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Abstract 

Additive manufacturing, also known as 3D printing, has gained tremendous importance 

in recent years. One of the areas where additive manufacturing is particularly useful is 

in the fabrication of electrodes. Electrodes are an important component of a wide range 

of applications, including electrochemistry, biomedical engineering, energy storage, 

analytics, electronics as well as life sciences. Traditionally, electrodes have been 

manufactured through costly processes such as etching, electroplating or cutting and 

milling. Additive manufacturing offers a new way to fabricate electrodes by depositing 

materials layer by layer (Yap et al., 2015). This opens up new possibilities for designing 

electrodes with complex geometries and structures that would not be possible using 

conventional methods. As a result, 3D printed electrodes are gaining interest in fields 

such as electromobility, water disinfection, manufacturing, and life sciences, which will 

be presented in this paper. 

Introduction 

The purpose of this paper is to provide an overview of several innovative applications 

where 3D printing is, or could be, used in the manufacture of electrodes. Since 

electrodes are mostly metallic, this work focuses mainly on applications where selective 

laser melting could be used. There are other 3D printing techniques that would also be 

applicable, but they are not the focus of this work. These are among others fused 

filament fabrication (FFF), printing of conductive materials or post-processing of regular 

filament prints, binder jetting and sintering and direct metal laser sintering (DMLS). 

Selective Laser Melting (SLM) 

Selective Laser Melting (SLM) is a technology that can be used to create three-

dimensional metal objects. This process uses a layer-by-layer approach to 

manufacturing. At the beginning of the process, a thin layer of metal powder (pure metal 

or alloy) is deposited on the print bed. Then a laser, directed by a galvo mirror system, 

melts the metal powder locally where a 3D object is to be built. The print bed is lowered 

by the height of one layer before this process is repeated layer by layer to form a 3D 

object. This allows for overhangs, bridges and complex internal structures that would 

not be possible with 2.5D milling or subtractive manufacturing. As many SLM printers 

allow recycling of excess powder, the process is environmentally friendly compared to 

conventional manufacturing techniques. To enable recycling, the formation of metal 

oxides must be avoided, so the printing process is performed under inert gas. This also 

prevents burning and combustion effects. 

292



The manufacturing process is also easier to learn and automate than traditional 

techniques. These factors, along with the freedom of design, are why this process is 

widely used in prototyping and lightweight manufacturing. (Yap et al., 2015) 

Electric Field Forming Applications 

The applications of electric field forming, 3D printed electrodes could be divided into 

two categories: life science applications and electronics applications.  

Application in Electronics and Fabrication 

Starting with electronics, there are already many applications using 3D printed parts, 

such as printing entire circuits using conductive filaments on an FFF 3D printer (Nassar 

& Dahiya, 2021). This makes it possible to better fit a circuit board into small spaces 

with special requirements. These applications are compact and flexible in their use 

cases. Other applications in this area include the fabrication and tuning of specific 

millimeter-wave antennas, as demonstrated by Zhang's research team (Zhang et al., 

2016). 

Besides applications in electronics, there are several applications for 3D printing in 

electrochemistry, as Browne's team reports. In addition to developing energy storage 

based on supercapacitors and batteries, there are prospects for creating energy 

conversion systems based on 3D printed electrodes for water splitting applications. 

Since SLM 3D printed electrodes have higher conductivity, they see more opportunities 

in using them over FFF printed electrodes. (Browne et al., 2020) 

There are technologies that are highly dependent on the shape of the electric field. Even 

though they used subtractive manufacturing fabricated electrodes in their research, 

their work could be extended and followed up by using 3D printed electrodes because 

they have more freedom of shape. Two of these technologies are plasma forming and 

electrodeposition. In plasma forming, 3D electrodes were used to improve NOx removal 

(Takaki et al., 2004). In electrolytic deposition, the thickness of the deposited material is 

directly dependent on the strength of the electric field. The so-called "dog-bone effect" 

has been used in reverse to influence the deposition by structuring the electrode, which 

changes the electric field as to be seen in Figure 1 (Döhler, Böhme, Geissler, et al., 2022; 

Döhler, Böhme, Neumann, et al., 2022). To extend this work, a 3D-printed electrode can 

be evaluated that offers more possibilities in shaping the electric field. 

Another technology based on the electric field is EDM (electrical discharge machining), 

which is used to create negatives of 2.5-dimensional electrodes, even with high aspect 

ratios. The use of 3D printed electrodes is already state of the art for complex structures 

that can't be produced by subtractive manufacturing. Different 3D printing techniques 

are used for this process in the literature, including an FFF process combined with 

washing and sintering (Bordón et al., 2022) or a DMLS process comparable to the SLM 

process (Reddy et al., 2020). 
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Figure 1: Simulated density function of electric field lines as a function of electrode shape. The results show 
the usefulness of the electrode shape for applications where electric field tuning can be exploited. 
(Simulation in Comsol Multiphysics, Module Electrodeposition) (Döhler, Böhme, Neumann, et al., 2022) 

Application in Life Sciences 

With 3D printed structures already being studied and tested for bone-replacement 

implants in the human body (Chacón et al., 2022; Luo et al., 2018), the idea of using 3D 

printing in other life science applications does not seem too far-fetched.  

Many of these life science applications have been performed by Pumera's research 

group, which has demonstrated improvements in biosensing applications using a helical 

metal 3D-printed electrode (Ambrosi et al., 2016). Using this type of electrode, 

promising qualities could be shown in measuring the electrochemical properties of 

samples in solution of metal ions such as Pb and Cd (Lee et al., 2017) and biomolecules 

such as phenols (which are found in plastics, pharmaceuticals, dyes, etc.) (Cheng et al., 

2017), acetaminophen (also known as Paracetamol) and the neurotransmitter dopamine 

(Liyarita et al., 2018).  

Similarly, 3D structured electrodes can be used to remove pollutants in water using the 

electrocoagulation process. This process dissolves metal hydroxides from the 

electrode, which bind and precipitate most substances in the water. Research has 

shown that the efficiency of this process depends on the shape and surface structure 

of the electrode (Khandegar & Saroha, 2016). Therefore, the shape of printed electrodes 

can be further improved to maximize the efficiency. 

Cooling Applications 

In addition to field forming applications, cooling applications can also be divided into 

electronics and manufacturing applications and life sciences applications, which appear 

to be in the minority in this case. 
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Application in Electronics and Fabrication 

Since 3D printing has the ability to form internal structures in addition to external 

structures, it is possible to use it for complex cooling channels, which will be the focus 

of this section. The applications presented aim to improve the efficiency and/or lifetime 

of electrodes by improving existing cooling channels. 

The basis for this cooling application was created by cooling batteries with Tesla valve 

structured cooling channels, which results in a lower temperature gradient and therefore 

better cooling performance (Monika et al., 2021). Combining such cooling structures 

with battery electrodes could further improve efficiency, which would be important for 

applications in electric vehicles. 

Cooled electrodes have been shown to increase the lifetime of production electrodes in 

electric discharge machining and welding (Hirsch & Leibovitz, 2019). While water-cooled 

welding electrodes have been commercially available for some time, cooled EDM 

electrodes are still a research topic. The integration of a simple cooling structure for use 

with liquid nitrogen has been shown to reduce tool electrode wear by up to 27% 

(Abdulkareem et al., 2010). A combination of such electrode cooling with Tesla mixing 

structures and conformal cooling channels through additive manufacturing is expected 

to provide a greater overall reduction in electrode wear. 

Application in Life Sciences 

In addition to field forming applications, there are life science applications for cooled 

electrodes. An important example is water-cooled electrodes for radiofrequency 

ablation (RFA). This technique is used to destroy cancer cells inside the living organism 

using high-frequency currents. By cooling such electrodes, secondary indirect damage 

can be avoided (Shi et al., 2019). There are also cooled wet electrodes that additionally 

deliver saline into the body to increase the coagulation volume (Miao et al., 2000). All of 

these features could be included without the use of 3D printing, which raises the 

question of what further improvements in cooling capability and functionality could 

actually be achieved with 3D printing. 

Conclusion 

This paper provides an overview of three-dimensional electrodes, their use cases and 

future opportunities. These include millimeter wave antennas, applications in 

electroplating and plasma, biosensors and EDM, as well as various cooling implications 

to improve the lifetime and efficiency of electrodes or secondary damage in RFA 

applications.  In addition, electrodes with high surface-to-volume ratios and flow-

through characteristics can be produced. Therefore, future use may focus on 

applications in hydrogen catalysis and flow-through reactors for sensing and 

temperature control. 
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