively, 

which have great potential to be used in advanced electronic packaging. Pavithra et al. [17] 

reported Cu-Graphene composites with a hardness as high as 2.5 GPa and an elastic modulus 

of 137 GPa. In addition, these materials had also comparable electrical conductivity to that of 

pure copper. Porwal et al. [18] reported that graphene reinforced Al2O3 ceramic composites 

exhibited a 40% increase in fracture toughness. Very recently, the network formation of 

graphene nanofillers in epoxy resins has also been studied and visualised, as its effect on 

multifunctional properties like strain sensing and Joule heating [19].

In recent years, the use of graphene has been applied to a variety of fields, including 

optoelectronics, energy storage, electronics as well as biomedical applications [20-24]. In 

many of these fields, the control of an appropriate macroscopic and microscopic structure is 

often of paramount importance, if not the limiting factor, in order to satisfy stringent and 

often contrasting technical requirements. The possibility of creating sophisticated and precise 

three-dimensional (3D) structures, including hierarchical and gradient structures, via additive 

manufacturing (AM) technologies, might be the missing link to unlock the potential of 

graphene-based composites and impact a number of application fields.

1.2. Additive Manufacturing Methods for Graphene-based Composites

AM is sometimes also termed as three-dimensional printing (3DP), rapid prototyping (RP), 
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solid freeform fabrication (SFF), or layered manufacturing (LM). During the process of AM, a 

computer-aided design (CAD) software is utilized to build a 3D model object. A wide range of 

materials, such as metals, polymers, ceramics or even concrete, can be successfully 

transformed into products using AM [25, 26]. There are striking features that distinguish AM 

from other conventional manufacturing (CM) methods. Notably, AM can directly manufacture 

3D complicated final objects, without any mould and without any intermediate steps, like 

joining or assembling. Although significant progress has been achieved in the development of 

2D structure with graphene, the manufacturing of 3D multifunctional graphene composites 

structures still remains a challenge. A variety of traditional methods such as direct-writing, 

soft-lithography and photolithography have been utilized to produce 2D structured graphene 

composites successfully. However, inevitable drawbacks of these CM methods (such as extra 

etching processes, limitation on the choice of suitable substrates, high operational cost and 

high defect density in the developing object) hinder the development of graphene-based 

composites. Clearly, there is a promising potential for the combination of AM and graphene-

based composites to open up new engineering prospects from energy storage to sensing, 

electromagnetic shielding or structural, and functional analytical devices. This is particularly 

the case if we hope to create composite materials with the same level of hierarchical 

structurization as natural composite materials like bone, wood or sea shells.

Multi-structured graphene-based composites produced via AM have many merits. With the 

aid of computer aided design or optimization, components or products are reproducible and 

can be precisely fabricated with highly complex architectures in high resolution, meeting 

various end-user requirements. Besides, AM processes are highly efficient (ranging from few 

minutes to several hours depending on the size and complexity of the specific printed 

component) and are relatively low cost. For instance, AM can manufacture scaffolds tissue 

engineering with highly advanced design porosities, pore size distributions, pore shape and 

controllable pore interconnectivity, which can bring superior mechanical properties and cell-

seeding efficiency [27]. Chen et al. [28] prepared 3D thermoplastic polyurethane 

(TPU)/polylactic acid (PLA)/GO nanocomposites with 3D structures via an AM method which 

exhibited excellent biocompatibility, cell seeding, viability and mobility. The TPU/PLA with 0.5 

wt.% GO exhibited the highest density of cells among all loadings of GO as well as compared 

to the TPU/PLA reference. 
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1.3. Aim of this Review

This review aims to provide a comprehensive and systematic summary of the current state of 

the art of graphene-based ceramic, metal and polymer composites fabricated via AM. 

Emphasis will be on four different AM methods to produce graphene-based polymer matrix 

composites (GPMCs) including its biomedical, electronic, sensing and electromagnetic 

shielding applications (Fig.1). 

Fig. 1 Schematic overview of various potential applications corresponding to different 

properties of graphene and GO.

2. Conventional Processing Methods for Graphene-based 

Composites

Because of the great interest in graphene related materials, there are a number of mature 

and conventional processing methods have been used to prepare graphene-based 

composites. This section summarizes the most representative conventional methods for 

graphene-based composites, typically in the form of simple structures like films, hydrogels, 

powders or bulk graphene-based materials. These are partially relevant for AM, as they 
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provide a way to prepare graphene composite materials that can then be used in AM. AM 

methods allow the production of graphene-based composites with 3D network architectures 

and tailored morphologies. However, one distinct requirement for all AM methods, different 

from conventional methods, is the flowability of the used material. The developed graphene-

based material must be in liquid, powder or another flowable form when they are processed 

by 3D printing. Moreover, rapid solidification (either physically and/or chemically) is 

important to preserve the desired structures.

2.1. Graphene–based Ceramic Matrix Composites (GCMCs) Processing Methods

The properties of graphene-based ceramic matrix composites (GCMCs) depend on the quality 

of the graphene, the dispersion of the graphene nanosheets in the ceramic matrix and the 

retention of the graphene structure at high sintering temperatures [29]. Many scientists have 

found processing routes for preparing well dispersed graphene in a ceramic matrix such as 

akermanite/graphene [30], Al2O3/graphene [31-33], SiO2/graphene [34, 35], silicon carbide 

(SiC)/graphene [36] and titanium carbide/graphene [37]. These synthesis methods are briefly 

introduced below. 

Powder processing is commonly used for the processing of ceramic matrix composites with 

various matrix materials being used including alumina, silicon nitride, zirconia, and silica. In 

this process, the fillers can be dispersed by ultrasonication or ball milling with ceramic 

powders [31, 36, 38]. Sol-gel processing requires creating a precursor that can endure 

condensation to prepare a medium to homogeneously dispersed graphene suspension. 

Typically, a uniformly dispersed sol is obtained by sonicating a well dispersed graphene 

suspension incorporating tetramethyl orthosilicate. Then a catalyst like acidic water will be 

added to promote hydrolysis, forming composite gels after condensation at room 

temperature [37]. Colloidal particles with opposite surface charges attract each other and 

automatically assemble and settle down to form uniform powders [39]. The key to this 

process is to obtain a uniform dispersing medium when mixing [32, 40]. 

High temperature sintering is an essential and critical processing step in ceramic matrix 

composite preparation. Among all the sintering techniques for ceramic matrix composites 

(e.g., hot pressing, hot isostatic pressing, spark plasma sintering (SPS), and microwave 

sintering, etc. [31, 41-44]), over 90% of graphene-ceramic composites are prepared by SPS 
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with advantages such as: a) a fast heating rate increases the sintering efficiency and avoids 

grain growth and degradation of the graphene structure; b) hot sintering at maximum 

pressure, which is greatly beneficial to improving the density of the ceramic matrix 

composites and reducing the sintering temperature [39]; and c) in-situ reduction of GO to 

graphene during sintering at high temperatures [45]. 

Nevertheless, SPS can not satisfy the need of some applications, such as graphene-reinforced 

bioceramic scaffolds, which require precise control of 3D complex structure [46]. AM methods 

like direct ink writing (DIW) are suitable alternatives to fabricate customized shapes with 

interconnected porous 3D structure, achieving great control over degree of porosity, pore 

size and connectivity. However, additional cares must be taken for high-concentrated ceramic 

inks, including viscoelastic and pseudo-plastic behaviour to flow out of the nozzle as well as 

the capacity to retain the cylindrical shape.

2.2. Graphene–based Metal Matrix Composites (GMMCs) Processing Methods 

Graphene-based metal composites (GMMCs) usually exhibit higher strength and Young’s 

modulus than that of pure metal materials. Right now, there are some relatively mature 

methods for the preparation of GMMCs including mechanical mixing, chemical synthesis, 

electrodeposition and self-assembly approach. Mechanical mixing is a method using physical 

force to mix graphene and metal. For example, in a method like friction stir processing, the 

metallic materials are usually softened by the frictional heat generated through mechanical 

stirring of a rotating tool [47-50]. Chemical synthesis, including in-situ synthesis, 

hydrothermal preparation and even molecular-level mixing (MLM), is a method to prepare 

nanocomposites through the reduction of GO and metal salts [51, 52]. Recently, MLM, a 

newly emerging fabrication process, is feasible to make homogeneous dispersion of rGO and 

stronger interfacial bonding between rGO and metal matrix (e.g., Cu, Co, Ni) [52, 53] with 

excellent mechanical properties (for instance, 1.5 wt.% rGO/Ni composite demonstrated a 

95.2 % increase in tensile strength and a 327.6% increase in yield strength [52]).

Electrodeposition is a simple, cost-effective and scalable method. It not only preserves the 

original properties of graphene or other filler materials but also incorporates these properties 

in composite structures [54]. The quality of these composites is influenced by many operating 

parameters, such as current density, electrolyte composition and bath agitation, etc. Besides, 



  

8

it is also possible to fabricate a wide range of pure metal or alloy coatings on such composites. 

Li et al. [17, 55] used pulse-reverse electrodeposition (Fig.2) to prepare homogeneously 

dispersed graphene reinforced Ni composites with high graphene filler content. However, the 

electrodeposition method still exhibits some deficiencies such as a long reduction period, 

poor controllability and single material structure [56, 57].

Self-assembly approach, a methodology to synthesise the GMMCs, is used to compound the 

graphene dispersion and metallic materials (Al, Cu) firstly, and then assemble the graphene 

sheets with the metal matrix through electrostatic attraction, covalent or uncovalent bonding 

to form the ultra-dense macrostructures [58-60] (e.g., self-assembly Al and Bi2O3 on the 

graphene sheets with ultradense macrostructures [58]). Compared with the chemical 

synthesis, self-assembly approach fabricates the GMMCs with simpler controllable particle 

size and more highly uniform dispersion of graphene nanocomposites.

Generally, AM methods can manufacture GMMCs without time- and energy-consuming post-

processing steps such as hot shaping or machining, which are essential for conventionally 

manufactured GMMCs. Laser-based AM method is one of the most common methods used 

to fabricate GMMCs. It generally requires the use of graphene/metal powders which possess 

appropriate particle size distributions and excellent flowability. Using high energy ball milling 

to mix graphene with metallic matrix causes severe plastic deformation and, as a 

consequence, poor flowability for metal matrix powders. Alternative milder techniques to 

prepare metal powder containing graphene for AM are necessary. Lin et al. [61] used 

poly(vinyl alcohol) (PVA) to disperse GO. The evaporation of the solution caused by the laser 

helps the alignment of GOs and thus preventing aggregation. Other parameters, including 

deposition rate, beam size, process temperature, scanning strategy, have an obvious 

influence on the microstructure of 3D GMMCs objects manufactured by laser-based AM 

techniques. Thermal gradients are easily created during the high temperature laser 

processing and the resulting large tensile residual stress and deformations must be taken in 

consideration.
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Fig. 2 Schematic illustration of the strategy for pulse-reverse electrodeposition. A micro-

patterned graphene-Ni composite was; (a) electrodeposited onto Si substrate via a pulse-

reverse electrodeposition method; (b) the graphene -Ni composite microcantilever arrays and 

(c) micromirrors were fabricated and resonant vibrated for evaluating Young’s modulus and 

resistance to plastic deformation under dynamic conditions, respectively; (d) the fabrication 

process of these composite microstructures. Reprinted with permission from [55]. Copyright 

2016 American Chemical Society.

2.3. Graphene–based Polymer Matrix Composites (GPMCs) Processing Methods

The preparation and properties of GPMCs have recently been reviewed in detail by a number 

of researchers [62-68]. Most of the published works use GO, which can be obtained in large 

scale, for exfoliation and dispersion in different polymer matrices. The functional groups 

present onto GO allow a strong interfacial bond filler/matrix. However, the ultra-thin 

individual GO nanosheets easily crumble and wrinkle and have significantly inferior electrical, 

thermal and mechanical properties compared to graphene. Three main strategies for 

synthesizing GPMCs are: in-situ polymerization, solution mixing, and melt compounding. 

As for the in-situ polymerization technique, graphene, modified graphene or graphite 

nanoplatelets, is first swollen within a liquid monomer. Polymerization is initiated either by 

radiation or heating after a suitable initiator is diffused in the liquid monomer [69, 70]. A 

variety of graphene-based polymer nanocomposites have been manufactured through the in-
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situ polymerization, such as polystyrene (PS)/graphene [70], poly(methyl methacrylate) 

(PMMA)/expanded graphite (EG) [71], nylon-6 (PA6)/graphene [72] and poly(vinylidene 

fluoride) (PVDF)/PMMA/graphene [73] etc. However, in-situ polymerization is not an 

economically attractive and scalable method for dispersing nanoparticles into polymers 

compared to solution or melt compounding methods [62]. 

Solution intercalation method is performed in a solvent system where the polymer or pre-

polymer is compatible and solubilized. Graphene or modified graphene can be dispersed into 

a suitable solvent, such as acetone, toluene, tetrahydrofuran (THF), chloroform or 

dimethylformamide (DMF) owing to the weak forces that hold the layers together [66]. The 

polymer then adsorbs onto the delaminated graphene sheets. When the solvent is 

evaporated, the sheets will assemble with the polymer to form a nanocomposite. This method 

allows even polymers with low or no polarity to create intercalated nanocomposites. The 

driving force for polymer intercalation from solution into graphene is the entropy gained by 

the desorption of solvent molecules, compensating for the decrease in conformational 

entropy of the intercalated polymer chains [74]. However, the thorough removal of the 

solvent is an important issue, significantly influencing the final physical properties [75]. A 

variety of polymer nanocomposites have been reported using this method, such as 

polyethylene grafted PVA/graphene, polyimide (PI)/graphene [76] and PVDF/graphene [77] 

have all been prepared using this method. 

Melt compounding method is a solvent-free method for the preparation of thermoplastic 

nanocomposites, popular because of its simplicity and its compliance with large-scale 

industrial production. Graphene related materials such as graphene, GO or modified 

graphene are directly mixed with a thermoplastic polymer melt. This usually involves 

mechanical mixing using conventional methods like extrusion compounding in a twin-screw 

extruder at temperatures well above the melting or softening temperatures of the polymer 

matrix. Nanocomposites are formed via the intercalation of polymer chains and/or exfoliation 

of graphene related materials. Some polymers which are not suitable for in-situ 

polymerization or solution processing can be processed through melt compounding. A variety 

of polymer nanocomposites have been prepared using this method such as polypropylene 

(PP)/graphene [78], high-density polyethylene (HDPE)/EG [79], PA6/EG [80], PLA/GNP [81], 

etc. 
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Besides using these techniques on their own, some polymer/graphene composites have been 

prepared by combining in-situ polymerization, solution compounding with one or more other 

procedures such as melt blending, shear mixing and/or master batch blending, etc. A 

combination of techniques can for instance become necessary when the system viscosity 

increases rapidly with solvent reduction, as in the case of epoxy matrix. The approach of 

combining different methods has been adopted an improved dispersion of nanofillers in 

different matrices [82, 83]. It can be a promising approach, as it can mitigate problems of each 

individual technique while optimising the advantages.

The above mentioned conventional methods are the ones also used to prepare graphene 

nanocomposites to then feed AM. Previous studies have examined graphene-based polymer 

materials for AM methods, prepared via in-situ polymerization, solution compounding, and 

melt compounding. Solution mixing is the most common method used to prepare 

polymer/graphene mixtures with solvents like ethanol [84], chloroform [85] and acetone [86], 

which are frequently used for their relatively low boiling points. A quick evaporation of the 

resulting solutions or dispersions after printing is necessary to retain the shape of the 3D 

object after printing. 

Various AM methods have been applied to produce graphene-based polymer composites, 

each with bespoke requirements. Fused deposition modelling (FDM) demands materials to 

be processed by extrusion into filament with a relatively uniform diameter. Homogeneously 

distributed graphene/polymer powders are required in powder bed based AM methods and 

liquid light curable graphene-based resin is required for vat polymerization printing methods. 

Moreover, AM methods such as stereolithography can achieve 3D structured graphene-based 

photocurable resins, while conventional methods can only produce 2D films. 
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Table 1 The representative synthetic methods for graphene-based composites and their characteristics

Matrix Techniques Characteristics Materials Advantages and disadvantages Ref.

Power processing Ball milling or planetary ball milling
Alumina, silicon, 
nitride, zirconia, 
and silica

 Producing well dispersed graphene–ceramic composites
 Possible damage and degradation of graphene 

[31, 33-36, 38]

Sol-Gel processing Creating a precursor TiOC
 Easy for doped materials
 Easy for dispersed composites to dissolve and disperse in a 

liquid phase
[37, 40]Ceramic

Colloidal 
processing

Producing a dispersion of graphene and ceramics to 
produce composites based on colloidal chemistry. Al2O3, Si2N3

 Difficult to evaluate dispersion homogeneity
 Lack of quantitative information of graphene and ceramic 

matrix
[31, 39, 41-43]

Chemical 
synthesis

Hydrothermal preparation, the reduction of GO and 
metal salt

Cu, Co, Ni and 
other metal 
materials

 Limited by complex procedure, high temperature, high cost, 
and many parameters during the reaction [47-50]

Mechanical 
mixing Physical force to mix graphene and metal Mg, Al, Sn  Risk of damage of the structure of graphene during stirring [87-89]

Electrodeposition Using electric current to reduce dissolved metal cations 
and form a coherent metal coating on an electrode

Pure metal and 
alloy

 Controlled by e electronic parameters
 Matrix materials are limited
 Thickness of the coating is thin

[17, 54-57]
Metal

Self-assembly 
approach

Assembly fabricated with electrostatic attraction, 
covalent or uncovalent bonding Al, Cu  Simpler controllable particle size ad more highly uniform 

dispersion of graphene nanocomposites
[58-60]

In-situ 
polymerization

Adding a suitable initiator to make liquid monomer 
polymerize

PS, PMMA, PA6 
and PVDF/PMMA  Not an economically attractive and scalable method [69-73]

Solution 
compounding

Dispersed in suitable solvent system, adsorbing onto 
the delaminated graphene sheets and creating the 
nanocomposite by evaporating solvent

PE-g-MA, 
PVA/graphene, 
PVC, and 
PMMA/silica

 Difficult to remove the solvent residue [66, 74, 75]
Polymer

Melt 
compounding

High–shear mixing of graphene and molten 
thermoplastic polymer matrix 

PP/graphene, 
HDPE/EG, 
PA6/EG, PLA/EG 

 Suitable for some specific polymers which can not be 
processed by in-situ polymerization or solution method

 Easily adapted by industry
[78-81]
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3. AM Methods for Graphene-based Composites

According to the ISO/ASTM standard 52900:2015 [90], current AM methods are 

classified into seven categories, including direct energy deposition, power bed fusion, 

vat polymerization, materials jetting, materials extrusion, sheet lamination, and 

binder jetting. The main four types of AM methods, usually used with graphene-based 

composites, are summarized and compared in Table 2.

Table 2 A summary of AM methods for graphene-based composites from literature 

(until 2019).

Matrix
Powder bed 

fusion

Vat 

polymerization

Materials 

extrusion 

Binder 

jetting 

GCMC √ ╳ √ ╳

GMMC √ ╳ ╳ √

GPMC √ √ √ ╳

3.1. Powder Bed Fusion 

Power bed fusion (PBF), including direct metal laser sintering (DMLS), electron beam 

melting (EBM), selective laser sintering (SLS) and selective laser melting (SLM), is an 

AM process which utilizes thermal energy to selectively melt or sinter certain molten 

areas/pools of a powder bed [91, 92]. Among those mentioned techniques, SLS was 

found to successfully manufacture graphene-based ceramic (Al4C3 [93]), metal (Fe/GO 

[61], Al/graphene [94], Cu/graphene [95]) and polymer/graphene composites [96, 97]. 

SLS uses a laser which selectively scans a powder bed, forming 2D patterns of fused 

material by the heat of the laser [98]. Objects are built layer-by-layer by repeatedly 

laying down a new layer of powder upon a solidified layer (Fig.3a). Factors like laser 

power, energy density, powder particle size distribution, scan speed, and scan strategy 

can determine the printing resolution of SLS [99-101]. 
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Fig. 3 Schematic diagram of the typical AM techniques for graphene-based composites 

(a) PDF; (b) vat polymerization; (c) material extrusion and (d) binder jetting. Reprinted 

with permission from [102]. Copyright 2017 Elsevier.

3.2. Vat Polymerization 

Vat photopolymerization fabricates objects by solidifying liquid photosensitive resin 

with ultraviolet (UV) light (Fig.3b). Vat polymerization covers the following systems 

such as stereolithography apparatus (SLA), digital light processing (DLP), scan, spin and 

selectively photocure (3SP), and continuous liquid interface production (CLIP) [103], 

during which process cationic and free-radical polymerization are two significant types 

of polymerization. In essence, vat polymerization is the polymerization and 

crosslinking reaction initiated by UV light, rapidly forming long chains and cross-linked 

polymeric networks. In 1986, Charles Hull [90] invented the first 3D printer based on 

SLA and founded 3D Systems, making polymers the first materials to be applied in AM. 

The most highlighted features of SLA is its accurate resolution of 0.02 mm [104]. Lin 

et al. [86] used GO reinforced commercial polymer to fabricate the first 3D structure 

via SLA. Since then an increasing number of researchers have focused on 



  

15

implementing GPMCs into SLA [105-108]. The issue on nozzle clogging in techniques 

like FDM can be averted as SLA is nozzle-free. SLA can also produce more than one 

product in one printing cycle. However, the disadvantage of photocurable materials 

prevents the large-scale development of SLA. A substrate support is greatly needed 

since the plastic is likely to incur deformation. Moreover, SLA equipment and good 

quality liquid resins are quite costly.

3.3. Material Extrusion

In the material extrusion based methods, materials are squeezed through a nozzle, 

where they are heated, then deposited and connected layer by layer. One commonly 

known material extrusion method is fused filament fabrication (FFF), also known as 

FDM [109] in which filaments are squeezed out of one or more extruders by heating 

thermoplastic materials. The molten polymers are deposited on a platform and fused 

together to form a 3D structure (Fig.3c). FDM is widely investigated to fabricate 

ceramic, metal and polymer composites. So far, our literature search results indicate 

that only polymer matrices have been reported with regards to graphene-based 

composites via FDM. Wei et al. [110] first demonstrated graphene-based PLA and 

acrylonitrile butadiene styrene (ABS) composites with a GO loading up to 5.6 wt% via 

FDM. Numerous studies have focused on PLA/ABS as a matrix to fabricate GPMCs for 

a variety of applications such as electromagnetic shielding [111, 112], electrochemical 

sensing [113], energy storage devices [114] and tissue engineering scaffolds [115]. 

Direct ink writing (DIW) is another extrusion-based printing technique. Fluid materials 

like solutions, hydrogels, and pastes are extruded through nozzles by the force of a 

piston, a screw system, or by pneumatic pressure. The continuous filaments deposit 

on a platform and rapidly solidify, generating a 3D architecture. Rheological property 

(shear thinning behaviour) and a suitable viscosity (102–106 mPaˑs, depending on the 

shear rate) of the printing ink for DIW is crucial and directly controls the final quality 

of the printing process [116]. The developed ink should possess shear thinning 

property, enabling smooth flow through the nozzle under shear stresses to achieve 

shape retention. 

Research shows that high-aspect ratio graphene fillers can impart shear-thinning 
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behaviour. GO-containing ink has shown noteworthy printing capability and unique 

viscoelastic properties. Wang et al. [117] formulated water-based inks by 

functionalizing chemically modified graphene (CMG) with a responsive polymer (a 

branched copolymer surfactant, BCS). The interactions of the resulting ink can be 

regulated using the appropriate value of pH (Fig.4a). By modifying a GO reinforced 

resorcinol-formaldehyde (R-F) suspension, Zhu et al. [118] successfully fabricated 

lightweight, periodic graphene aerogel micro lattices via DIW (Fig.4b-c). The 3D 

printed graphene aerogels were lightweight, highly conductive and exhibited very high 

compressibility (up to 90% compressive strain). The resulting aerogels showed 

excellent mechanical property with an order of magnitude higher than bulk graphene 

materials in young’s modulus. Based on previous studies, researches have focused on 

developing energy storage devices and sensors by GMPCs via DIW. Zhu et al. [119] 

utilized the above material to fabricate 3D-printed graphene composite aerogel 

microlattices for supercapacitors with exceptional capacitive retention (ca. 90% from 

0.5 to 10 A·g−1) and power densities (>4 kW·kg−1) that equal or exceed those of 

reported devices made with electrodes 10−100 times thinner (Fig.4d-g).

Fig. 4 (a) Simplified schematics depicting the proposed BCS and GO structures. 

Reprinted with permission from [117]. Copyright 2015 John Wiley and Sons. (b) optical 

image and (c) SEM image of a 3D printed graphene aerogel micro-lattice, Scale bars 

for (a) is 5 mm; (b) is 200 mm (b). Electrochemical performance of 3DGCA symmetric 

supercapacitor. Reprinted with permission from [118]. Copyright 2015 Springer Nature. 

(d) Cyclic voltammograms collected in 3 M KOH as a function of scan rate; (e) charge 

and discharge profiles collected at different current densities; (f) gravimetric 
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capacitance and capacitive retention calculated as a function of current density. Inset: 

a schematic illustration of the 3DGCA symmetric supercapacitor; (g) cycling stability 

tested at a scan rate of 200 mV/s for 10000 cycles. Reprinted with permission from 

[119]. Copyright 2016 American Chemical Society.

In order to form a suitable ink, the use of a suitable solvent is essential. However, the 

removal of this solvent may introduce porosity and defects into the matrix. Commonly, 

DIW is used to print polymer and ceramic with rapid solidification. A variety of polymer 

or hybrid polymer graphene-based composites have also been manufactured via DIW, 

including polycaprolactone (PCL)/graphene [120], polylactide-co-glycolide 

(PLG)/graphene [121], branched copolymer surfactant (BCS)/GO [117], 

poly(trimethylene carbonate) (PTMC)/graphene [122], polyurethane (PU)/GO [123], 

epoxy/graphene [124], which can be applied in Li-S batteries [125], biomedical smart 

nanomaterials [126] and gas sensors [85], etc. Furthermore, through synergistically 

leveraging the structural properties [127], biocompatibility [128], thermal and 

conductive properties of graphene-based materials [129], multifunctional ceramics 

can be effectively manufactured via DIW. Ladd et al. [130] reported that low viscosity 

liquid metal (such as alloys of gallium and indium) could be directly printed at room 

temperature. However, there is seldom report in relation to GMMCs via DIW methods.

3.4. Binder Jetting

Binder jetting, also known as 3DP, uses powder materials and an adhesive. This AM 

process prints a binder, which generally is in liquid form, into a powder bed and then 

fabricates layer by layer. Through a 3D computer model of the product, powdered 

materials are layered in a platform with an “ink-jet” printing technique used to bind 

the materials together (Fig.3d). 3DP has been used to prepare numerous materials, 

including ceramic, polymer and metal composites. The binder is one the key factor in 

the 3DP fabrication process [131]. However, the technique also presents challenges in 

terms of low printing resolution, surfaces roughness and low precision [132]. The weak 

binding between individual layers leading to weak and brittle objects is also limiting 

its further application. Therefore, there have been limited report about graphene-

based composites via 3DP due to the low printing precision. Azhari et al. [133] firstly 
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reported electrodes using thermally rGO/palladium composite through a binder 

jetting method. The resulting thick supercapacitor electrodes with porous 

microstructure demonstrated high gravimetric and areal capacitance values of 260 F 

g-1 and 700 mF cm-2, respectively.

4. Graphene-based Composites via AM

Owing to the unique properties of graphene, numerous researches have focused on 

developing composites with graphene related materials as a dispersed nanofiller in 

various matrices, including ceramics [38, 134], metals [135-137] and polymers [132, 

138, 139]. A large majority of these efforts focus on how to homogeneously disperse 

graphene nanofillers in these matrices. In the case of polymer composites the 

exceptional properties of graphene do not readily transfer into exceptional composite 

properties (e.g., high strength, thermal and electrical conductivity) due to issues 

related to filler dispersion. Similarly, also the development of graphene-modified 

metals or ceramics is hindered by inhomogeneous dispersion of graphene into these 

matrices and the necessity of high temperature and pressure processing.

4.1. Graphene-based Ceramic Matrix Composites

Ceramics are broadly used in biomedical, electronic, automotive, industrial and space 

applications because of their high stiffness, strength, and stability at high 

temperatures [140, 141]. However, properties like embrittlement and low electrical 

conductivity prevent traditional ceramics from wider applications. Graphene can fairly 

compensate the drawbacks of ceramics. The development of GCMCs via AM is still in 

its infancy. Currently, some ceramic matrices (calcium phosphate, aluminium oxide, 

aluminium carbide and polymer derived ceramics) have been successfully fabricated 

using graphene related materials as an additive via AM [93, 127, 129, 142], and will be 

described below in more detail. 

4.1.1. Aluminium Oxide (Al2O3)/Graphene 

Al2O3, like other ceramics, owns properties like high compressive strength, high 

temperature resistance, chemical and corrosion resistance. Particularly, Al2O3 is 
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widely used as a structural ceramic material at high temperatures. Conversely, like 

other ceramics, low fracture toughness and thermal shock resistance of Al2O3, as well 

as decreasing fatigue strength at high temperatures, restrict its applications. To solve 

this issue, researchers have focused on the fabrication of graphene reinforced Al2O3 

composites [31-33]. However, studies on graphene reinforced Al2O3 composites 

fabricated using AM techniques are few, and only one paper was retrieved. Tubío et 

al. [127] firstly confirmed the printability of GO/Al2O3 composite with well-defined 

complex mesoscale architecture via a DIW method by basic rheological and 

morphological studies. 

4.1.2. Calcium Phosphate (CaP)/Graphene

This refers to a kind of ceramic material consisting of calcium ions (Ca2+) and 

phosphate ions (metaphosphates-PO3-, orthophosphates-PO4
3-, and pyrophosphates-

P2O7
4-). CaP is usually used as a biomaterial because it has a composition resemblance 

to bone and teeth. Ca to P ratio is a decisive factor which significantly determines the 

dissolution and bioactivity performance of different CaPs. A low Ca to P ratio provides 

an acidic environment leading to an improvement in the dissolution rate of CaPs. 

Among all the CaPs, hydroxyapatite (HA, Ca10(PO4)6(OH)2) has great bioactivity with a 

Ca to P ratio of 1.67 to 1, which is similar to the composition of natural teeth and bone. 

Tricalcium phosphate (TCP, Ca:P = 1.5:1) has a somewhat lower bioactivity compared 

to HA. To fully leverage biocompatibility properties of graphene-based materials, CaP 

in combination with graphene has been studied for biomedical applications. Wu et al. 

[142] reported a GO modified β-tricalcium phosphate (β-TCP-GRA) scaffold by 

producing a 3D printed β-TCP scaffold and then soaking it in a GO/water suspension 

in combination with a heat treatment (Fig.5a). Compared to a scaffold without GO 

modification, the β-TCP-GRA scaffold showed enhanced biological properties (the cell 

proliferation, alkaline phosphatase activity and osteogenic gene expression) with 

human bone marrow stromal cells (hBMSCs). Zhang et al. [143] adopted a similar 

strategy to produce a Fe3O4 nanoparticles/GO nanocomposite modified β-TCP scaffold 

(β-TCP–Fe–GO). The resulting β-TCP-Fe-GO was magnetic as well as possessed 

osteogenic capabilities, which was promising in bone tumour therapy. Both TCP 

scaffolds were printed via a DIW method and subsequently soaked in a GO or GO-Fe 
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suspension. GO was coated on the surface of the scaffolds without having to consider 

the problem of dispersing GO in the matrix. Jakus et al. [128] investigated a hybrid 

material (HA:graphene = 1:1 v/v) exhibiting not only good bioactivity but also 3D-

printability, electrical conductivity (“conductivity gap” of nearly 450 S/m over a 

graphene compositional range from 35 to 40 vol%) and flexibility. In vitro experiments 

of hyperplastic bone (HB)-3D-graphene (3DG) using mesenchymal stem cells showed 

that this hybrid material performed well in terms of cell viability and proliferation 

(Fig.5b). 

Fig. 5 Scheme illustration of (a) GO modification β-TCP bioceramic stimulates the in 

vitro and in vivo osteogenesis. Reprinted with permission from [142]. Copyright 2015 

Elsevier. (b) HB and 3DG ink systems, their powder constituents, resulting 3D-inks, and 

3D-printability. Reprinted with permission from [128]. Copyright 2017 John Wiley and 

Sons. 

4.1.3. Polymer Derived Ceramics/Graphene

Polymer derived ceramics, known as preceramic polymers, are ceramic materials that 

are based on a polymeric phase and are produced from the transformation of 
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polymeric precursors, like silicone resins and geopolymers [144]. Tailored composition 

and microstructure of polymer derived ceramics can be predesigned by varying the 

formula of precursors and the conversion of ceramics can occur at a relatively low 

temperature [145]. Before polymer derived ceramics are transformed into ceramics, 

some properties, like rheological behaviour, resemble that of a polymer, which means 

that polymer derived ceramics are easier to shape into complex structures or 

architectures. What’s more, nanofillers can be dispersed in preceramic polymers in a 

simpler and more efficient manner than in ceramics. A GO/SiOC ceramic scaffold was 

fabricated by Pierin et al. [146] by using a preceramic silicone polymer ink. The 

addition of 0.1 wt.% GO immensely improved the compressive strength of the SiOC 

scaffold from 2.5 to 3.1 MPa. Zhong et al. [129] produced GO/geopolymer (GOGP) 

composites via an extrusion method. A thick layer of water film formed between the 

GO and aluminosilicates particles, well explaining the effect of GO on the rheology of 

GOGP (Fig.6).

The majority of the introduced GCMCs are manufactured via DIW. During the DIW 

process, ceramic paste with graphene related materials is extruded from a nozzle. 

Typically, the 3D printed objects are sintered in order to obtain good mechanical 

strength. DIW method requires relatively little energy, but its accuracy is quite low. As 

the solvent and other additives evaporate or decompose after sintering, the structures 

can be distorted.

Fig. 6 (a-d) SEM images and corresponding models illustrating the HPPG encapsulation 
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by GO layers. As the loading of GO in the nanocomposite increased, the size of the 

particle agglomerates (marked by dotted-line circles) that are encapsulated within the 

GO films decreases; (e) illustration of the 3D printing process with the chemical 

structure of the geopolymer. Reprinted with permission from [129]. Copyright 2017 

Elsevier.

4.1.4. Calcium Silicate (CaSiO3)/Graphene

CaSiO3 is considered to be a potential biomaterial, but its poor mechanical 

properties limit further applications in the biomedical field [147-149]. Shuai et al. 

[46] fabricated a CaSiO3/graphene(0.5 wt.%) composite scaffold via SLS with 

improvement by 46% and 142% in the fracture toughness and compressive 

strength, respectively. Particularly with ceramics with a very high melting point 

and in comparison with other sintering methods, SLS is a very appealing 

processing technique as it can limit the thermal effect of high sintering 

temperature on graphene, by reducing the sintering time to seconds or 

milliseconds [46].

4.2. Graphene-based Metal Matrix Composites 

Recently, the demands for metal matrix composites (MMCs) have increased rapidly as 

the mechanical strength, thermal conductivity and electrical conductivity of MMCs are 

outperforming many other matrix materials. In order to further enhance the 

multifunctional properties of MMCs, numerous researches have tried to use graphene 

related materials as a nanofiller to modify metal matrices [137, 150, 151]. However, 

there are only few reports on AM graphene-based MMCs, except for some researches 

using laser-based powder bed fusions. Lin et al. [61] added single-layer GO into an iron 

matrix through a laser sintering AM method. Meanwhile, laser irradiation melted the 

iron powders into liquid and the fast laser heating and cooling process prevented 

aggregation of GO powders (Fig.7a-b). The mechanical performance and fatigue life 

of laser sintered GO (2 wt.%)/Fe composite were improved significantly, with the 

fatigue life being 167% higher than that of the laser-sintered pure Fe reference sample. 

Since unsatisfactory microstructures and accumulated residual stresses may form 

during the high temperature laser processing, the mechanical performance of laser 
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sintered AM components will be limited. Lin et al. [152] proposed a hybrid 

manufacturing process combining laser shock peening and laser sintering of GMMCs. 

A strengthened metal/graphene interface was formed as shock waves pass through 

and bounce back between graphene sheets, leading to a good resistance to fatigue of 

the GMMCs (Fig.7c). 

Wang et al. [153] firstly reported a GNP reinforced nickel-based superalloy (Inconel 

718, a Ni–Cr–Fe austenitic superalloy). Tensile strength and Young’s modulus of the 

1.0 wt.% graphene-reinforced Ni composites were enhanced by 51% and 42%, 

respectively. Load transfer, thermal expansion coefficient mismatch, and dislocation 

hindering were three important mechanisms for main contribution to the 

reinforcement of the composites. 

Hu et al. [94, 95] fabricated graphene reinforced aluminium and copper GMMCs via 

SLM and obtained an 18% improvement in average modulus (119 GPa) of the 

graphene reinforced copper. The Vickers hardness achieved 75% and 50% 

improvements compared to that of pure aluminium and copper, respectively. An Al4C3 

phase was observed through the XRD and HRTEM data. The realization of Al4C3 

nanorods was attributed to the relatively low free energy of formation (-196 kJ/mol 

at 298 K) [154] of Al alloys and carbon (graphite, carbon fibres, CNTs, or graphene). 

Zhou et al. [93] introduced an Al4C3/Al composite through an in-situ inter-reaction 

between GO and aluminium alloys. The mentioned GMMCs are fabricated via a 

laser-based method with relatively high accuracy. But this process consumes large 

amounts of energy because of the high melting point of most metallic materials. 

Additional manual/automatic mechanical or electrochemical polishing is required to 

alleviate the surface roughness of 3D printed objects. Besides, a metal SLS 3D printer 

is expensive (≥ 300,000 US dollars).



  

24

Fig. 7 Schematic of laser deposition of a GO/Fe nanocomposite layer (a) after coating 

and (b) after laser sintering. Reprinted with permission from [61]. Copyright 2014 

Elsevier. (c) layered laser sintering process with shock loading to control the 

graphene/metal interfacial microstructures. Reprinted with permission from [152]. 

Copyright 2018 Elsevier.

4.3. Graphene-based Polymer Matrix Composites

Polymers are suitable for the majority of AM technologies owing also to relatively low 

processing temperature compared to ceramic or metal matrices. A wide range of 

thermoplastic and thermoset polymers can be processed via AM, for instance PLA 

[155], PCL [156], ABS [110], PVA [157], polycarbonate urethane (PCU) [158], epoxy 

[124] and photosensitive resin [107]. Nanofillers like graphene and its derivatives are 

introduced into polymers to create high-performance nanocomposites with a high 

strength-to-weight ratio and additional multifunctional properties [159]. However, 

several problems still exist in the processing of graphene-based polymers via AM. 

Firstly, according to most studies, it is essential to form a homogeneous dispersion of 

the graphene nanofillers in the polymer matrix to obtain optimal properties, with each 

dispersion technique (e.g., ultrasonication [160], three roll milling [161, 162], high 
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shear mixing [163], simple mechanical mixing [164], ball milling [165] and hot pressing 

[166], etc.) having its own limitations and deficiencies. Currently, a common issue is 

the phase separation between polymers and graphene sheets occurring during the 

synthetic process. In addition, aggregation of graphene sheets can clog the nozzle of 

the printer, resulting in breakdown of the printing process. This section will give a 

detailed discussion of the polymer matrix materials used to fabricate graphene-based 

polymer matrix composites (GPMCs) via four specific AM methods (SLS, SLA, DIW, and 

FDM). 

4.3.1. Graphene-based Thermoplastic Polymer Composites

Through melting and subsequently cooling layer by layer, thermoplastic polymers can 

be processed by various AM methods. The most frequently used thermoplastic 

polymers are ABS, polyamide (PA), PMMA, as well as some biocompatible polymers 

such as PLA, PCL and PVA. Numerous studies seek to introduce graphene to address 

the low stiffness and strength of the thermoplastic resin. Below we will give a brief 

overview of graphene-based thermoplastic polymers recently reported.

ABS/graphene nanocomposites

Researches [167, 168] have implemented FDM to fabricate ABS/graphene composites 

which showed an improvement in elastic modulus, thermal conductivity and electrical 

conductivity, compared with pure ABS materials. Wei et al. [110] were the first to print 

graphene-related materials via FDM directly using ABS. However, a deterioration in 

tensile strength was observed which may be caused by local stresses concentrations 

generated by GNPs or agglomerated GNPs.

PA/graphene nanocomposites

De Leon et al. [97] developed a rGO-coated PA composite which established a fine 

conductive network of nanoparticles, thereby resulting in a lower percolation 

threshold than traditional approaches like solution or melt compounding methods. 

SLS was used for the manufacturing of the first metal-free electrostatic motor based 

on fully 3D printed parts based on rGO-coated PA material.
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PBT/graphene nanocomposites

Gnanasekaran et al. [169] chose polybutylene terephthalate (PBT) as a matrix for 

hybrid nanofillers (carbon nanotubes and graphene) to fabricate an FDM-based 

conductive nanocomposite. Multiple printing heads were used in this process which 

could fabricate far more than one material at once to manufacture functional 

structures and properties (e.g., elastic behaviour and conductive properties) at low 

cost.

PMMA/graphene nanocomposites

Mohan et al. [170] produced super high electrical conductive hybrid polymer-

graphene composites (electrical conductivity of 14.2 S/cm, please refer to Table 3 for 

more comparison) via FDM used solvent cast polymethyl methacrylate (PMMA)- 

based filament with 10 wt.% polypyrrole and 10 wt.% graphene.

PLG/graphene nanocomposites

Jakus et al. [121] developed 3D printable inks consisting of polylactide-co-glycolide 

(PLG) and a high concentration of graphene (60 vol.% of solid). The resulting 3DG 

material had a high electrical conductivity of 800 S/m and excellent functional 

properties (e.g., biocompatibility, mechanically flexible, neurogenically bioactive, 

biodegradable, and surgically friendly), confirming that 3DG materials show great 

promise in many applications, such as, wearable and implantable electronics, sensors, 

and tissue engineering, etc. (Fig.8a-e).

PVB/graphene nanocomposites

Huang et al. [84] prepared a printable ink by adding a high concentration of GNPs into 

polyvinyl butyral (PVB). The shear stress in the nozzles resulted in GNP alignment in 

the axial direction, resulting in electrical anisotropy (Fig.8f-h). 
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Fig. 8 (a) 3DG inks are produced through a simple combination and mixing an 

elastomeric solution with a dispersion of graphene powder in a graded solvent 

followed by volume reduction and thickening, a process that can be scaled up to many 

litres at once if desired. User-defined architectures 3D-printed from 3DG have a variety 

of potential applications, including those relating to energy storage and bioelectronics, 

as well as tissue and organ engineering; (b) corresponding elastic moduli obtained 

from tensile tests and average percent strain-to-failure; (c) conductivity of non-

annealed fibre extruded from a 400 μm diameter tip; (d) number of hMSCs present on 

the scaffolds; (e) demonstration of electrical conductivity of objects as-printed, 

showing two 3DG cylinders incorporated into a circuit with a blue LED. Reprinted with 

permission from [121]. Copyright 2015 American Chemical Society. (f) Schematic of 

shear alignment; (g) electrical conductivity versus temperature for 25 wt.% and 50 wt.% 

3D graphene scaffolds; (h) zoom-in region between RT and 170 ℃. Reprinted with 

permission from [84]. Copyright 2018 Elsevier.

PCL/graphene nanocomposites

Sayyar et al. [120] were the first to use extrusion-based techniques to fabricate a 

polycaprolactone (PCL)/graphene scaffold with 143% and 50% increase in Young’s 

modulus and tensile strength and great improvement in biological property. Wang et 
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al. [156] found that surface treatment of sodium hydroxide (NaOH) on PCL/pristine 

graphene scaffolds by DIW can make the scaffolds hydrophilic without influencing 

their biocompatibility.

PVA/graphene nanocomposites

Shuai et al. [96] fabricated a porous GO (2.5 wt.%)/PVA nanocomposite scaffold via 

SLS with 60%, 152% and 69% improvement in compressive strength, Young’s modulus, 

and tensile strength, respectively (Please refer to a summary of mechanical properties 

in Fig.13). Cell culture studies of human osteoblast-like MG-63 cells were grown and 

proliferated well on the GO/PVA scaffold indicating good cytocompatibility of the 

GO/PVA scaffold (Fig.9). 

Fig. 9 (a) Images of GO/PVA suspensions with various GO loadings; (b) compressive 

strength and Young's modulus of GO-0, 0.5, 1.5, 2.5, 3.5 and GO-4.5; (c) tensile 

strength (solid line, left axis) and elongation at break (dotted line, right axis) of GO-0, 

0.5, 1.5, 2.5, 3.5 and GO-4.5; (d-g) SEM images of the MG-63 cells attaching and 

spreading on the surfaces of GO-2.5 scaffolds and (h-i) GO-0 scaffolds after (d) 1 day; 

(e and h) 3 days; (f) 5 days and (g and i) 7 days of incubation. Reprinted with 

permission from [96]. Copyright 2011 Royal Society of Chemistry.
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PLA/graphene nanocomposites

Vernardou et al. [111] prepared PLA/graphene conductive polymer composites via 

FDM with good electrochemical behaviour (discharge capacity of 265 mAh/g with 

retention of 93% after 1000 cycles, please refer to Table 4 for more details). A 

graphene-based PLA composite was also studied by Foster et al. [114], the FDM 

printed material was applied as freestanding lithium-ion anodes and solid-state 

graphene supercapacitors (Fig.10). Despite the output was far from the current state-

of-the-art performances, this kind of supercapacitor (consisting of 8 wt.% graphene 

and 92 wt.% PLA) still worked as a battery material. Chen et al. [28] added GO into 

TPU with PLA via a solvent mixing process and manufactured a scaffold by FDM. It was 

found that GO not only significantly enhanced the mechanical properties but also was 

beneficial to cell proliferation. 

Fig. 10 (a) The 3D printing process and (b) a variety of printed 3DEs used in Foster et 

al. Comparative linear sweep voltammograms (c) using 3DE compared to EPPGE, 

GCE, BDDE and platinum show the onset of the hydrogen evolution reaction. Stability 

studies of the 3DEs (d) using linear sweep voltammograms for the initial, 10th, 100th 

and 1000th scans. Reprinted with permission from [114]. Copyright 2017 Springer 

Nature.



  

30

4.3.2. Graphene-based Thermosetting Polymer Composites

Thermosetting resins undergo an irreversible crosslinking reaction which polymerises 

monomers into insoluble polymers by heat or other conditions (e.g., light). 

Thermosetting polymers possess advantages such as high stiffness, strength and 

thermostability while they are too fragile. The introduction of graphene sheets may 

alleviate the brittleness of thermosetting polymers. Development of graphene-based 

thermosetting resins via AM method is believed to have great potential for creating 

new materials that enable 3D printing of multifunctional components.

Epoxy/graphene nanocomposites

Compton et al. [124] printed epoxy/graphene composites via DIW method, and 

compared with cast neat epoxy the developed epoxy/graphene composites were 67% 

stiffer, and possessed low bulk resistivity. It is promising in the field of packaging of 

sensitive electronic components for its electrostatic discharge properties and 

applications requires electromagnetic shielding properties.

Graphene-based photopolymer resins

Activated by UV light, photopolymer resins can polymerise during the process of vat 

photopolymerization based 3D printing technologies. The thermomechanical 

properties of photopolymers can be improved by the introduction of graphene fillers. 

However, limited research [171-173] implemented SLA to produce graphene-based 

polymer composites because of the deterioration in printability and mechanical 

properties when graphene is introduced. Moreover, the presence of graphene can 

block the UV light during the SLA process and interfere with the photocuring process 

of the resin. Wang et al. [171] recommended a graphene content less than 5 wt% to 

maintain the appearance and mechanical strength of the printed object.

Owing to the functional groups attached to GO, strong interfacial bonds are well 

formed between GO nanofillers and polymer matrices. Lin et al. [86] used GO 

reinforced commercial polymers (model Pic 100 from EnvisionTEC) to fabricate the 

first 3D structure via SLA. The tensile strength and elongation were increased by 62% 

and 13% with the addition of 0.2 wt.% GO, respectively. Korhonen et al. [105] printed 
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a GO/acrylic resin structure via SLA. Under nitrogen atmosphere, the samples were 

pyrolyzed to reduce GO and to eliminate the polymer, obtaining rGO flakes with good 

electrical conductivity (Fig.11a-b). Manapat et al. [107] made use of the metastable, 

temperature-dependent characteristic of GO to improve the mechanical properties of 

3D-printed commercial resin by SLA. After thermal annealing at 100 °C for 12 h, an 

enhancement in tensile strength of 674% with 1 wt.% GO loading was obtained 

(Fig.11c-f)

Fig. 11 (a) Photographs and microscopy images and (b) electrical properties of samples 

after different pyrolysis steps. Reprinted with permission from [105]. Copyright 2015 

John Wiley and Sons. (c) Schematic diagram of proposed covalent and non-covalent 

interaction of 3D-printed GO nanocomposites; (d) tensile strength comparison of the 

cast and 3D-printed parts. SLA-printed complex-shaped GO nanocomposites: (e) 

nested dodecahedron and (f) diagrid ring. Reprinted with permission from [107]. 

Copyright 2017 American Chemical Society.

Gelatin methacrylate-poly(ethylene glycol) diacrylate/GO (GelMA-PEGDA/GO) 

scaffolds with hierarchical structures via SLA were developed by Zhou et al. [108]. It 
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was found that GO-induced chondrogenic differentiation of human mesenchymal 

stem cells (hMSCs), resulting in the promotion of glycosaminoglycan and collagen 

levels. A GelMA-PEGDA scaffold incorporated with 0.1 mg/ml GO was found to have 

the highest proliferation with an increase of 22% compared to that of the reference 

sample (Fig.12a-d). A projection micro SLA technique was utilized to fabricate 

arbitrary complex hierarchical 3D micro architected graphene foams (with 3D spatial 

features sizes of ~10 µm and pore sizes of ~60 nm) (Fig.12e-l) [174], alleviating the 

problem of the poor mechanical properties and showing enhanced mechanical 

properties (100 MPa) at low density of 0.2 g/cm3, which is highly desirable for 

electrode materials that can experience severe mechanical stress during energy 

storage cycling.

Fig. 12 (a) Schematic diagram of 3D printed GO scaffold for promoting chondrogenic 

differentiation of hMSCs. Confocal micrographs of 5-day MSC proliferation on GelMA-

PEGDA scaffolds incorporated with (b) 0 mg/mL; (c) 0.10 mg/mL concentrations of GO. 

Scale bar = 200 mm. The cytoskeleton and cell nuclei were stained by Texas Red®-X 

phalloidin (red) and DAPI (Blue). (h) Alcian Blue stained micrographs of mesenchymal 

stem cells (MSCs) after chondrogenic differentiation on the surface of the GelMA-

PEGDA scaffolds without and with GO over 3 weeks. Scale bar = 200 mm. Reprinted 

with permission from [108]. Copyright 2017 Elsevier. (e) Scheme of resin synthesis and 

processes to achieve micro-architected graphene (MAG). (f) Four “Green” MAG parts 
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of differing unit-cell structures before pyrolysis; (g) optical and (h-i) SEM image of 

pyrolyzed gyroid; (j) optical and (k-l) SEM image of pyrolyzed MAG octet-truss. 

Reprinted with permission from [174]. Copyright 2018 Royal Society of Chemistry.

5. Properties and Applications of GPMCs

Although there are many challenges with respect to shape preservation, printing 

accuracy, low mechanical strength and types of materials in developing GPMCs for 3D 

printing, these materials have been studied for a range of applications including 

biomedicine, electronics, sensors, electromagnetic shielding, etc. This section 

overviews some of the most promising perspective applications.

5.1. Mechanical Properties and Strain Sensor Application

Recently, Gao et al. [175] utilized a highly cost-effective strategy, multilayer 

coextrusion technique to fabricate a multilayer composite structure of alternating 

layers of neat PLA and PLA containing 1 wt.% GNP with 120% reinforcement in tensile 

modulus, which was attributed to the high degree of planar alignment, improved 

dispersion and relative large aspect ratio of GNPs after multilayer coextrusion. The 

possibility of creating both structural and functional systems is even more feasible for 

graphene filled nanocomposites due to its larger specific surface area, great interfacial 

interaction, and outstanding properties [176]. Compared to conventional processing 

methods, AM methods may offer GPMCs better mechanical property enhancements 

as the layer-by-layer fabrication method can align the nanoplatelets. Feng et al. [177] 

fabricated 0.5 wt.% graphene reinforced PU resin using a DLP method. In this case, the 

flexural modulus and fracture toughness were improved by 14 % and 28 %, 

respectively, compared to the neat resin.

Surface modification of graphene nanoparticles can improve the compatibility of the 

nanofiller with the polymer matrix via the formation of covalent bonds, resulting in 

the effective improvement of mechanical properties. Li et al. [106] functionalized GO 

with 2-hydroxyethyl methacrylate (HEMA-g-GO) before dispersing it in a acrylate 

photosensitive resin, to prepare nanocomposites by SLA. The results suggested that 

the tensile strength and flexural strength of nanocomposites were increased by 67% 
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and 32%, respectively, by adding only 0.06 wt.% of HEMA-g-GO. As a comparison, 

Fig.13 compiles the improvement in Young’s modulus and tensile strength of several 

materials via different AM methods.

Huang et al. [178] incorporated graphene into polydimethylsiloxane (PDMS) to a 

produce tunable and highly sensitive strain sensors via DIW with a large gauge factor 

(up to 448 at 30% strain) and durability (100 compress-release cycles under 10% 

strain).

Fig. 13 A summary of (a) Young’s modulus (% increase) and (b) tensile strength (% 

increase) as a function of graphene filler loading of polymer nanocomposites via 

different AM methods from the literature. Purple represents SLA, green represents DIW, 

blue represents FDM, and gray represents SLS [28, 86, 96, 106, 107, 115, 120, 122, 167]. 

5.2. Electrical Conductivity and Applications 

The intrinsic conductivity of graphene depends on both the synthesis method and 

surface modification [179]. In particular, the intrinsic conductivity of graphene 

depends on the number of defects (reactive sites) that can be found on the surface. 

These defects are usually generated during the oxidation-reduction process of GO [62, 

180]. These processes yield rGO with variable carbon-oxygen ratios generating 

discontinuities on the electronic delocalization of filler and consequently, reducing its 

conductivity by orders of magnitude. Reduction favours sheet crystallization and the 

formation of graphitic structures. In order to avoid restacking or agglomeration of the 

layers, grafting molecules such as hexylamine [181], or phenyl isocyanate [176, 182] 

are commonly used on the surface of graphene. However, this chemical grafting 
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generates surface defects in the sheets that again reduce their electrical properties.

At very low filler loading, electrical properties are dominated by the dielectric matrix 

so the composite is essentially non-conductive. As the graphene content increases, 

the dielectric distance that separates the sheets decreases. Above the percolation 

threshold, continuous conduction paths are created within the polymer matrix and 

the electrical conductivity suddenly increases [183]. Nevertheless, sheet-sheet 

junctions are highly resistive (for nanotubes, the contact resistance is in the order of 

1 MΩ) [184], and it has been proposed that the main conduction mechanism is 

tunnelling [185, 186]. 

Current researches on graphene surface engineering to prepare conductive 

composites is focusing on the following, often contrasting, challenges: a) to generate 

minimum defects within the graphene sheets, b) to improve the graphene 

compatibility with polymer matrices (good dispersion, good reinforcement and lower 

percolation threshold), c) to impart resistance to the chemical or electrochemical 

reduction; d) to reduce the sheet-sheet junction resistivity in order to obtain a good 

conductive network for electronic transport [179] and e) to obtain larger aspect ratio 

particles [162, 187]. The electrical properties of graphene-modified polymer 

nanocomposites, prepared by AM, are summarized in Table 3 below.

Graphene, has been extensively studied in energy storage devices and electrochemical 

sensors. The applications of GPMCs in electronic devices are mainly divided into two 

aspects, one is as a potential material in electrochemical energy storage devices, and 

the other is electronic sensors with great versatility and reduced prices. Fu et al. [188] 

selected lithium iron phosphate (LFP) and lithium titanium oxide (LTO) as cathode and 

anode materials, used in combination with GO, to generate printable inks and 

fabricate electrodes by DIW process. Then, a polymeric material was used to fill the 

channel between the cathode and anode. The printed cathode and anode 

demonstrated good cycling stability. Table 4 summarizes the use of GPMCs produced 

by AM in energy storage.

Owing to their high specific surface area, chemical stability, excellent electrical 

properties and low temperature catalytic performance, graphene related materials 
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are a great candidate material for humidity sensors [189], electrochemical sensors 

[190], gas sensors [150] and biosensors [191]. The conventional methods to fabricate 

graphene-based sensor devices involve multiple chemical steps. The advantage of AM 

is to provide a simpler and more convenient way to fabricate these devices.

Table 3 The electrical properties of GPMCs via different AM methods

AM method Matrix Filler Electronic 
properties Refs

PLG 75 wt.% graphene ~ 875 S/m [121]
BCS 3 wt.% GO 40 S/m [117]

20 mg/ml GO 87 S/m
40 mg/ml GO 198 S/mR-F
40 mg/ml GO 278 S/m

[118]

Geo-polymer 20 wt.% GO 100 S/m [129]
PBS 5 vol.% graphene 3.22×10-3 S/m [85]

71.5 S/m at RT
DBP/PVB/EGB 50 wt.% graphene

479.2 S/m at 450℃
[84]

0.5 wt.% graphene ∼1×10−3 S/m
1.5 wt.% graphene ∼1×10−2 S/m

DIW

PTMC
3 wt.% graphene ∼1×10−1 S/m

[122]

0.4 wt.% graphene 1.78×10−7 S/m
2.3 wt.% graphene 3.04×10−7 S/m
3.8 wt.% graphene 6.4×10−5 S/mABS

5.6 wt.% graphene 1.05×10−3 S/m

[110]

10 wt.% graphene 5.07 S/mABS 
(chemical blending 
Process) 25 wt.% graphene 7.29 S/m

10 wt.% graphene 3.63 S/mABS 
(mechanical blending 
Process) 25 wt.% graphene 4.85 S/m

[168]

PLA/PANI 10 wt.% graphene 14 S/m
PETG/PANI 10 wt.% graphene 17 S/m

FDM

PMMA/PPY 10 wt.% graphene 1420 S/m
[170]

0.18 vol.% rGO 4.97 10−7 S/m
0.48 vol.% rGO 2.33 10−6 S/m
0.72 vol.% rGO 1.11 10−4 S/m
1.09 vol.% rGO 1.46 10−3 S/m
3.83 vol.% rGO 1.61 10−2 S/m

SLS PA

8.26 vol.% rGO 1.25 10−1 S/m

[97]

SLG 0.892 S/mNovel 3D printer 
with a rolling tube 
and a sprayer

PCL
MLG 0.637 S/m

[192]

An et al. [193] developed a graphene aerogel based flexible sensor which had 

reversible mechanical deformation properties and great electrical conductivity using 

a GO ink via extrusion printing. Moreover, through suitable designs, human motion 

can be recognized by the printed graphene sensor which has potential for finger 
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motion manipulation auxiliary apparatuses (Fig.14a-c). Wu et al. [85] prepared an 

innovative self-healing conductive polymer composite ink based on PDMS using 

polyborosiloxane (PBS) with 5 vol.% graphene. Interestingly, PBS enabled the ink at 

the liquefied state which rapidly restored the solid-like state after being exposed to 

air. Based on these qualities, a chemical vapour sensor was prepared (Fig.14d-f). 

Manzanares et al. [113] reported PLA/graphene electrodes which could be promising 

as electrochemical sensors.

Fig. 14 Electronic discriminant analysis of seven gestures based on flexible graphene 

aerogel sensors and rational analysis. (a) Sensors placed on the finger joints, different 

gestures with the deformation degree of the sensors. (b) 3D representation of PCA 

result shows a clear clustering of the seven different gestures as analytes. (c) HCA gives 

the similarity clustering of the analytes based on the characteristic joints movement 

variation trend. Reprinted with permission from [193]. Copyright 2016 Royal Society of 

Chemistry. The normalized resistance response of the PBS/G5 sensor printed on the 
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PDMS substrate during the exposure to and removal from an atmosphere of chemical 

saturated vapour: (d) methanol and (e) various chemicals. The inset of (d) is the 

schematic illustration of the experimental set-up for measuring the resistance of the 

PBS/G5 sensor printed on the PDMS substrate. (f) The summarized performance of the 

PBS/G5 sensor for sensing various chemical vapours. Reprinted with permission from 

[85]. Copyright 2018 Royal Society of Chemistry.

Table 4 Graphene-modified polymers used in energy storage.

Application AM 
method Matrix Effect Refs

FDM LFP or LTO
Charging and discharging capacities of 
117 and 91 mAh/g with good cycling 
stability

[188]

FDM PLA

A large mass of the active material 
available; high specific discharge capacity 
of 265 mAh/g with retention of 93% after 
1000 cycles; good structural stability and 
high reversibility 

[111]Lithium-ion 
batteries

DIW
Sulphur 
copolymer/grap
hene

Exhibiting a high reversible capacity of 
812,8 mAh/g and good cycle 
performance

[125]

DIW SiO2

1 mm electrodes with capacitance 
retention (ca. 90% from 0.5 to 10 A/g) 
and power densities (>4 kW/kg) that 
equal or exceed those of reported 
devices made with electrodes 10−100 
times thinner

[119]

Supercapacitors

FDM PLA
High catalytic activity towards the 
hydrogen evolution reaction (−0.46 V vs. 
SCE) upon the 1000th cycle

[114]

Electrostatic 
discharge FDM Epoxy Sheet resistance ranged from 0.67×102 to 

8.2×103 Ω/sq. [124]

5.3. Biocompatibility and Biomedical Applications

Recently, graphene-based polymeric materials have also attracted broad attention in 

biomedical applications. Advantages are not only the interesting electrical properties 

but also biocompatibility. Besides, the huge surface area of graphene can promote 

cellular interaction. When combining all those unique properties, graphene has great 

potential in tissue engineering, drug delivery, gene delivery and bioimaging, etc. 

Through suitable design, non-biodegradable graphene and its derivatives are able to 

degrade, for instance, GO was found to biodegrade by using hydrogen peroxide and 

horseradish peroxidase [194]. However, the biocompatibility mechanism of graphene 



  

39

still remains largely unknown. Combining novel AM methods with GPMCs, numerous 

advantages can be achieved such as: a) controllable porosity, pore size, pore 

distribution and structure of the scaffold, leading to better bioactivity; b) GPMCs are 

flexible with excellent mechanical properties, enlarging its application area in both 

soft and hard tissue engineering; and c) the electrical conductivity of graphene can be 

used in biosensors and to detect in-situ cell signal response in living bodies. 

Biocompatibility properties such as biodegradation, non-cytotoxicity and gene 

expression performance of GPMCs are listed in Table 5.

Graphene, GO and other graphene related materials have been used as drug delivery 

[195, 196]. Meanwhile, they are beneficial for enhance cell growth and differentiation. 

Some biocompatible polymers with biomedical properties can be employed as cell 

supporting materials. One of the biomedical applications of GPMCs is in tissue 

engineering scaffolds. Huang et al. [123] dispersed graphene or GO into PU and 

printed the resulting materials as neural stem cell (NSC)-laden scaffolds for neural 

tissue regeneration. Besides, GPMCs can be used in bone tissue engineering 

applications for the substitution and regeneration of wounded tissues and organs. 

Kang et al. [197] developed a trachea scaffolds by using antibacterial patterned 

electrospun membranes and 3D printed TPU skeletons. GO was applied to enhance 

the antimicrobial ability of the electrospun membranes due to the damages to cell 

membranes of the microorganisms caused by the sharp edges of GO.

Qian et al. [192] integrated a novel 3D printing and layer-by-layer casting (LBLC) 

method to fabricate multi-layered porous nerve conduits. The resulting scaffold 

consisted of SLG/MLG and PCL, and resulted in precise control of quality, enhanced 

mechanical strength, eliminated random gaps between nanofibres and, most 

importantly, resulted in a homogeneous drug delivery. This innovative printer 

consisted of a rolling tube and a sprayer. A tubular mode with evenly distributed 

micro-needles was placed on a roller. The nozzle above this rolling tube directly 

sprayed different solutions on the rolling tube. The tube was rotating at a constant 

speed and added different layers to form a tubular structure (Fig.15). Obviously, 

polymers used in the biomedical area are biodegradable, biocompatible and non-

cytotoxic, such as PCL, PEGDA, PLA etc. Table 6 summarizes GPMCs produced by AM 
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studied in biomedical applications.

Fig. 15 (a) Schematic illustration of graphene-based nerve conduit fabrication with 

the LBLC method; (b) cytotoxicity assay for 0.1, 0.5, 1, 2.0, and 4.0 wt.% SG/PCL at 

different time points; (c) cytotoxicity assay for 0.1, 0.5, 1.0, 2.0 and 4.0 wt.% SG/PCL 

at different time points; (d) CCK8 assay for five groups; (e) relative cell viability by live 

and dead staining. Nerve regeneration at 18 weeks postoperatively. HE (f–k) and TB 

(i–q) staining for regenerated nerves at 18 weeks postoperatively. The scale bar is 

100 μm. Reprinted with permission from [192]. Copyright 2018 Springer Nature.
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Table 5 Biocompatibility of GPMCs

Cell types Filler Matrix Biodegradation Non-
cytotoxicity

Gene expression In vitro or   
in-vivo

Reference

MG-63 2.5 wt.% GO PVA √ √ In vitro [96]

hMSCs 0-1 mg/ml GO GelMA/PEGDA √ Type II collagen, SOX-9 
and aggrecan In vitro [108]

PC12 cells 1-5 wt.% graphene PCL √ √ In vitro [120]

Human adipose-derived 
stem cells

(0.25, 0.50, and 0.75 
wt.% graphene PCL √ √ In vitro [156]

hMSCs 32, 56 ,75 wt.% 
graphene PLG √ In vitro and 

in-vivo [121]

NIH3T3 mouse embryonic 
fibroblast cells 0-5 wt.% GO TPU/PLA √ √ In-vitro [28]

Cell counting kit 8 0.1-4.0 wt.% graphene PCL √ √

Glial fibrillary acidic 
protein (GFAP), Class III 
β-tubulin (Tuj1), and 
S100

In-vitro and 
in-vivo [192]

Mesenchymal stem cells 0.5, 1.5, 3.0 wt.% 
graphene PTMC √ √ ALP and Col I In-vitro [122]
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Table 6 Composites fabricated via different AM techniques for tissue engineering.

Application Technique Category Matrix Effect Refs

DIW Bone PCL Enhancing cell 
viability/proliferation [156]

SLS Bone PVA
Enhancing human 
osteoblast-like MG-63 
cells proliferation

[96]

SLA Cartilage GelMA-PEGDA Promoting chondrogenic 
differentiation [108]

Hard tissue 
engineering

Bioprinter Cartilage Collagen-chitosan
Benefiting to the 
proliferation of 
chondrocytes

[126]

Neural tissue PU

Enhancing the oxygen 
metabolism and the 
differentiation of neural 
stem cell

[123]

Bioprinter

Peripheral nerve 
restoration PCL

Improving neural 
expression both in vitro 
and in vivo

[192]

FDM - TPU/PLA Enhancing in cellular 
growth [28]

Blood 
vessels/platelets PCL/PCL-GR Nontoxic graft for cell 

growth; drug-loaded [115]

Neural tissue PLG
regeneration as single 
and multichannel nerve 
guide

[121]

Soft tissue 
engineering

DIW

Mesenchymal 
stem cell PTMC

Enhancing mesenchymal 
stem cell attachment and 
proliferation

[122]

5.4. Electromagnetic properties and Electromagnetic Interference Shielding

With the ever increasing density of emitters and electronic devices in our environment, it is 

critical to implement electromagnetic (EM) compatibility to avoid serious issues such as noise 

enhancement or faults of electronic equipment. That is to say, any new equipment must have 

adequate abilities to resist major disturbances, and coexist with multiple equipment [198]. 

Electrical conductivity, multilayers and absorbing capacity [112] of CNT/polymer, 

rGO/polymer and polymer/graphene composites have been investigated [198-200]. With the 

addition of graphene in polymer and adopting the FDM method, Viskadouraki et al. [200] 

enhanced the electrical conductivity of commercial polymeric materials (e.g., ABS and PLA), 

therefore improving their electromagnetic interference (EMI) shielding efficiency (EMI SE). 

PLA/graphene samples efficiently absorb up to 90% of the electromagnetic wave at the range 

of 3.5–7.0 GHz compared to that of 50% absorption for pure PLA. In future, it is believed that 

the performance of EMI SE will be improved by the optimization of 3D printing parameters, 
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functionally gradient structures and a combination of multifunctional nano/micro fillers (e.g., 

conductive and magnetic nanofillers). Through gradually varying the cellular structures of a 

single-phase material and a functionally graded structure (FGS) one can also achieve these 

multifunctional properties. Tian et al. [112] generated a rGO/PLA ultra-broadband EM wave 

absorber via FDM for metamaterial FGS with the integration of both good impedance 

matching and high microwave attenuation.

6. Current Challenges and Future Trends

AM is an effective method to manufacture graphene (or its derivatives) modified ceramic, 

metal or polymer composites with hierarchical micro- and macrostructures and 

multifunctional properties for applications in fields such as biocompatible electronic 

conductors, flexible sensors, etc. In comparison with conventional processing methods, AM 

is a one-step shaping technique (bottom-up method) which is more customizable and 

efficient for fabricating graphene-based composites, especially for complex geometries and 

internal porous structures. Graphene reinforced Al2O3 and polymer derived ceramic have 

been successfully fabricated via AM. Except for previously mentioned ceramics, other 

graphene-modified ceramic materials are still being explored for AM. To the best of our 

knowledge, only graphene reinforced iron, nickel, aluminium and copper have been 

manufactured via AM. These graphene-based metallic materials displayed good mechanical 

properties (e.g., fatigue life, vickers hardness and strength) while only few studies mentioned 

potential specific applications though. On the contrast, both AM techniques and composite 

preparation methods are well researched for polymer matrix composites. Owing to their low 

melting point and good processability, the majority of AM methods have however focused on 

polymer-based graphene composites among which FDM and DIW have been mostly used. 

Currently, most of the work is restricted to laboratory research and only limited numbers of 

commercial products have been developed. One main hurdle for both GCMCs and GMMCs is 

that accuracy and low energy consumption cannot be obtained simultaneously. Because 

metal and ceramic materials have a fairly high melting point, laser-based AM methods with 

relatively high accuracy like SLS consume huge amounts of energy. Although the DIW method 

does not necessarily melt the materials, its accuracy is yet to improve for shaping ceramic and 
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metal materials. Future and novel developments in terms of good dispersion of graphene 

nanoplatelets, energy consumption and equipment will offer new opportunities for the use 

of AM printed GMMCs or GCMCs for different applications of functional technical parts. 

However, AM methods for polymers have demonstrated great capabilities, especially for SLA 

which can achieve high accuracy, high speed as well as has low energy consumption. However, 

it is worth noting that graphene can easily agglomerate in low viscosity UV-cured resin during 

the process of SLA. Therefore, suitable modification strategies for graphene should be 

designed to produce stable polymer/graphene mixtures. 

Several factors may influence the quality of graphene-based composites: a) defects in the 

graphene sheet structure; b) homogenous and effective dispersion of high aspect-ratio 

graphene in a matrix; and c) selection and design of effective matrices suitable for both AM 

and the addition of graphene. The commercialization of graphene-based composites is still at 

an early stage of development and would need breakthroughs in the cost of good quality 

graphene dispersed in polymer as well as cost reduction of high precision 3D printing. The 

foundation of additive manufacturing high performance graphene-based composites: 

includes selection of materials (multi-materials), design of composition and structure 

(functionally graded composition and structure), online control or real time monitoring of 3D 

printing process (optimisation of printing parameters), interaction mechanisms and 

mathematical modelling, which will enable changes in 

precision/structure/property/functionality after printing. 

AM is an inevitable trend for the future. The process allows for integration of multi structures 

and functions in a single component, introducing more controlled compositional and 

structural variations which are inaccessible via traditional processing methods. Owning to a 

tailored composition and structure, the resulting functionally graded materials and structures 

exhibit excellent multifunctional and unique properties, which can be implemented into 

various applications. Multi-materials can compensate individual shortcomings for each 

material and can lead to synergies. It is hence possible that graphene-based composites based 

on multi-material structures may achieve some exciting performances. The combination of 

AM and graphene-based composites opens new opportunities to solve issues for a wide range 

of applications such as metamaterial FGS for EMI and intelligent response materials 

implemented in a variety of sensors. Graphene-based composites via AM are still in their 
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infancy. However, it is envisioned that AM of high performance graphene-based composites 

can offer great potential for applications in especially the biomedical and electronic fields. In 

summary, the future development trends of 3D printing of graphene reinforced composites 

could have four main capabilities: high precision (micron-nanoscale), lightweight, multi-

functionality and individual. To improve and maximize the potential applications of the 3D 

printed graphene reinforced composites, a large amount of multidisciplinary research needs 

to be conducted in the future.
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