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ABSTRACT  
Additive manufacturing is increasingly utilised in the energy conversion and storage field. It offers 
great flexibility to fabricate structural materials with improved physical properties, and other 
advantages such as material waste reduction, fabrication time minimisation, and cost- 
effectiveness. In this review, current developments in additive manufacturing of energy storage 
devices are discussed. The digital design approaches of structural materials and mainstream 
additive manufacturing techniques, including vat photopolymerization, powder bed fusion, 
material jetting, binder jetting, material extrusion, and directed energy deposition, are 
summarised. Then, a comprehensive review of recent advances in the electrochemical and 
thermal energy storage field is provided. In the end, an integrated framework considering 
digital design and additive manufacturing is proposed for a wide range of energy applications.

Abbreviations: ABS: Acrylonitrile Butadiene Styrene; AM: Additive manufacturing; AJ: Aerosol jet; 
CFD: Computational fluid dynamics; CLIP: Continuous liquid interface production; CNF: Carbon 
nanofiber; CNN: Convolutional neural network; DED: Directed energy deposition; DEM: Discrete 
element method; DOD: Drop-on-demand; DfAM: Design for additive manufacturing; DIW: Direct 
ink writing; DL: Deep learning; DLP: Digital light process; DMLS: Direct metal laser sintering; 
EBM: Electron beam melting; EBAM: Electron beam additive manufacturing; EHD: Electro 
hydrodynamic; FDM: Fused deposition modelling; FEA: Finite element analysis; FFF: Fused 
filament fabrication; GO: Graphite oxide; HDPE: High-density polyethylene; HTF: Heat transfer 
fluid; LB: Lattice Boltzmann; LDW: Laser deposition welding; LENS: Laser engineered net 
shaping; LHTES: Latent heat thermal energy storage; LFP: LiFePO4; LTO: Li-Titanate; MFC: 
Microbial fuel cell; MnO2: Manganese dioxide; ML: Machine learning; MJF: Multi jet fusion; MJP: 
Multi jet printing; MSCs: Micro-supercapacitors; MWNT: Multi-walled carbon nanotube; NCA: 
Nickel–Cobalt-Aluminium Oxide; PA: Polyamide; PBF: Powder bed fusion; PC: Polycarbonate; 
PCFC: Protonic ceramic fuel cell; PCMs: Phase change materials; PEGDA: Polyethylene glycol 
diacrylate; PEMFC: Polymer electrolyte fuel cell; PLA: Polylactic acid; PVDF: Polyvinylidene 
fluoride; SLA: Stereolithography; SLM: Selective Laser Melting; SLS: Selective laser sintering; 
SOFC: Solid oxide fuel cell; SPJ: Single Pass Jetting; SVM: Support vector machines; TES: Thermal 
energy storage; TPMS: Triply periodic minimal surface; TPU: Thermoplastic polyurethan; 3D: 
Three-dimensional; UV: Ultraviolet
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1. Introduction

The carbon dioxide emissions worldwide indicate that 
significant efforts need to be made to decarbonise the 
energy sector. More than 70 countries have made emis-
sion reduction plans to keep global warming less than 
1.5 °C [1,2]. Developing efficient energy storage and 
conversion mechanisms are of critical importance to 

overcome the mismatch between renewable energy 
supply and energy demand. In the UK it is reported 
that 43 TWh energy storage capacity (∼£165.3 billion 
investment) is needed to decarbonise the electricity 
supply [3].

The mainstream energy storage techniques can be 
classified into several types: electrochemical, thermal, 
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flywheel, compressed air, chemical, and hydrogen 
energy storage [4]. Compared with mechanical energy 
storage techniques, electrochemical and thermal 
energy storage techniques offer more flexibility and 
usually higher energy densities [4]. Structural materials 
are frequently employed in electrochemical and 
thermal energy storage systems for system efficiency 
improvement, safety, and durability. In energy storage 
systems, a micro-structural material usually consists of 
two or more phases. The spatial distributions of func-
tional materials and pores are specifically designed 
and fabricated, to achieve superior performance com-
pared with the properties of independent materials. 
Micro-structural materials are inherent features of 
typical energy storage systems. Examples include elec-
trode structures in lithium-ion batteries [5], and phase 
change composite materials in latent heat thermal 
energy storage systems [6]. In the electrochemical and 
thermal energy storage systems, the system perform-
ance is heavily dependent on the multi-physics transport 
mechanisms. The function of structural material in these 
high-value energy systems involves essentially electrical, 
heat, and mass transport. Controlling the performance 
of such systems is subject to complicated multi-physics 
interactions across a large range of length scales. Ration-
ale design of 3D structures can be used to attain 
improved properties. Previously, conventional manufac-
turing techniques such as slurry casting, extrusion, and 
rolling press were commonly used [5,7]. Take the Li-ion 
battery electrode as an example, electrode structures 
are fabricated by casting a mixture of active material par-
ticles and conductive additives onto a metallic current 
collector. The conventional manufacturing approach 
can hardly control the microstructure and material prop-
erty distributions. Thus, the development and manufac-
turing of these materials has occurred through trial-and- 
error experimental investigation.

By fabricating components layer by layer, the additive 
manufacturing (AM) technique offers a way to fabricate 
complicated three-dimensional (3D) features with mul-
tiple materials at multiple scales [8,9]. Additive manufac-
tured structures exhibit unique physical properties such 
as ultra-high stiffness [10], damage-tolerant properties 
[11], and improved thermal dissipation [12]. In recent 
years AM technologies have been used for energy gen-
eration, storage, and conversion [13,14]. For instance, 
selective laser melting (SLM) technology was used to 
manufacture advanced heat transfer devices such as 
heat exchangers and heat sinks [14]; direct ink writing 
(DIW) was commonly used to fabricate electrochemical 
energy storage devices with layered geometries [15]. 
The energy storage device performance is highly rel-
evant to the intrinsic properties of energy materials, 

microstructure design, and fabrication approach. For a 
typical energy storage device, the device performance is 
strongly affected by the coupled heat transfer, fluid 
flow, and electrochemical interactions. In this field, the 
device design and evaluation are usually based on empiri-
cal knowledge. In the last few years, new design strategies 
such as topology optimisation have been proposed [16]. 
Some review articles discussed relevant applications of 
additive manufacturing in thermal energy devices [17], 
and electrochemical systems [18]. However, few review 
articles addressed the digital design approach in this 
field. An integrated framework of digital design and addi-
tive manufacturing is helpful for the next generation 
energy storage techniques. Especially, application of 
digital design and additive manufacturing to maximise 
the electrochemical and thermal energy storage device 
performance needs to be addressed.

This review paper focuses on the contributions of 
novel digital design approaches and additive manufac-
turing in the energy storage field. The digital design 
and optimisation strategies of structural materials are 
firstly reviewed. Then, the mainstream AM techniques 
used for energy storage systems, i.e. vat photopolymer-
ization, powder bed fusion, material extrusion, material 
jetting, binder jetting, and directed energy deposition, 
are summarised. AM can be used to fabricate various 
forms of structural materials, enabling the energy 
storage device design with optimised transport proper-
ties. Specifically, the electrochemical and thermal 
energy storage techniques are mainly reviewed. Even-
tually, future research directions are envisioned.

2. Digital design and optimisation strategies

To optimise the transport properties of energy devices, 
various structure design strategies, and optimisation 
algorithms could be adopted prior to additive manufac-
turing. Cellular structures such as human-made lattice 
structures, naturally occurring structures with varied 
sizes, porosity, and shapes are commonly used. The 
inverse design approach such as topology optimisation, 
data-driven can automatically generate devices with opti-
mised performance prior to manufacturing. Typical appli-
cations of cellular structures and inverse design for 
energy storage systems are listed in the following Table 1.

2.1. Cellular structures

2.1.1. Synthetic lattice structures
Human-made cellular structures are usually generated 
via design algorithms. By Design for Additive Manufac-
turing (DfAM) algorithm, a 3D volume with desired 
internal lattice structures and volume fractions can be 
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built up. Figure 1 illustrates the most commonly used 
lattice structure unit cells created via the DfAM algorithm. 
These lattice structures are made up of solid struts, peri-
odic or random interconnected networks. The lattice 
structure design is to find a balance between material 
consumption and physical properties. The resulting 3D 
volume design is usually affected by the size, type, orien-
tation, spatial variations, and volume fraction of the peri-
odic unit cells. Depending on the shape and internal 
structures, the lattice structures have distinct mechanical 
behaviours and transport properties. Previously, a major 
portion of research works in this field has been focused 
on the unique mechanical properties of these lattice 
structures. The unique transport properties of these 
lattice structures and applications in the energy storage 
field need to be further investigated. Results have 
shown that the bicontinuous triply periodic minimal 
surface (TPMS) surfaces can achieve the maximum trans-
port of heat and electricity (Figure 1 (a-i)) [32]. TPMS struc-
tures have recently been used in typical energy storage 
devices, e.g. lithium-ion battery electrodes [21–23], and 
thermal energy storage devices [29]. Strut-based lattices 
(Figure 1 (k-q)) are commonly used for lightweight com-
ponent design. It has been reported to be used in 
thermal energy storage systems for thermal conductivity 
enhancement [26–28]. Applications of these lattice struc-
tures in the energy storage field are reviewed in the fol-
lowing sections.

2.1.2. Naturally occurring structures
Apart from human-made lattice structures, cellular struc-
tures with complex topologies are very common in the 
natural environment. Those naturally occurring struc-
tures have been demonstrated to have some excellent 
properties. Bio-inspired structures could be designed 
to mimic the excellent properties of those naturally 
occurring structures [33]. Figure 2 illustrates some 
examples of naturally occurring structures that are com-
monly found in animal organs and growing plants. 3D 

foam structures with random network/Voronoi 
network can be observed in human bones and 
bubbles (Figure 2 (a-b)). The honeycomb has a two- 
dimensional (2D) planar hexagonal structure (Figure 2 
(c)). As demonstrated in Figure 2 (d-f), fractal structures 
could be observed in snowflakes and plants, which is 
useful for enhanced transport properties. To capture 
the complexity of these naturally occurring structures, 
design motifs at different length scales need to be 
explored. In addition, the rapid development of additive 
manufacturing technology provides a promising way to 
fabricate these complex structures in future [33].

2.2. Inverse design of structures

To generate structures with optimised properties, 
inverse design algorithms need to be considered. The 
inverse design approach offers the possibility to gener-
ate optimised designs outside the proposed design 
space in section 2.1. In the following, two main inverse 
design approaches in the energy device field are 
reviewed, i.e. functionality-driven topology optimisation 
approach and data-driven design.

2.2.1. Topology optimisation approach
Topology optimisation is a powerful tool for functionality- 
driven design. For obtaining a device with target proper-
ties, the design can freely evolve through the optimis-
ation algorithm. In topology optimisation, optimal 
shapes are searched without a priori assumption. 
Usually, density approach or level-set approach is used 
to describe the material distributions with related physical 
properties during the optimisation [34]. A topology 
optimisation problem with partial differential equation 
(PDE) constraints can be mathematically described as:

minimize
s

t(s, u(s))

subject to gi(s, u(s)) = 0, i = 1, . . . , Neq
hj(s, u(s)) ≤ 0, j = 1, . . . , Nieq

(1) 

where u is the degree of freedom vector, gi is the generic 
equality constraint, and hj is the generic inequality 
constraint.

A flow chart of the topology optimisation procedure 
is presented in Figure 3. The optimisation procedure 
starts from an initial shape with a homogeneous 
density distribution. Finite element analysis (FEA) is per-
formed to address the physical issue. Afterwards, the 
gradient of the objective and constraints are calculated 
in the sensitivity analysis step. The design variables are 
updated via a gradient-based optimiser. Finally, the con-
vergence will be checked until a convergence criterion is 
satisfied. The optimised layouts will be further post- 

Table 1. Digital design and optimisation strategies for energy 
storage systems.

Design and 
optimisation 

strategies Descriptions

Electrochemical 
energy storage

Cellular structure Strut-based lattice [19,20]; 
TPMS structure [21–23]

Inverse design Topology optimisation [24]; 
Data-driven optimisation 
[25]

Thermal energy 
storage

Cellular structure Strut-based lattice [26–28]; 
TPMS structure [29,30]

Inverse design Topology optimisation 
[12,16]; Data-driven 
optimisation [31]
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processed for manufacturing. Previously topology 
optimisation is mainly used for lightweight design and 
is recently gaining attention in the energy storage field 

[35]. Moreover, researchers have recently attempted to 
combine the topology optimisation approach with 
lattice structures to achieve superior performance [36].

Figure 1. Various lattice structure types used for energy device: (a) TPMS Schwarz-D (b) TPMS Schwarz-P (c) TPMS Secondary I-WP 
(d) TPMS SplitP (e) TPMS Gyroid (f) TPMS Lidinoid (g) TPMS Neovius (h) TPMS Primary I-WP (i) TPMS FischerKoch (j) Stochastic 
structure (k) Hex truss (l) Face centre struts (m) Edge struts (n) Kelvin cell (o) Octagon struts (p) Face diagonal struts (q) Corner diagonal 
struts (r) Diamond (s) Hexagon (t) Triangle.
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2.2.2. Data-driven design approach
Recently, data-driven design approaches have gained 
attention as an inverse design approach, e.g. machine 
learning algorithm, and deep learning driven generative 
design. It provides a promising way to identify the 
embedded process-structure–property correlations. 
With the rapid development of AI techniques, the data- 
driven design approach has been used in a variety of 
areas especially the molecular structure design of 
materials, e.g. nanoparticle packing design [37], and crys-
talline alloys [38]. Machine learning (ML) encompasses a 
series of supervised algorithms, such as kernel ridge 
regression, and support vector machines (SVM). The 
machine learning algorithm has been applied to the 
composition design of energy storage materials [7]. 
However, less work can be found in designing the micro-
structures of energy storage devices. For the data-driven 
design approach, one major challenge is to fully capture 
the microstructure features. The deep learning (DL) 
approach can be considered as a subset of ML. One 
main advantage is that DL models like the convolutional 
neural network (CNN) can directly extract the structural 
features from the 3D images. Figure 4 illustrates a 
general process and flow chart of the DL-driven design 

of structures with desired properties. The first step is 
the generation of a dataset with various topology, geo-
metry, and relative density. The properties (electronic, 
structural, and thermal) of structures with varied compo-
sitions can be computed or experimentally measured 
firstly. Afterwards, the map between the material space 
and functionality space could be established via a data- 
driven design algorithm. For the DL approach, high- 
level features from prior layers could be extracted via a 
number of successive layers. This framework is used to 
design and discover new architectures with desired prop-
erties rationally and quickly. For the ‘forward prediction’, 
one can predict the material properties given the input 
physical structures. For the ‘inverse design’ of materials, 
appropriate structures can be determined with desired 
input physical properties. The DL data-driven models 
have been used to predict the mechanical properties of 
3D microstructures [39,40]. However, typical applications 
in the energy storage field are still scarce.

2.3. Summary

Digital design and optimisation strategies have been 
used for energy storage systems. There have been 

Figure 2. Examples of naturally occurring structures: (a) Human bone [41] (b) Bubbles [42] (c) Honeycomb [43] (d) Snowflake [44] 
(e) Leaf vein [45] (f) Plant root [46].
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some design principles proposed for additive manufac-
turing components. For example, a digital design 
approach needs to be used to minimise material 
usage, improve functionality, and consolidate part 
assemblies. In addition, the design should be tailored 
for the correct additive manufacturing process.

(1) Cellular structures to minimise material usage and 
improve functionality. Lattice materials as illustrated in 
Figure 1 provide a promising way to minimise material 
usage with improved functionality. Transport properties 
often occur through porous lattice materials. With 
precise control of the lattice structure distributions via 
digital design, a maximum performance of the energy 
storage system can be achieved. The interconnected 

porous phases are usually used to enhance transport 
properties. Take the TPMS structures as an example, 
results have demonstrated that the Schwartz P surface 
can achieve the maximal fluid permeability and electri-
cal/thermal transport properties [32,48]. The electron 
and ionic transport kinetics can be significantly 
enhanced by using these lattice structures.

(2) Multi-physics modelling and inverse design. There 
are complex multi-physics transport mechanisms within 
energy storage systems. The fundamental equations of 
heat transfer or electrochemical need to be used to 
guide the microstructure design to achieve the maxi-
mised performance. By combining multi-physics model-
ling with an inverse design strategy, rational engineering 

Figure 3. Flow chart of the topology optimisation procedure [35,47].

Figure 4. Framework of the data-driven design approach.
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of structural materials in energy storage systems can be 
achieved.

(3) Structure design for the proper fabrication 
process. Integration of the structure design with the 
proper AM process is important. For instance, topology 
optimisation is commonly used to generate structures 
with optimised performance. Unique structures need 
to be tailored to be successfully fabricated with suitable 
support structures/templates. Depending on specific AM 
processes, anisotropic functionalities, and support struc-
tures need to be optimised via a digital design approach 
[49,50]. On the other hand, each AM technique has suit-
able material types, e.g. high-conductive metal materials 
and insulating polymers. DIW is commonly used to fab-
ricate electrochemical energy storage devices and 
thermal energy storage composites. The fabrication 
process (e.g. extrusion speed, material viscosity) will sig-
nificantly affect the final product quality.

As high value-added material is commonly used in 
energy storage systems, the usage of lattice structure’s 
digital design principles is also highly relevant to cost 
reduction. Design principles can be incorporated with 
economic evaluation to guide realistic fabrication 
processes.

3. Additive manufacturing technique

Additive manufacturing, commonly known as 3D print-
ing, is an umbrella term used to describe a range of tech-
nologies that construct digitised structures layer-by- 
layer, using designs by computer-aided design software 
[51]. In contrast to conventional subtractive manufactur-
ing, the AM can produce high-quality customisable com-
ponents from ceramics, metals, and polymers without 
additional costs of machining or moulds [52]. It is clear 
from previous research works that AM offers significant 
potential to accelerate the creation of novel and compli-
cated designs as well as to advance the research of 
energy conversion and storage applications [51]. In the 
following, six widely used AM techniques: vat photopo-
lymerization, powder bed fusion (PBF), material jetting, 
binder jetting, material extrusion, as well as directed 
energy deposition (DED) are discussed. Schematics, 
materials, brief descriptions, and limitations are pre-
sented in Table 2.

3.1. Vat photopolymerization

Vat photopolymerization builds a 3D object by solidify-
ing a vat of photopolymer resin layer-by-layer [53]. 
Stereolithography (SLA) is the earliest vat photopoly-
merization technology. The liquid photosensitive resin 
surfaces are scanned by lasers with specific wavelengths 

and intensities for polymerisation. Sequential solidifica-
tion is realised from point to line, and then from line 
to surface. When the mapping operation of one level is 
completed, the platform is raised one layer’s height ver-
tically to cure another level. The layers are stacked in this 
way to form a 3D entity.

The digital light process (DLP), using a projector 
instead of a laser to expose the entire layer of resin, oper-
ates on a similar premise to SLA. DLP printing is quicker 
than SLA since it does not require point-by-point 
scanning.

Continuous liquid interface production (CLIP) enables 
fast printing, which continuously pulls up the model and 
keeps moulding. CLIP requires a low-viscosity resin and a 
hollow model, which ensures fast resin replenishment to 
the print area and reduces the amount of resin required 
per layer.

In general, vat photopolymerization processes can be 
applied to produce parts with high-quality surface, 
making them suitable for jewellery, investment casting, 
dental and medical applications. The major disadvan-
tages include the lack of mechanical strength and the 
limitation of print size as well as materials that need to 
be photocurable [54].

3.2. Powder bed fusion

PBF is an AM technique in which powder material layers 
are selectively fused or melted by a heat source (a laser 
or electron beam) to create solid 3D objects.

For the selective laser sintering (SLS) process, powders 
are spread on the upper surface of the formed part and 
scraped flat. A high intensity carbon dioxide laser is uti-
lised to scan the cross-section over the freshly laid new 
layer. To create the new cross-section and bond it to 
the formed part below, the powdered material is sintered 
together under the high intensity laser light. The build 
platform is lowered to another height once one sintered 
layer is finished, and new powder material is 
subsequently laid on the surface.

SLM and direct metal laser sintering (DMLS) processes 
can fabricate components in the same way as SLS, 
except that both techniques are employed to manufac-
ture metal parts and typically require the addition of 
supports to resist residual stresses in the manufacturing 
process. Specifically, SLM is applied to fabricate pure 
metals, while DMLS is aimed at alloy parts. At present, 
DMLS is broadly utilised to manufacture highly stressed 
components and complex or irregular components that 
cannot be handled by traditional machining technol-
ogies. It can achieve 90% to 95% of the highest strength 
of the same grade metal. With high precision and 
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minimal moulding restrictions, DMLS is widely used in 
high-end precision manufacturing.

Electron beam melting (EBM), an AM technique that 
closely resembles SLS, utilises a high-energy electron 
beam rather than a laser to fuse the metal powder. 
EBM generates less residual stress within a printed 
part, thus causing less distortion and requiring fewer 
support structures. The EBM process not only consumes 
less energy, but also is more efficient than the SLS 
process, with increased layer thickness, minimum 
feature size, powder size, and surface roughness. Com-
pared with SLS, electrically conductivity and vacuum 
environments are necessary.

The PBF process enables functional part fabrication 
with complex geometry and high strength for energy 
systems. The main shortcomings of the PBF process 
are poor surface quality (e.g. surface roughness and por-
osity), slow production rate, part shrinkage, and rela-
tively high cost [54].

3.3. Material jetting

Material jetting is an inkjet printing technique that uti-
lises print heads to deposit liquid photoreactive material 
droplets layer by layer onto a cured plate. Similar to SLA, 
the deposited material is then exposed to ultraviolet 
(UV) light, which cures the layer of material through a 
photopolymerisation process. The two mainstream 
material jetting processes include aerosol jet (AJ) print-
ing and electrohydrodynamic (EHD) jet printing [55]. A 
continuous or drop-on-demand (DOD) jetting approach 
can be used for the material deposition strategy. Specifi-
cally, viscous liquid materials are usually deposited using 
the DOD technique [56].

The materials used in material jetting involve photo-
polymers (in liquid form) and casting wax. Substantial 
research is underway to extend the scope of materials 
that can be utilised via material jetting. Ceramics, 
metals, and silicones have begun to enter the market. 
For metals and ceramics, the Israeli company Xjet, for 
instance, developed its NanoParticle Jetting technique 
[57]. Silicone 3D printing, developed by ACEO, has 
made another material advancement for material 
jetting. The ACEO technology was first unveiled in 
2016 and used a ‘drop-on-demand’ technique to 
produce parts made entirely of silicone or multiple 
materials in a range of colours and hardness [58].

Among AM techniques, material jetting boasts one of 
the highest accuracy levels. In light of the precise depo-
sition of the tiny droplets, layers can be printed as slight 
as 0.013 mm, providing a magnificent degree of detail, 
high precision, and smooth surface completion. Material 
jetting may be applied for full-colour and multi-material 

3D printing since the print head utilised in the printing 
process often processes multiple nozzles. Additionally, 
support structures can be easily dissolved in an ultra-
sonic bath without surface damage after removal. The 
drawbacks of material jetting mainly involve high cost, 
slow printing process, and poor mechanical properties, 
especially in contrast with other AM techniques such 
as SLS, which render material jetted parts usually inap-
propriate for functional applications.

3.4. Binder jetting

Binder jetting involves applying a liquid binder to the 
powder bed one layer at a time, selectively bonding 
areas of the powder bed to make a solid component. 
In contrast to other AM processes, binder jetting does 
not require heat. Construction materials are held 
together by an adhesive binder. While the powder 
material is employed to make up the majority of the 
overall object mass, the print head only deposits trace 
amounts of the binding ingredient. Post-processing is 
normally required to strengthen the part and enhance 
the mechanical and structural characteristics of the 
binder material [53]. Afterwards, the object is taken 
out of the powder bed, and compressed air is applied 
to remove any unbound powder.

Metal, polymers, and ceramics are commonly used as 
powder materials in the binder jetting process. Multi jet 
fusion (MJF) and single pass jetting (SPJ) are two com-
mercialised binder jetting techniques [59,60]. The 
process is usually faster than others and may be further 
accelerated by adding more print heads. By varying the 
ratio and individual characteristics, a wide range of dis-
tinct binder-powder combinations and mechanical 
characteristics of the final model are produced. This 
process is therefore appropriate when the internal 
material structure must meet a certain quality standard.

The binder jetting process enables fabricated parts 
with varied colours and materials. Binder jetting is uti-
lised in various applications, including full-colour proto-
types (such as figurines), inexpensive metal parts, as well 
as large-scale sand-casting cores and moulds. However, 
the binder jetting process is not always appropriate for 
structural parts owing to its low mechanical strength.

3.5. Material extrusion

Material extrusion fabricates 3D structures by extruding 
filaments through a nozzle, melting the materials, and 
depositing them layer by layer onto a substrate. 
Typical material extrusion techniques include fused 
deposition modelling (FDM), direct ink writing (DIW), 
and fused filament fabrication (FFF).

VIRTUAL AND PHYSICAL PROTOTYPING 9



FDM is a non-laser filament extrusion process where 
engineering thermoplastics are heated from filaments 
and extruded in layers to construct the part. It is the 
most common material extrusion technique [52]. The 
materials used for FDM are relatively inexpensive, and 
there is no risk of toxic gas and chemical contamination. 
However, further polishing is required due to the rough 
surfaces of fabricated parts. The FDM technology, which 
aims to produce 3D printed parts at a low cost, may also 
produce metal parts [8,9].

DIW has been extensively implemented to produce 
micro-scale energy devices, particularly in the electro-
chemical energy storage field [18]. To fabricate 3D archi-
tectures with a micrometre-scale resolution, viscoelastic 
liquid material is extruded through a nozzle tip. The 
extrusion techniques include piston extrusion, pneu-
matic extrusion, and screw extrusion. It offers a versatile 
way to print various materials, ranging from biomaterials 
to ceramics.

In comparison to other AM techniques, the material 
expenses utilised in material extrusion processes as 
well as the extrusion moulding are comparatively low, 
and a wider range of materials are accessible. 
However, the fabricated parts cannot achieve the same 
mechanical properties as forged metals. The unpredict-
able shrinkage restricts its utilisation for large-size 
parts [52].

3.6. Directed energy deposition

DED is a metal AM process where wires or powders are 
fused by melting as they are deposited on the substrate 
using focused thermal energy (e.g. electron beam, laser, 
electric-arc, or plasma-arc). DED systems include various 
types of machines utilising laser beam, electron beam, 
electric arc, or plasma arc energy sources. Typically, the 
feedstock is made up of either powder or wire [61]. 
Deposition normally takes place in inert gas (laser 
beam systems or arc systems) or vacuum (electron 
beam systems). The laser engineered net shaping 
(LENS) technique, laser deposition welding (LDW), and 
electron beam additive manufacturing (EBAM) are DED 
techniques that have been commercialised [62].

DED technique is used specifically for metal AM and is 
compatible with a versatile set of metals such as stain-
less steel, titanium, copper, aluminium, as well as 
alloys. Due to the material’s adaptability, DED has a 
range of applications and can produce products in 
numerous industries. They are excellent for refinishing 
or incorporating material into already-existing parts 
such as turbine blades. However, the reliance on dense 
supporting structures of DED indicates the unsuitability 
of manufacturing parts from scratch.

The advantages of DED over other metal AM tech-
niques include higher deposition rates and the capa-
bility to produce larger parts. DED is usually employed 
in the production of low volume parts, rapid prototyp-
ing, and repairs. Nevertheless, the main problems are 
residual stresses, rough finishing surfaces, and high 
equipment expenses [54].

3.7. Summary

Among the above-mentioned AM techniques, material 
extrusion and material jetting are commonly used for 
electrochemical energy storage devices and electronics 
[70]. The material extrusion and material jetting 
approach have the advantages to precisely deposit func-
tional inks. Various functional materials have been devel-
oped (e.g. conductive polymers, carbon nanomaterials) 
with improved electrical and mechanical properties 
[70]. This offers an opportunity to fabricate highly inno-
vative and customised electrochemical energy storage 
devices. For the thermal energy storage systems, SLM 
techniques have been used to fabricate the performance 
enhancement structures, e.g. fin configurations [12], and 
lattice structures [71]. As the thermal storage system per-
formance is heavily dependent on device geometry and 
material properties, composite phase change materials 
(PCMs) were fabricated by AM techniques such as SLA, 
SLS, FFF, and DIW [17]. As matrix materials to enhance 
PCM thermal properties, filament, ink, resin, or powder 
material were developed and incorporated into 
different AM techniques. In most cases, each AM tech-
nique can only be used for specific purposes. As AM 
technique advances, it is expected it will play a more 
important role in the energy storage field.

4. Applications of AM for energy storage 
devices

Applications of AM in electrochemical and thermal 
energy storage systems are reviewed. There are some 
similarities in these two systems: (1) the system perform-
ance is heavily dependent on the transport mechanisms 
that could be understood via multi-physics modelling. 
In electrochemical energy storage systems, electron trans-
port is driven by voltage potential while hindered by an 
electrical resistance. In thermal energy storage systems, 
thermal conduction needs to be enhanced to improve 
system performance [72]. (2) in these systems rationale 
design of 3D structures (e.g. pore distributions in 
battery electrodes, fin configurations in thermal energy 
devices) to enhance transport properties is important. 
(3) active materials with optimised microstructures and 
compositions are suitable to be fabricated via AM.
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4.1. Electro-chemical energy storage

In this section, the applications of AM in different elec-
trochemical systems, e.g. batteries, fuel cells, and super-
capacitors are reviewed. These systems possess distinct 
energy storage and conversion mechanisms, but they 
all have electrochemical features to achieve high 
energy and power density. It is worth mentioning that 
various parameters need to be considered to achieve 
the best electrochemical performance, e.g. intrinsic 
material properties, and component interface. In this 
work, we focus on controllable microstructures and 
additive manufacturing. Well-designed shapes and 
internal structures can lead to improved performance. 
The 3D porous structures can improve electron and 
ionic transport properties as they provide highly 
accessible active surfaces and diffusion pathways. 
Further, the electrochemical performance can be 
predicted by digitally controlling the composition 
distribution and porosities [73].

4.1.1. Lithium-ion batteries
Lithium-ion batteries consist of four key components: 
cathode, anode, separator/electrolyte, and current col-
lectors. Traditionally, the battery electrode is manufac-
tured by coating the slurry on the current collector 
with a controlled thickness (∼100 μm). By using AM, 
3D electrode microstructures could be fabricated with 
improved battery performance. The 3D structures can 
provide shorter diffusion lengths and smaller transport 
resistance, enabling increased energy density within a 
limited available space. Additive manufacturing has 
been used to print various kinds of batteries, e.g. 
lithium-ion battery [74], sodium-ion battery [75], and 
zinc-silver battery [76]. In the following, lithium-ion bat-
teries with architectured electrodes are mainly reviewed.

For manufacturing lithium-ion batteries, AM can be 
used to deposit electrochemically active materials with 
desired architectures. Table 3 presents a summary of 
additive manufactured batteries by various techniques 
and design approaches, e.g. laser, lithography, electrode 
deposition, and extrusion. DIW can be applicable for 
various materials using continuous extrusion of shear- 
thinning inks (Figure 5 (a)). The materials that have 
been printed include LiFePO4 (LFP) [74], Li-Titanate 
(LTO) [77], sulphur composites [78], and graphene 
oxide [79]. Typically, to maintain the 3D structure 
shape, inks with high yield stress and mechanical 
strength are required. The printing resolution is within 
a range of 1–500 μm which is restricted by the nozzle 
size. Figure 5 (b) depicts the FDM technique to fabricate 
the battery electrodes. The conductive active materials 
are well mixed with thermoplastic materials to 

produce composite file pieces, and the 3D printing 
filaments are produced via an extruder. The 3D electrode 
structures are fabricated by extruding filaments through 
a heated nozzle [80]. DLP technique has been used to 
manufacture carbon and lithium cobalt oxide 3D struc-
tures [81,82]. As demonstrated in Figure 5 (c), the micro-
structure made of acrylate-based resin is firstly 
fabricated. Afterwards, the printed samples were pyro-
lysed under vacuum at 1000 °C. The 3D polymer archi-
tecture and the architected carbon after pyrolysis are 
illustrated in Figure 5 (c).

The most commonly used AM technique for lithium- 
ion battery manufacturing is DIW. This is possibly 
because FDM and DLP utilise insulating polymer 
materials, however high conductive composite materials 
are usually needed for the battery systems. As a novel, 
contactless AM technique, Aerosol Jet printing has 
recently been used in battery manufacturing [83–85]. 
Compared with the traditional AM approach, Aerosol 
Jet printing has advantages such as scalability, and com-
patibility with a range of materials.

Usually, the 3D printed batteries are assembled in a 
sandwiched or in-plane design (Table 3). The sand-
wich-type batteries are fabricated by stacking of 
layered cathode and anode. This type can be applied 
in large-scale energy storage applications and is cost- 
effective [18]. Hu et al. [86] developed 3D printed cath-
odes based on LiMn1-xFexPO4 (LMFP) nanocrystal cath-
odes. Compared with the traditional electrode, the 3D 
printed electrode has a 108.45 mAh/g capacity at 100 
C rate. The in-plane design has advantages such as 
enhanced ionic transport properties and high contact 
surface areas. The 3D printed in-plane batteries have 
demonstrated superior electrochemical performance. 
One pioneering work is conducted by Sun et al. [74]. 
As illustrated in Figure 5 (a), thin-walled anode and 
cathode structures utilising LFP and LTO viscoelastic 
inks were 3D printed and tested. As it can facilitate ion 
and electron transport, the 3D interdigitated battery 
architectures with a high aspect ratio (up to 11 for an 
as-prepared 16-layer electrode) show excellent areal 
energy and power density. Later, Fu et al. [77] investi-
gated the application of graphite oxide (GO) inks and 
solid-state polymer electrolyte on the 3D printed 
multi-layered structure. The battery with the GO matrix 
had a high initial capacity of 91 mAh/g.

AM offers the possibility to fabricate the battery 
system with complex architectures. Several novel 
design strategies have been proposed by tailoring the 
configurations of battery electrodes, either experimen-
tally or numerically [87]. The 3D configurations can be 
interdigitated [74], concentric [88], and periodic porous 
structures [89]. 3D continuously porous structures 
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show unique properties as they can offer features such 
as rapid mass transport, open space, large electrode 
surface area, enhanced mechanical property, and tailor-
able electric/thermal conductivity, for which offer great 
promise for the energy storage device designs. The 
lithium-ion batteries with bi-continuous surfaces are 
illustrated in Figure 6. Researchers have attempted to 

tailor the pores at the nano-scale to synthesise the 3D 
continuously porous microstructures with improved 
battery performance [90]. Template-based methods are 
commonly used to fabricate these bi-continuous archi-
tectures. One pioneer work on the bi-continuous elec-
trode was proposed by Zhang et al. [19] (Figure 6 (a)). 
As illustrated in Figure 6 (a), the preparation of self- 

Table 3. Examples of battery design and fabrication by AM.
Additive manufacturing 
technology Anode/Cathode

Feature 
resolution Design approach/unique properties References

SLS NCA 100 μm The influence of process parameters on the sintering of NCA 
powders was investigated.

[94]

Lithography-based 3D 
printing

LiTiO2/LFP – Thin film batteries were fabricated on 3D printed polymer 
substrates.

[95]

DLP Li/LCO 100 μm LCO cubic lattices were fabricated with a resolution of 100 μm. [82]
DLP Li/Li2S-C 50 μm Octet-truss lattice structured Li-S cathodes were fabricated. [96]
DLP Li/Pyrolytic carbon 25 μm 3D architected carbon electrodes were fabricated and tested. [81]
SLA (LTO/PEGDA)/(LFP/PEGDA) 30 μm Gel polymer electrolyte was printed via stereolithography [97]
DIW LTO/LFP 30 μm Interdigitated secondary architecture with different layers were 

printed and tested for the first time.
[74]

DIW (LTO/GO)/(LFP/GO) 180 μm Interdigitated secondary architecture with solid-state electrolyte 
inks.

[77]

DIW Li/LMO 150 μm The micro-/macro structures were controlled by an electric field 
and additive manufacturing.

[98]

DIW Li/LFP 50 μm A novel low-temperature 3D printing was compared with 
conventional direct ink writing and roller coating process

[99]

DIW Li/LFP 200 μm 3D thick LFP electrodes with different thicknesses and lattice 
structures (circle-line, circle-ring, circle-grid,)

[89]

DIW Li/(Sulfur copolymer/graphene) 200 μm The 3D printed Li-S battery has a high reversible capacity of 812.8 
mAh/g.

[78]

DIW Li/(Sulfur/carbon) 150 μm High sulfur-loading of 5.5 mg/cm2 cathodes were printed with 
specific discharge capacities of 1009 mAh/g.

[100]

DIW Li/(Sulfur/graphene/phenol 
formaldehyde)

150 μm Wearable Li-S battery was printed with a capacity of 505.4 mAh/ 
g.

[101]

DIW LTO/LFP 50 μm Fully 3D printed LIBs with an areal capacity of 4.45 mAh/cm2. [102]
DIW LiF-Li-Mg/LFP 350 μm 3D printed lithium salt scaffolds as metal-based anodes. [103]
DIW Li/Si 150 μm Porous Si scaffolds were manufactured by 3D printing and 

sintering.
[104]

DIW Li/LiMn0.21Fe0.79PO4 18 μm 3D lattice structure with controlled electrode pillar size to 
achieve ultrahigh rate and high capacity.

[86]

DIW (CNF/Li)/(CNF/LFP) 150 μm Cellulose nanofiber (CNF) was used to fabricate the lithium metal 
battery.

[105]

DIW Li/(Ni/rGO) 200 μm Ultrathick electrode for Li-CO2 was designed and fabricated by 
3D printing.

[106]

DIW LTO/LFP 200 μm Fibre-shaped LFP electrodes were fabricated for wearable energy 
storage.

[92]

DIW Li/Li 12.5–125 μm Solid electrolyte microstructures with different patterns (line, 
grid, and column) were 3D printed.

[107]

DIW (LTO/CNF/PVDF)/(LFP/CNF/ 
PVDF)

100 μm 3D printable Li-ion battery electrolytes. [108]

DIW Li/MnO2 200 μm Solid electrolyte fabrication with different microstructures, e.g. 
3D radial array structure.

[109]

DIW Li/hGO 250 μm Lattice structures with hierarchicalporosities were fabricated. [79]
DIW LTO/LFP 200 μm 3D Printed electrodes with interconnected conductive network 

and hierarchical pores.
[110]

DIW Li/NC-Co 200 μm Hierarchically porous carbon framework in Li-O2 batteries. [111]
Multi-axis extrusion 

process
Li/LFP 2.5 mm Cathode doped materials were extruded together with polymer 

electrolyte coated carbon fibers to fabricate the battery.
[112]

FDM Li/(LTO/PLA) and 
Li/(LFP/PLA)

1.75 mm Disc and spiral shaped electrodes were printed and tested. [113]

FDM (Graphite/PLA)/(LFP/PLA) 0.05 mm Various infill densities and Hilbert curve patterns were printed 
and tested.

[114]

FDM (LTO/PLA/graphite/MWNT)/(LFP/ 
PLA/graphite/MWNT)

200 μm A novel design of a multi-coaxial-cable battery was proposed. [88]

FDM (LTO/graphene/PLA)/(LMO/ 
MWNT/PLA)

100 μm Wearable electronic devices with batteries were fully printed. [93]

FDM Li/LCO and Li/LTO 0.1 mm Full ceramic LTO anode and LCO cathode were printed. [115]
FDM (Graphene/PLA)/Li 0.25 mm 3D printable graphite/PLA filament for negative electrodes. [80]
Material jetting Li/LFP 7 μm Aqueous LFP-based electrodes were fabricated [116]
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assembled opal templates was followed by the electro-
deposition of a thin layer of nickel through the 
vacuum region. After removing the template, active 
materials were deposited on the nickel scaffold. The 
results showed that the rates of lithium-ion and nickel- 
metal hydride chemistries can reach up to 400 and 
1000 C. The 3D templates in this work are not fabricated 
via conventional additive manufacturing techniques. 
However, it is a pioneer work to fabricate 3D patterned 
structures with enhanced electrochemical performance 
in reality. Using holographic lithography and conven-
tional photolithography, Ning et al. [75] fabricated 

high-performance Li-ion batteries with 3D periodic geo-
metries (Figure 6 (c)). A SU-8 3D lattice was firstly pro-
duced on the indium tin oxide (ITO) coated glass 
surface. Afterward, photoresist AZ9260 was infiltrated 
into the 3D lattice to define the battery electrode 
pattern. Then, Ni was partially deposited onto the 
porous SU-8 lattice. By removing the photoresist tem-
plate, a 3D porous Ni scaffold was obtained. Finally, 
active materials manganese dioxide (MnO2) and nickel- 
tin (Ni-Sn) were further electroplated onto the surface 
as cathode and anode, respectively. The fabricated 
micro-battery has a high energy density (6.5 μWh/cm2) 

Figure 5. Additive manufacturing techniques for lithium-ion battery manufacturing: (a) Direct ink writing (DIW) [74] (b) Fused depo-
sition modelling (FDM) [80] (c) Digital light processing (DLP) [81].

Figure 6. Fabrication of 3D structured lithium-ion batteries: (a) Illustration of a battery containing a bicontinuous cathode, and the 
electrode fabrication process [19] (b) 3D bicontinuous structured electrolyte [91] (c) 3D porous electrode fabricated by 3D holographic 
patterning technique [75].
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and good capacity retention. The triply periodic minimal 
surfaces (TPMSs) show superior performances when 
used as battery electrodes [21,32], such as gyroid struc-
ture for high-energy lithium–sulfur (Li-S) batteries [22], 
and nano-gyroidal 3D interpenetrating solid-state elec-
trochemical energy storage device [23]. Hybrid electro-
lytes made of 3D bicontinuous ceramic and polymer 
microchannels were reported by Zekoll et al. [91]. As 
shown in Figure 6 (b), cubic lattice structures were 
firstly fabricated using stereolithography 3D printing. 
The ceramic lithium-ion conductor powders were filled 
in the empty portions of the structure. Next, a structured 
Li1.4Al0.4Ge1.6(PO4)3 (LAGP) scaffold was created by 
removing the polymer template and sintering the 
LAGP phase. An insulating polymer was filled in the orig-
inal polymer space to form the hybrid electrolytes. The 
results show that the gyroidal architecture with epoxy 
polymer delivers the best performance with a total 
ionic conductivity of 1.6×10−4 S/cm.

The 3D printed lithium-ion battery can achieve 3D 
arbitrary shapes that can be integrated with printed 
electronics with mechanically flexibility. These advan-
tages are beneficial for wearable electronics. Wang 
et al. [92] applied AM to fabricate a flexible all fibre 
lithium-ion battery. High storage modulus inks are 
used to fabricate the LFP and LTO electrodes that 
have excellent flexibility and electrochemical perform-
ance. The device has a specific capacity of 110 mAh/ 
g, and can be incorporated into textile fabrics as wear-
able electronics. By using FFF 3D printing, a fully 3D 
printed wearable device with built-in 3D printed bat-
teries was reported by Reyes et al. [93]. The polylactic 
acid (PLA) polymer was modified to have an ionic con-
ductivity comparable to polymer electrolytes. Different 
material mixing ratios were investigated, and a 
maximum battery capacity can be realised when the 
active material to conductive material ratio is 20:80. 
By using 3D printing, portable electronic devices with 
integrated batteries could be fabricated in a single 
print.

4.1.2. Fuel cells
Fuel cells are devices that can convert chemical energy 
into power/electricity (Table 4). They offer benefits 
such as low expenses, high-power sustainability, and 
strong compactness. Traditionally, various ways have 
been used to fabricate fuel cell parts, e.g. dry pressing, 
casting, screen printing, and molding. These techniques 
are usually limited by poor resolution and weak mechan-
ical properties, therefore are not suitable for complex 
configurations. AM provides a potential solution to 
address the above-mentioned challenges, especially to 
produce complex structures. It has been employed to 

fabricate various fuel cell components, e.g. solid oxide 
fuel cell (SOFC), protonic ceramic fuel cell (PCFC), and 
microbial fuel cell (MFC) [13].

Inkjet printing is one of the most widely used 
approaches to manufacturing fuel cells as it has a 
simple operation principle. By using inkjet printing, 
thin film electrolytes with a layer thickness less than 10 
μm were fabricated (Figure 7 (b)) [117,118]. It offers 
the ability to uniformly distribute electrolyte materials, 
and fabricate dense and thin layers. Pham et al. [119] 
applied electrohydrodynamic jet printing to fabricate 
anode functional layer. With a 7–10 times thinner thick-
ness, the electrohydrodynamic jet printed cell can 
achieve the same performance compared with the con-
ventional way. Yu et al. [120] reported a porous thin film 
cathode fabricated using inkjet printing. The results 
show that ink-jet printed fuel cells exhibit reduced polar-
isation resistance when compared with conventional 
fuel cells. Inkjet printing is also applied to infiltrate cata-
lysts into the porous electrodes. A scalable inkjet print-
ing process was developed by Mitchell-Williams et al. 
[121] to infiltrate nanoparticles into SOFC anodes. The 
electrochemical performance can be improved. Using 
Inkjet printing, Wang et al. [122] fabricated porous 
NiO-Gd0.1Ce0.9O2-x scaffold, Gd0.1Ce0.9O2-x nanoparticles 
were then infiltrated into the pores, enabling the tailor-
ing of micro-structured electrodes. Stereolithography is 
another commonly used slurry-based AM technique. 
Masciandaro et al. [123] printed the self-supported elec-
trolytes with flat and honeycomb-like structures. The 
honeycomb-like electrolytes show enhanced perform-
ance with a power density of 115 mW/cm2. In Arianna 
et al. work [124], planar and corrugated membranes 
were fabricated via stereolithography. By using the cor-
rugated architecture with increased active area, the 
device exhibits a better performance with a power 
density of 410 mW cm−2.

As shown in Figure 8, powder based 3D printing, e.g. 
SLS, is used to fabricate bipolar plates [125,126]. Guo 
et al. [125] investigated different graphite materials to 
fabricate bipolar plates. Optimised electrical conduc-
tivity of 120 S/cm and flexural strength of 40 MPa were 
achieved. The 3D printed bipolar plates were further 
tested in a single-cell and 40-cell stack by Gould et al. 
[126]. A constructal flow distributor was proposed by 
Ramos-Alvarado and Fan [127,128]. The number of 
branches was investigated. A series of bio-inspired 
flow field designs was proposed by Guo et al. [129]. As 
illustrated in Figure 8 (c), non-interdigitated and interdi-
gitated configurations were investigated. By comparing 
with the conventional designs, the bio-inspired design 
shows a 20–25% higher peak power density than con-
ventional designs.
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4.1.3. Supercapacitors
The application of supercapacitors in micro-scale devices 
is gaining momentum in recent years [134]. Typical 
application areas include wearable electronics, remote 
environmental sensors, and nanorobotics. Compared 
with batteries, supercapacitors usually have higher 
power density, fast charge, and longer service life, 
enabling sustainable operation of self-powered micro/ 
nanosystems [134].

AM offers the ability to manufacture capacitors with 
controlled pores and microstructures. Examples of 

supercapacitor fabrication via AM are listed in Table 5. 
Fully 3D printed supercapacitors were often achieved 
by extrusion-based direct ink writing (DIW). As illus-
trated in Figure 9 (a), water-based, printable MXene 
ink was used to manufacture the 3D printed micro 
supercapacitors with interdigital electrode architec-
tures [135]. By using highly concentrated MXene ink 
with desired viscoelastic properties, multiple layers 
can be fabricated with improved areal capacitances 
(1035 mFcm−2 at 2 mVs−1 for ten-layer thickness). 
Azhari et al. [136] developed a powder bed additive 

Table 4. Examples of fuel cell design and fabrication by AM.
Additive manufacturing 
technology Fuel cell type Feature resolution Design approach/unique properties References

SLS Polymer electrolyte 
fuel cell (PEMFC)

101.6 μm Graphite composite bipolar plates with desirable electrical 
and mechanical properties were fabricated.

[125]

DMLS Solid oxide fuel cell 
(SOFC)

20–30 μm Bipolar plates were fabricated for fuel cells, and the 
flatness needs to be improved in large stacks.

[126]

SLA SOFC 250 μm layer thickness Conventional planar structure (260 mW cm−2) and 
corrugated structure (410 mW cm−2).

[124]

SLA SOFC 25 μm layer thickness Flat and honeycomb-like membranes were fabricated. [123]
DLP SOFC 25 μm layer thickness 8 mol% yttria-stabilized zirconia ceramics were printed 

and tested with a power density of 114.3 mW cm−2.
[130]

DLP Microbial fuel cell 
MFC

500 μm pore size A copper electrode with controllable pore sizes was 
fabricated. The power density is 12.3-fold higher than 
conventional electrodes.

[131]

DLP SOFC 50 μm Ripple-shaped electrolytes were fabricated, and a 32% 
performance improvement can be achieved.

[132]

Material jetting SOFC 15 μm Thin functional layers of electrolyte and anode were 
fabricated for SOFC.

[117]

Material jetting SOFC 1.5 to 7.5 μm layer 
thickness

Thin-film electrolytes and buffering layers with precise 
thickness control.

[118]

Material jetting SOFC 2.5 μm layer thickness Porous silver film cathode with reduced polarisation 
resistance was fabricated by Inkjet printing.

[120]

Material jetting 
(Electromagnetically driven)

SOFC – Nanoparticles were infiltrated into SOFC anodes via inkjet 
printing.

[121]

Material jetting 
(Electromagnetically driven)

(SOFC) – The SOFC anode microstructure was tailored by inkjet 
printing infiltration, and a significant reduction of 
polarisation can be achieved.

[122]

Material jetting (Electro 
hydrodynamic jet)

SOFC 2–5 μm layer thickness Grid-structured anode functional layers were fabricated 
with controllable printing parameters.

[119]

Material jetting PEMFC 1200 Dots per inch Catalyst materials of various shapes were deposited onto 
gas diffusion layers for PEMFCs.

[133]

Figure 7. Illustration of a fuel cell stack: (a) Solid oxide fuel cell (b) Inkjet printing fabricated solid oxide fuel cell with a thin-film YSZ 
electrolyte, Ni+YSZ anode, SDC buffering layer, and BSCF cathode [118].
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manufacturing technique to fabricate millimetre thick 
graphene-based electrodes. As shown in Figure 9 (b), 
3D structures of thermally reduced graphene oxide 
were fabricated by injecting an aqueous-based binder 
onto the powder bed. The fabricated electrode has a 
more porous microstructure compared with mechani-
cally pressed electrodes. A novel hybrid additive manu-
facturing system was recently developed to fabricate 
electrochemical double layer capacitors (Figure 9 (c)) 
[137]. Low-cost filament fabrication and direct ink 
writing were combined together to fabricate superca-
pacitors in a single operation, offering a way to 
rapidly manufacture energy storage devices with irre-
gular volume/shape.

Desired shapes of supercapacitors are controlled by 
computer aided design and fabricated by 3D printing, 
as demonstrated in Figure 10. By using a scalable, low- 
cost stamping strategy, MXene supercapacitors with 
interdigitated and spiral shapes were fabricated by 
Zhang et al. (Figure 10 (a)) [138]. In this work, 3D 
printed cylindrical and pad stamps coated with MXene 
ink were used to fabricate interdigitated structures. 
The Ti3C2Tx supercapacitor can exhibit high areal capaci-
tances (61 mF cm−2 at 25 μA cm−2 and 50 mF cm−2 at 
800 μA cm−2). A hybrid-dimensional electrode structure 
using interdigitated configurations was proposed by 
Tang et al. [139]. Using 2D graphene NSs and 1D silver 
nanowires as conductive additives, high device areal 
capacitance (412.3 mF cm−2 at 2 mA cm−2) and energy 

density (65.4 μWh cm−2) were achieved. The electron 
transport and ionic transport were significantly 
enhanced via the highly-conductive 3D network 
formed within the electrodes.

3D architectures have been used to further increase 
the energy density and reduce the electrolyte ion trans-
port path. As shown in Figure 10 (b), 3D periodic gra-
phene composite microlattices were fabricated by Zhu 
et al. [140] for supercapacitor applications. Graphene 
has unique properties of low density, high electrical con-
ductivity, and thermal stability, and excellent mechanical 
characteristics [20]. With improved ion diffusion via 
ordered macropores, the 3D printed electrodes have 
exceptional capacitance retention and power densities. 
This work demonstrates the potential of AM to fabricate 
high mass loading scaffolds. A 3D design of interdigi-
tated electrodes is illustrated in Figure 10 (c) [141]. In 
this work, 3D titanium interdigitated electrodes were 
fabricated based on SLM technology. Polypyrrole was 
deposited onto the electrode surface as an electroactive 
material. The fabricated device has an energy density of 
213.5 Wh m−3 with a high capacitance retention after 
500 and 1000 cycles.

Currently, most supercapacitor designs are based on 
2D interdigitated configurations. These configurations 
don’t need complex design principles. However, digital 
design approach can be applied to optimise the 3D 
micro lattices and interdigitated electrodes (Figure 10 
b-c) to achieve the best performance.

Figure 8. Fuel cell bipolar plate fabrication and design: (a) Constructal flow distributor [127] (b) Graphite bipolar plate with serpentine 
flow field [125] (c) Bio-inspired design and conventional interdigitated design [129].
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4.2. Thermal energy storage

In this section, the applications of AM in thermal energy 
storage systems are reviewed (Table 6). Application of 
AM techniques for thermal energy conversion devices 
has been discussed in some review articles [157,158]. 
They offer benefits such as affordability, excellent 
thermal performances, and strong compactness. Com-
pared with energy conversion devices, thermal energy 
storage devices heat or cool a medium to use the 
energy when needed later. For the latent heat thermal 
energy storage device, one main barrier is the limited 
thermal conductivity of molten salt media [159]. AM pre-
sents a potential solution to this problem, especially 
when it comes to creating materials with intricate struc-
tures. It has been employed in a variety of enhancement 
techniques, e.g. optimised fins with various extended 
surface configurations, impregnation of high thermal 
conductivity porous matrix, and form-stable composite 
PCMs. As these performance enhancement structures 

are commonly fabricated by different AM techniques, 
in the following subsections we discussed the appli-
cations according to different enhancement technology 
types.

4.2.1. Additive manufactured fins and extended 
surfaces
Using fins or extended surfaces has been proved to be 
an effective strategy for performance improvement. In 
a shell and tube configuration, the inner tube surface 
serves as a heat transfer surface and the PCMs are 
often placed in the annular space between the shell 
and tubes. During a charging process, heat is transferred 
from heat transfer fluid (HTF) to PCMs through the heat 
transfer surface. Heat transfer at the PCM phase is pri-
marily controlled by conduction and convection. The 
heat transfer rate is higher and more phase transitions 
occur in the upper region of the device due to the 
density difference between the solid and liquid phases. 

Table 5. Examples of supercapacitor design and fabrication by AM.
Additive  
manufacturing  
technology Material Feature resolution Design approach/unique properties References

SLS Ti-6AI-4V metal powder for 
electrode fabrication

200 μm diameter 
pillar size

3D interdigitated supercapacitor with a volumetric capacitance of 2.4 
F cm−3, a power density of 15.0 kW m−3, and an energy density of 
213.5 Wh m−3 were produced.

[141]

Binder jetting Graphene 100 μm Electrodes with a thickness of 300 μm and an areal capacitance of 700 
mF cm−2 were fabricated.

[136]

FDM Activated carbon – Two printing systems were used to fabricate a double layer capacitor. [142]
FFF & DIW Activated carbon, electrolyte 

hydrogel
– Double layer capacitors were fabricated by a hybrid-AM system in a 

single, automated operation.
[137]

DIW Graphene oxide 21 μm High-rate performance capacitors with 42.74 kW cm−3 power density 
and 4.43 mWh cm−3 energy density were fabricated.

[143]

DIW Graphene oxide 20 μm Planar interdigitated micro-supercapacitors were fabricated on 
flexible substrates.

[144]

DIW Graphene – 3D interdigitated supercapacitor for energy storage device in [145]
DIW Graphene aerogel – 3D periodic graphene microlattices were fabricated for supercapacitor 

applications.
[140]

DIW Carbon nanotube – A fully packaged integrated supercapacitor with high performance is 
fabricated.

[146]

DIW Graphene 30 μm Inkjet printing and dry etching are combined together to produce 
flexible and transparent micro-supercapacitors.

[147]

DIW Graphene oxide – Ultrathick high energy density graphene oxide supercapacitors were 
fabricated.

[148]

DIW Graphene oxide 500 μm Supercapacitors with architectures e.g. hollow thin-wall columns, 3D 
honeycomb, and column lattice were fabricated and tested.

[149]

DIW MXene – 3D interdigital MXene electrode architecture with ultra-high energy 
densities was fabricated.

[135]

DIW Graphene – An interdigitated graphene framework with a capacity up to 220.2 
Cg−1 was fabricated.

[150]

DIW Graphene – 3D printed interdigitated supercapacitors with high areal capacitance 
(412.3 mFcm−2 at 2 mA cm−2) and energy density (65.4 μWh cm−2).

[139]

DIW MXene – 2D screen printing and 3D extrusion printing were used to print high 
energy density supercapacitors.

[151]

DIW Graphene aerogel/MnO2 0.24 mm layer 
thickness

A mm-thick 3D graphite aerogel/MnO2 scaffold with linear increased 
areal capacitance is fabricated.

[152]

DIW Activated carbon 100 μm Porous carbon derived from packaging waste is used to fabricate 
solid-state supercapacitors.

[153]

DIW Graphene aerogel 400 μm Surface-functionalized graphene aerogel structure was fabricated. [154]
DIW Graphene aerogel – Inkjet-printed graphene interdigitated electrodes for supercapacitors 

and Na-O2 batteries.
[155]

DIW Graphene/conductive carbon 30 μm Fully 3D printed solid-state micro-supercapacitors with Ni metallic 
current collector, electrode, and electrolyte layers.

[156]
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The presence of fins or extended surfaces can both 
improve the thermal conductivity as well as promote 
natural convection. During a discharging process, the 
liquid PCM near the heat transfer surface firstly releases 
the heat and forms a layer of solid phase, which causes 

additional thermal resistance between the HTF and 
unsolidified liquid PCM. Extended surfaces or fins can 
provide additional heat transfer and enable better 
contact between the liquid PCM and heat transfer 
surface. Among the various fin shapes, the longitudinal 

Figure 10. Additive manufacturing of supercapacitors: (a) Stamped MXene supercapacitors with various architectures [138] (b) Com-
pressible graphene aerogel micro lattices fabricated by direct ink writing [140] (c) 3D interdigitated electrodes [141].

Figure 9. Additive manufacturing techniques for supercapacitor manufacturing: (a) Direct ink writing (DIW) of micro-supercapacitors 
(MSCs) with interdigital architectures [135] (b) Binder-jetting powder bed AM of thick graphene-based electrodes [136] (c) Hybrid 
additive manufacturing [137].
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and annular configurations are the most prevalent 
forms. The subsequent discussion will focus on how 
these types of fins are manufactured and employed to 
enhance the device’s performance using AM techniques.

A high power density thermal energy storage device 
based on PCM was investigated by Moon et al. [71] 
(Figure 11 (a)). Internal and external fins to enhance 
heat transfer from the liquid coolant to the PCM were 
studied. Theoretical results show that the AM metal 
structures reduce conduction thermal resistance by 17 
times and convection thermal resistance by 3 times 
compared to conventional designs. Three devices 
were made of an aluminium silicon alloy (AlSi10Mg) 
and tested with paraffin PCM. Power density was 
measured to be 4 times better than traditional designs 
(0.58 W/cm3).

Optimised fin configurations in multi-tube LHTES 
systems with different PCMs, flow arrangements, and 
design constraints were investigated by Pizzolato et al. 
[16]. The results show that realistic operating conditions 
need to be taken into account during the optimisation 

process. Additionally, the fin material should be 
chosen in parallel with the fin layouts. This indicates 
that the optimisation of latent heat thermal energy 
storage (LHTES) systems is a co-design challenge. As 
illustrated in Figure 11 (b), for the first time the additive 
manufacturability of topology-optimised LHTES units 
was demonstrated.

A shell-and-tube energy storage system with top-
ology-optimised fins for the solidification process was 
investigated by Ge et al. [12]. SLM technology was 
used to fabricate the topology optimised fin configur-
ations. The thermal performance is assessed and com-
pared with that of a conventional square fin design by 
computational fluid dynamics (CFD). The results show 
that the solidification time of the topology optimised 
fin is significantly reduced by 57.1%. Later, Ge et al. 
[160] quantitatively analysed the thermal enhancement 
performance and economic efficiency of the shell-and- 
tube energy storage system (Figure 11 (c)). The results 
show that the optimised fins can achieve the best 
thermal enhancement performance, but can only be a 

Table 6. Examples of thermal energy storage and fabrication by AM.
Additive  
manufacturing  
technology Dimension Design approach Remarks References

SLM Length: 185 mm 
External Diameter: 90 mm 
Thickness: 6 mm

Topology optimisation The first AM multi-tube energy storage device [12,160]

SLM Length x Width x Height: 27 mm x 40 
mm x 130 mm

Graded cellular structure Phase-change temperature control with graded cellular 
design and thickness adjustment of the packaging 
structure

[26]

SLM 100 mm x 100 mm x 40 mm with a cell 
size of 10 mm

3D periodic cellular 
structures

Aluminum body-centred cubic cellular structures were 
fabricated and tested.

[27]

SLM 40 mm x 40 mm x 40 mm 
Porosity: 90%

Porous periodic cubic cell 
structure

Composite PCM embedded with a porous aluminium 
structure is fabricated.

[28]

SLM Cell base: 10, 20, 40 mm 
Height: 40 mm 
Porosity: 95%

3D periodic structures Fabrication of three different aluminum 3D periodic 
structures with enhanced heat transfer in the PCM heat 
storage

[162]

SLM 26 mm x 26 mm x 26 mm with cell 
sizes of 4, 6.5, and 9 mm

Lattice structures with 
TPMS structures

AM lattices are inserted into PCMs for heat transfer 
augmentation

[165]

DMLS 27 mm x 40 mm x 130 mm rectangular 
acrylic container

Lattice structures with 
internal and external fins

Enhanced thermal 
energy storage systems with AM technology

[71]

SLS Diameter: 12.7 mm 
Thicknesses: 2–3 mm

Square, hollow square, and 
star structures

Expanded graphite/ paraffin wax phase change composite 
is made up by SLS

[168,169]

SLA – Topology optimisation Optimal fin configurations in multi-tube LHTES systems 
with different PCMs

[16]

SLA Pore dimensions (Ø3.2 mm; Ø6.4 mm) Reticular structure The bio-based PCMs integrated into a metallic structure 
made of copper and aluminum

[163]

SLA 4.5 cm x 3.5 cm x 0.25 mm – 3D printable phase-change polysiloxane networks were 
developed for human body temperature management.

[166,176]

FDM 1.75-mm diameter 
Layer height: 0.2 mm

– 3D printable TPU blends with thermal energy storage 
capabilities

[170]

FDM 0.8-mm diameter 
Layer height: 0.4 mm  

Miniaturized complex 
geometries

Microencapsulated PCM for thermal energy storage [172]

FDM 1.75 mm diameter filaments – Phase change fabrics were 3D printed for multifunctional 
clothing.

[175]

FFF 25 mm diameter 
and 4 mm thick

– Fused filament fabrication of novel PCM functional 
composites

[171]

DIW 0.6 mm layer height – 3D printed polymer- PCM phase change material 
composites for thermal energy regulation

[173]

DIW 80–500 μm resolution 2D/3D complex patterns PCMs were 3D printed as electronic packaging materials [174]
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cost-effective solution when the unit price ratio between 
the enhancement technique and the PCMs is less than 
6. In future, it is necessary to focus on the design prin-
ciples and the appropriate process parameters for addi-
tive manufacturing.

4.2.2. Impregnation of additive manufactured 
lattice structures
Impregnation of porous metal foams into the PCM was 
proved to be an effective method to improve the TES 
device efficiency [161]. The insertion of AM lattices 
with controllable structures into PCMs has gained 
increasing attention. Applications are shown in  
Figure 12. In contrast with conventional stochastic 
metal foams, the AM lattice porous structures with 
high mechanical and thermal properties have great 
potential in TES systems.

Zhang et al. [26] numerically analysed the integrated 
phase change temperature controller that simul-
taneously contained internal graded cellular material 
and external packaging structure fabricated by the 
SLM technique (Figure 12 (a)). Results show that the por-
osity distribution of the cellular materials and the wall 
thickness of the packaging structure have a significant 
influence on the performance. The heat transfer per-
formance of thermal controllers can be improved by 
the collaborative design of the internal cellular materials 
and external packaging structures.

The melting of PCMs inside additive manufactured 
cellular periodic aluminium structures was investigated 
by Diani et al. [27]. As shown in Figure 12 (b), the 

device is composed of periodic body-centred cubic cel-
lular structures with 87% porosity. Three heat fluxes 
(10, 15, and 20 kW/m−2) were considered for electronics 
cooling. Results indicate that melting the PCM takes a 
shorter time for finer metal structures.

Hu et al. [28] inserted a porous aluminum structure 
with cubic cells in paraffin (Figure 12 (c)). Both exper-
imental and numerical results demonstrate that the 
total melting time is reduced by 38% compared to 
pure paraffin when using a porous metal structure 
(PMS). The temperature field of paraffin with PMS is 
more uniform, e.g. the maximum temperature difference 
can be decreased by about 81%. In addition, it is found 
that the energy storage rate is improved 1.2 times by 
using PMS. In the melting process, heat conduction 
plays an important role for the PCM with PMS whereas 
the pure paraffin melting is dominated by natural con-
vection. Finally, it is found that high thermal conduc-
tivity PMS can drastically strengthen the thermal 
behaviour of PCM. The maximum enhancement ratio 
of PCM using a porous copper structure can reach 63%.

Righetti et al. [162] studied a novel LHTES system, 
consisting of PCMs embedded inside three distinct 
aluminum 3D periodic structures, with cell base sizes 
of 10, 20, and 40 mm and a porosity of 95%. Experimen-
tal results showed that the 3D structures process lower 
charging (up to 17%) and discharging (up to 38%) 
time. Moreover, the 10 mm base size structure has 
lower charging time, more homogeneous temperature 
distribution, and lower junction temperature than 
other samples relating.

Figure 11. Additive manufactured fins and extended surfaces: (a) Additive manufactured device with external and internal fins to 
enhance heat transfer [71] (b) Additive manufactured multi-tube device with an optimised fin configuration [16] (c) Additive manu-
factured optimised fin configuration for melting performance enhancement [160].
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Almonti et al. [163] utilised bio-based PCMs derived 
from agricultural wastes. Since each material stems 
from biological wastes has a varied latent heat and 
melting/solidification point, this research considered 
the diverse thermal properties of the chosen material. 
Specifically, two aluminum and two copper alloy struc-
tures with distinct pore dimensions were fabricated by 
stereolithography technique. Four PCMs (Pure Temp 
68, Crodatherm 60, Crodatherm 74, and Crodatherm 
ME29P) were melted and filled in the reticular structures, 
for a total of 16 combinations of integrated structures. 
The results demonstrated a 10% improvement in 
thermal storage/release for the copper reticular 
structure.

Recently, TPMS structures have gained attention in 
different areas. TPMS-based metal foam PCMs were 
numerically investigated by Qureshi et al. [29]. As 
shown in Figure 12 (d), three TPMS cells, namely 
Gyroid, IWP, and Primitive, were considered. By compar-
ing with the Kelvin-based foams, the melting time can 
be reduced by 31%, 40.3%, and 35.3% for the Gyroid, 
IWP and Primitive-based PCMs. Later, they investigated 
the effect of lattice porosity and functional grading 
[164]. Zhang et al. [165] designed nine lattices with 
diverse cell types (GR-gyroid rod, WR-IWP rod, and GS- 
gyroid sheet), cell sizes (4, 6.5, and 9 mm), and relative 
density (10–30%). They have proved the manufacturabil-
ity of SLM for porous structures. The main conclusions 
come out that the relative density has a dominant 

effect on heat storage performances, subsequently fol-
lowed by cell architecture and cell. Further, research 
on the optimal design of the TPMS-PCMs is expected 
in future work.

The high thermal conductivity of metal foam can 
increase the effective thermal conductivity and the 
overall heat transfer rate. However, the existence of 
metal foam inhibits the liquid salt motion, resulting in 
a minimised natural convection effect. Therefore, the 
metal foam pore density and distributions can be signifi-
cant parameters to be optimised.

4.2.3. Additive manufactured form-stable 
composite PCMs
Composite PCMs can be able to overcome the molten 
salt level challenges. The PCM devices have attracted 
attention in different fields including energy harvesting 
devices, buildings, and wearable devices [166,167]. 
Nofal et al. [168,169] developed an expanded graphite/ 
paraffin wax phase change composite, as illustrated in  
Figure 13 (a). The paraffin wax is initially melted and 
then impregnated into the inter-particle pores of 
expanded graphite through capillaries. These two 
materials were built at a micro-scale (50–200 microns) 
by a layer-by-layer SLS technique. Samples with 
diverse layers were fabricated and tested. Experimental 
results demonstrated the thermal conductivity in a 
range of 0.83–0.92 W m−1 K−1, and the latent heat in a 
range of 150–156 kJ·kg−1, showing the effectiveness of 

Figure 12. Impregnation of additive manufactured lattice structures: (a) Graded cellular design as thermal conductivity enhancer [26] 
(b) Periodic body-centred cubic cellular structures [27] (c) Periodic simple cubic cellular structures [28] (d) TPMS metal foam structures 
[29].
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the nonconventional manufacturing technique for fabri-
cating PCMs. The 3D printed composite PCMs were 
further used for the thermal management of lithium- 
ion battery cells [169].

Rigotti et al. [170] fabricated an innovative thermo-
plastic polyurethan (TPU) blend with encapsulated 
PCM using FDM technology. An effective energy 
storage and release capability was acquired in the 3D 
printed samples with a melting enthalpy value of 70 J/ 
g. In addition, the hard shells of the microcapsules 
have an improvement of stiffness and a reduction of 
the elongation at break. Freeman et al. [171] encapsu-
lated PCM into polymer filament using FFF technology 
(Figure 13 (b)). A composite containing 40% PureTemp 
42 by mass was mixed with high-density polyethylene 
(HDPE) and extruded to make filaments. Experimental 
results show that the TES capability of the composite 
filament effectively acts as if there is 31.8% of the pure 
PCM42. The phase change temperature of the compo-
site filament decreases compared with pure PCM42 or 
HDPE. Nonetheless, the thermal conductivities of the 
printed composites were decreased compared with the 
molded composite, due to air gaps formed during the 
printing process. Recently, Singh et al. fabricated PCM 
devices using FDM 3D printing [172]. A composite 
nylon-based filament with 69.0 ± 0.50 J/g latent heat 
was developed. This research demonstrates the 

integration of composite PCMs with complex geometri-
cal designs.

DIW is one of the most used 3D printing techniques 
for energy storage materials. Wei et al. [173] proposed 
a facile method to print PCM-filled inks by DIW tech-
niques. As shown in Figure 13(c), organic PCMs were 
used to optimise viscosities and thermal energy storage 
properties. The PCM beads were dispersed in acrylate 
resin and cured with UV light. By using the developed 
inks, the 3D printed house can maintain a 40% lower 
temperature compared with the houses without PCM. 
Recently, phase change based electronic packaging 
materials were developed by Feng et al. [174]. The com-
posite PCMs developed in this work contain 70% paraffin 
and a latent heat of 145.6 J/g. By adjusting the printing 
parameters, complex 2D and 3D patterns can be fabri-
cated according to the circuits structure.

3D printing offers a flexible way to integrate compo-
site PCMs into functional devices. One unique appli-
cation is phase change fabrics for wearable devices. 
Ma et al. [166] developed a series of 3D printable 
phase change polysiloxane networks with a temperature 
range from 24.9 and 53.6 oC, and latent heat from 24.9 J/ 
g to 125.3 J/g. By combining carbon fibre cloth, a phase 
change composite was fabricated for wearable devices. 
Yang et al. [175] developed phase change nonwoven 
fabrics by using single-walled carbon nanotubes 

Figure 13. Demonstration of additive manufacturing of composite PCMs: (a) SLS process of paraffin wax/expanded graphite [168] (b) 
FFF process of composite PCMs, and illustration of printed samples e.g. PCM42/HDPE and HDPE [171] (c) DIW process of the polymer- 
PCM composites [173].
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(SWNT). The 3D printed flexible sheets with 1 wt.% SWNT 
have a 0.52 Wm−1K−1 thermal conductivity and 65 J g−1 

latent heat.

5. Future perspectives

Additive manufacturing offers a new way to fabricate 
the next-generation energy storage devices. However, 
numerical modelling, material development, and per-
formance evaluation for AM processes in the energy 
storage field are insufficient. Figure 14 illustrates a multi-
scale digital and physical research roadmap for AM 
energy storage techniques. Relevant fundamental 
research using advanced numerical tools is scarce, 
especially an integrated framework considering digital 
design and manufacturing process needs to be devel-
oped. Future perspectives considering both digital 
design and physical AM processes are presented in the 
following.

5.1. Digital design

Digital design approach opens up the opportunity to 
automatically tailor the optimal parameters and 
configurations with the best performance. Process mod-
elling such as particle scale simulations can help to 

optimise AM processes and select appropriate par-
ameters. With a multi-physics numerical modelling 
approach, the inherent transport mechanisms of 
energy storage devices can be clearly understood. An 
integrated numerical framework of process-microstruc-
ture-performance will contribute to significantly redu-
cing the timescale of energy storage device design 
and manufacturing.

(a) Process modelling. Numerical modelling is useful to 
understand the inherent physical mechanisms and 
material interactions during AM. Process modelling on 
multiple lengths and time scales is a powerful tool to 
understand how the manufacturing parameters affect 
the final product quality. Powder bed based AM has 
been widely studied using numerical models such as dis-
crete element method (DEM), lattice Boltzmann (LB), and 
finite element analysis [177]. Manufacturing issues such 
as powder spreading, layer bonding defects, and melt 
pool dynamics have been studied [177,178]. The active 
powder materials used in energy storage devices have 
some unique physical properties such as adhesive 
forces, and particle shapes that need to be properly con-
sidered in numerical modelling. As most electrochemical 
energy storage devices are fabricated via the DIW tech-
nique, multi-physics numerical models in this field are 
necessary. The adhesion forces between layers, and 

Figure 14. Multiscale digital and physical research roadmap for AM energy storage techniques [27,74,129,135].
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the deposition of molten materials on the substrate 
need to be clearly understood considering different ink 
properties and process parameters [179].

(b) Design principle. The combination of digital design 
and additive manufacturing offers a new way for next- 
generation energy storage techniques. For the energy 
storage technique, the design principle needs to con-
sider the integration of material property, microstruc-
ture, and performance across multiple temporal and 
spatial scales [180]. Some design strategies were dis-
cussed in Section 2. The conventional device design is 
usually very time-consuming and through trial-and- 
error. For an energy storage device, the energy density 
and charge/discharge rate usually contradict each 
other. Take the lithium-ion battery as an example, 
energy density can be increased by thick electrodes, 
however, the rate performance usually decreases due 
to increased diffusion distances in thick electrodes. 
Therefore, advanced simulation methods considering 
multi-physical properties (mechanical, thermal, and elec-
trical) need to be developed to guide the design of func-
tional energy devices. The combination of multi-physics 
numerical modelling and data-driven design offers a 
powerful way for the next generation energy storage 
device design [180].

(c) Digital design and optimization strategies at the 
micro/nanoscale. Digital design and optimisation strat-
egies have been used to design materials in a micro/ 
nano scale. Zheng et al. fabricated octet micro lattices 
that showed exceptionally stiff, strong properties. The 
resulting hollow tube of micro lattices has a minimum 
thickness from ∼40 to 210 nm [10]. Topology optimis-
ation is commonly used to maximise the device perform-
ance. The multiscale topology optimisation approach 
has the advantage to optimise structural features at 
different scales [181]. Chen et al. [182] proposed a 
nano-topology optimisation approach that can design 
materials atom by atom. As hierarchical features at 
different scales commonly exist in energy storage 
devices, in future these complex 3D microscale/nanos-
cale structures need to be fabricated by using state of 
art micro AM techniques, e.g. projection micro-stereo 
lithography [183].

5.2. Additive manufacturing process

By using AM techniques, the functional devices with 
controlled compositions are manufactured in a facile 
way by avoiding the post-steps of assembly and packa-
ging. In the energy storage field, AM paves the way to 
fabricate devices with quick charge/discharge perform-
ance. The ink development and printing resolution are 
keys to advance energy storage manufacturing. In 

addition, cost-effective mass manufacturability is 
necessary in application to industry.

(a) Ink development. In this work, AM techniques with 
different physical processes are reviewed, as listed in 
Table 2. A proper selection of AM techniques according 
to the functions, printing accuracy, and material proper-
ties is needed. Take the electrochemical energy storage 
device as an example, DIW is a mainstream technique. 
However, most inks are in-house made with desired elec-
trical properties and viscosities. More efforts are still 
needed to develop inks containing active materials such 
as carbon, metallic oxide, and PCMs with sufficient stab-
ility and viscosity. Materials in solid forms such as micro- 
sized powders and filaments are commonly used for 
powder bed fusion and material extrusion AM processes. 
Therefore, the development of commercially accessible 
active material inks in solid forms is meaningful to 
widen applications of AM in the energy storage field.

(b) Printing resolution & Anisotropy. Currently, most AM 
systems can only produce features larger than a milli-
metre. Hierarchical structures containing multiple 
length scale pores are commonly used in energy 
devices. Traditionally, self-assembling and template 
approaches are used to tailor the pore size at the nano- 
scale. The micro and the nano-scale structures can only 
be achieved using specific AM techniques [22,184]. The 
development of multi-scale and multi-material AM is 
important to fabricate functional energy materials with 
hierarchical microstructures. By using the photopolymer-
ization process, hierarchical metamaterials with nano- 
scale features have been fabricated [10].

As additive manufacturing constructs 3D objects in a 
layer-wise manner, this results in anisotropic perform-
ances along different directions. These anisotropic beha-
viours are usually undesired. However, manipulating 
anisotropic structures via additive manufacturing to 
achieve desired functionalities has widespread emer-
ging applications in aerospace and tissue engineering 
industries [185]. It is worth further investigating the 
effect of anisotropic materials on the energy storage 
device performance.

(c) Scale up. The manufacturing cost of AM techniques 
for large-scale applications is also a big issue. Most AM 
processes are still on a laboratory scale, used for proto-
types and concepts. Development of high-speed, scal-
able AM processes is necessary. Economic analysis 
shows that the application of 3D printing for energy 
storage fabrication is still not a simple and economical 
strategy. For the thermal energy storage device, recent 
work has shown that the unit price ratio between the 
additive manufactured thermal enhancement technique 
and PCMs should be less than 6 as an economical 
solution [160].
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6. Conclusion

This review outlines the current application of AM tech-
niques in the energy storage field. Firstly, the digital 
design approach and mainstream AM techniques are 
discussed. Recent applications of AM techniques in the 
energy storage field such as lithium-ion battery, fuel 
cell, supercapacitor, and thermal energy storage 
systems are summarised. In the end, a discussion of 
future perspectives is given.

The optimised design of structured components can 
improve energy conversion and storage efficiency. The 
main digital design and optimisation strategies are dis-
cussed in this review, including lattice structures, natu-
rally occurring structures, topology optimisation and 
data-driven design. The AM technique offers a promising 
way to fabricate the optimised designs with unique 
properties. For energy storage applications, a proper 
selection of AM techniques according to the printing 
resolution and materials is necessary.

From future perspectives there are still some techni-
cal challenges that need to be tackled: 

(1) Rationale design approach development. Complex 
multiphysics exists in energy storage systems. The 
device performance is highly dependent on material 
compositions, microstructure design, and manufac-
turing parameters. A digital workflow with sophisti-
cated numerical models needs to be developed to 
optimise physical AM processes and microstructure 
design.

(2) Ink material development. Commercially available 
ink materials used for high-resolution AM tech-
niques need to be further investigated. Take 
lithium-ion batteries as an example, DIW is mainly 
used to fabricate multiple-layer energy storage 
devices. New ink formulations with improved prop-
erties need to be further developed that can be 
applied to the material extrusion process.

(3) New AM process development. There are various AM 
techniques as listed in Table 2. In most cases, a 
certain printing process can only be used for 
specific purposes. For the commercial viability of 
AM energy storage systems, one key issue is econ-
omic efficiency. New AM processes with a wider 
application scope and mass manufacturability are 
expected to be developed.
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