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Abstract 

Electrochemical forming (or electroforming), is gaining recognition as an additive and 

sustainable manufacturing process. Electroforming could shape part of the fourth 

industrial revolution through thoughtful and systematic modelling. For this to be useful, 

efficient simulation of the electroforming process in 4.0 era should be used as a tool to 

design, test and propose optimised processes. Emphasis should be put on building models 

that provide new information about the electrochemical systems under investigation or 

lay the groundwork for innovative applications and provide the industry with options to 

update obsolete process models currently in use. This will lead to a decrease in process 

waste, lower inventory needs, perhaps meet environmental regulations and optimise 

supply chains. In this review article, key studies on modelling electroforming processes 

are critically reviewed against this framework. The authors suggest some useful 

modelling approaches using commercial software. 
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I. Introduction 

 

Since “Industry 4.0” concept was first introduced to public in 2011 [1], the most 

competitive industrial manufacturers have been trying to enable high volume and low 

cost of industrial manufacturing, while ensuring high quality and sustainability [2]. 

Amongst these technologies, additive manufacturing (AM) processes are gaining ground 

[3], due to their potential to transform production of parts for the "low-volume / high-

value" industrial sectors, such as the aerospace and marine industries.  

 

One of the most appealing characteristics of AM techniques is the producer-client 

relationship that could be enabled through data transfer. The extensive use of software 

tools provides both customers and producers with the ability to digitally preview the 

customised product, enabling efficient design of tooling and production [4]-[8]. 

Moreover, the development of new products could move at a faster pace, providing 

industry with the ability to manufacture novel products of complex shapes and geometries 

[3], such as those encountered by electroforming. 

 

The optimisation of the electroforming processes (Figure 1) mostly relies on empirical 

knowledge, which currently constrains transformation into high volume manufacturing. 

However, the construction of reliable modelling tools to simulate electroforming 

processes could enable this to happen. Starting from the study of the system’s geometry, 

developing an accurate picture of process chemistry and electrode kinetics, and including 

other transfer phenomena could provide a reliable model to reveal the process’s inherent 

weaknesses and strengths. Such a tool could also play an important role in understanding 

the critical mechanistic steps during electroforming, which, for many metals e.g., nickel, 

have still to be thoroughly studied and understood [5]. Thereby, well-designed modelling 

tools can prove to be a significant asset in the effort to optimise electroforming. In the 

forthcoming section the authors identify some of the key modelling investigations in this 

regard. Although key studies -as per the authors’ opinion- are presented here in an effort 

to follow the developments and progress that has been made in modelling the 

electroforming process, discussion focuses on more recent studies, while some key earlier 

investigations are discussed for chronological coherence. 
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II. Key modelling studies of electroforming 

 

The interest in simulating the electroforming process is not a demand of modern times. 

The first numerical studies of the process made their appearance in the 1970s. Since then, 

electroforming has only been studied occasionally, in parallel with the rapid 

developments in computational sciences. However, an increase in interest in this process, 

its applications and the ability to model more rigorously has been observed only during 

the last decade. In particular, electroforming leads to a change in shape of the reacting 

surface and modelling these changes can be challenging. In the interim, experimental 

studies of this process have been carried out in a more systematic manner, providing data 

that allow the development of well-educated modelling tools.  

 

To allow for a better understanding of the studies presented in this work, three concepts 

need to be briefly explained. There are three classes of current distribution that need to 

be considered during the design of any electrochemical cell: the primary, secondary and 

tertiary current distributions. Each one of these describe different approximations 

regarding the solution resistance, electrode kinetics and mass transport.  

 

The first one, primary current distribution, occurs in a system where reaction kinetics 

and mass transfer are fast, and the process therefore is controlled solely by issues arising 

within the bulk solution. Consequently, primary current distribution considers potential 

losses due to solution resistance which is solely dependent on the cell geometry. 

Secondary current distribution is the case where the effect of electrode kinetics start 

hindering the reaction rate. In this case, reaction kinetics are added on to that described 

by primary case. Lastly, tertiary current distribution, which accounts for variations in 

electrolyte composition due to mass transfer effects incorporates all three aspects. This 

necessitates the inclusion of other ions and electro-active species in the electrolytic 

volume, as well as the ionic strength of the electrolyte.  

 

In effect, these three levels capture the controlling influences during reaction at a 

surface, the first being where reaction rates and material transfer do not hinder, the 

second where kinetic impediments are experienced, and the third where transport 

limitations are encountered. Although, it is true that a full model should always include 
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all three limitations, more often than not, one of the three processes can be dominant. 

In addition, it is difficult to predict which of these effects dominate at a particular 

current density. A full analysis often builds the model layer by layer, which reveal the 

effect of each of these reactor and reaction aspects. Some of the key modelling studies 

of the electroforming process discussed below have attempted to understand these very 

aspects in practical terms. 

 

In one of the first models ever proposed, J.A. McGeough and H. Rasmussen [6] suggested 

that thickness uniformity is achieved when the current efficiency for deposition is 

different and less than that for dissolution. Even though longer electroforming processes 

seemed to favour more uniform, thick deposits, it was also highlighted that there is a 

threshold in the duration of time intervals between deposition and dissolution to enable 

good uniformity. One other important point made by the authors was that more 

experimental studies on the effects of overpotentials should be carried out before 

numerical solutions can describe the actual process.     

Regardless of the various approaches tested in the following years, two numerical 

techniques have been prevalent: the level set method (LSM) [7]-[14] and the finite 

element method (FEM). The latter has been the favoured by researchers due to its 

flexibility in combining different theoretical models to solve various boundary problems.  

 

In 1978, Bergh and Alkire [8] applied FEM to study shape evolution during 

electrodeposition, concluding that the application of the method should be pursued further 

to allow modelling of complex electrochemical systems. Later on, Deconinck et al. [9] 

[10] introduced the boundary element method (BEM) to model evolving electrode 

profiles when non-linear boundary conditions are in place. Among their findings, a 

relation between electrode shape changes and reactor dimension for different angles 

between the electrode and an adjacent insulator was established. In electrodeposition 

systems most reactions, shape evolution, and transport effects are concentrated at the 

boundaries, and hence, BEM can be a more optimal technique.   

 

Masuku et al. [11] applied FEM in 2002, to develop, compare and validate 2D and 3D 

models of an electroplating process based on industrial data using ANSYS simulation 

software. Maybe the most significant finding from their studies was the 3D nature of the 
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current flow between the electrodes, which, in turn, reduced the electrical resistance in 

the electrolyte and increased the current (for the same applied potential) when compared 

to the 1D and 2D models. By validation through experiments, they established that 2D 

modelling is not reliable when it comes to simulation modelling of industrial processes. 

 

The direct dependence of thickness uniformity on current distribution was clearly 

proposed by two studies in 2004 and 2008, where the effect of the system’s geometry on 

the current uniformity was the main parameter linked to the current’s distribution profile. 

Oh et al. [12] reported how changes in the electrode size and shape, the distance between 

the anode and cathode, as well as the electrolyte agitation velocity affect the uniformity 

of the deposition. Yang et al. [13] highlighted the increase of current density at 

protuberances on the cathode, suggesting that higher thickness would be obtained there. 

The use of a conformal anode was proposed as the solution to the problem while, 

optimisation of both the system geometry and conformal anode profile was suggested as 

the way to achieve uniform current distribution.  

 

It was the study of Behagh et al. [14] that went the extra mile and successfully developed 

a 2D model which could simulate the thickness, as well as the primary and secondary 

current density during nickel electroforming of a revolving part. They proposed a linear 

correlation of the electroformed part’s thickness and primary current density. A better 

agreement between thickness distribution and secondary current density distribution was 

proposed for nickel electroplating from nickel sulphate solutions.  

 

A year later, a comprehensive modelling study of an electroplating process was presented 

by Belov et al. [15]. In this study, a model that combined tertiary current distribution with 

Butler-Volmer kinetics and computational fluid dynamics (CFD) at very low flow rates, 

was used. A less complicated model based on secondary current distribution was also 

employed to investigate the correlation between the electrolyte conductivity and the 

throwing power of the process. A side-investigation of the effect of the different process 

parameters on the plated parts’ thickness was also conducted. The simulation suggested, 

among other observations, that experimental polarisation curves could play an important 

role in the reliable retrieval of charge transfer coefficient data. Careful design of 

supporting polarisation experiments was recommended for realistic modelling results. 
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Another significant suggestion arising from the model was the fact that mass transport 

phenomena need inclusion for accurate thickness prediction at the parts’ edges. 

 

More recently, Mahapatro et al. [16] used COMSOL Multiphysics® to model copper 

electrodeposition on cobalt-chrome alloy. Regardless of the general agreement between 

their experimental results and model, they experimentally observed lower thicknesses at 

lower current densities and higher thicknesses at higher current densities than those 

suggested by the model for both cases. This was attributed to the formation of an 

electrochemical double layer which, even though it affects ion diffusion, was not taken 

into account by the model. The incorporation of informed input parameters was suggested 

for model optimisation following additional experimentation.   

 

Finally, the recently published work of Heydari et al. [17] presents the most promising, 

to the authors’ opinion, approach of modelling the electroforming process in the industry 

4.0 era. Based on observations of an experimental electroforming process of copper on 

an aluminum conical rotating electrode, COMSOL Multiphysics® was used for the 

development of a model that describes electrodeposition in the system. The authors of the 

paper concluded in the result that such a commercial software can be used successfully 

to efficiently describe the real process and generate results in good agreement with the 

experimental ones. Even though no breakthroughs were reported in this study, its 

significance lies in the systematic approach of developing the model proposed by the 

researchers. 

 

 

III. Today’s challenges 

 

The main challenges in modelling a process are to determine the critical parameters and 

key steps needed to describe a process. Recent developments in computational sciences 

and rapid increase in computational power allows both academia and industry to develop 

models – which may not be representative of the process due to incorrect use of 

parameters as well as inadequate validation. The authors of “Useless Arithmetic: Why 

Environmental Scientists Can't Predict the Future” [18] point out, “…there is more to 

models than mathematics. There are parameters such as …, and many other factors that 
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make natural processes work. And each of the parameters is represented in a model by 

simplifications and assumptions. This is the point at which the mathematically challenged 

among us can evaluate models and even question the modelers.”. In other words, a model 

will always be able to calculate a result; the important question any researcher or engineer 

should ask themselves is, whether the input parameters are the correct ones, and how 

would the results be validated against independent experiments. Without such rigour 

models may turn out to be sterile.  

 

The usefulness of electroforming models is to capture the geometry, shape and size at full 

scale, whilst retaining the near-surface phenomena occurring at the boundaries. In effect, 

models must represent the simulated systems and processes as closely on one hand, and 

the size and shape at the mandrel or reactor scale is needed. On the other hand, reactions 

at the electrodes, growth behaviour at surfaces, which may be controlled by processes at 

the micron or nano-meter scale, have to be included.  Especially, when the numerical 

methods used are dependent on space discretisation, like the boundary and finite element 

methods, geometry can play a significant role. The challenge for an industrially applicable 

model is dependent on the use of optimised mesh spacing and using appropriate 

convergence criteria and routines. In the following sections we delineate the task 

breakdown for the formulation of electroforming model.  

 

 

3.1 Input Parameters 

 

When an electroforming process has to be modelled, obtaining the system’s physical and 

electrochemical parameters from experiments should be attempted first. The 

electrochemical properties of the system need to be mapped and their effect on the 

chemistry of the process needs to be analysed. Model input parameters include electrolyte 

characteristics such as pH, electrolyte conductivity, reactions occurring at the cathode and 

anode, their kinetic behaviour, as well as reversible (or open circuit) potential and 

transport information such as limiting current and mass transfer coefficients. 

 

 

3.2 Model Equations 
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The second step for modelling purposes is describing electrode kinetics. While there are 

several methodologies, for accurate modelling secondary or tertiary current distributions 

are needed (in almost all cases). The mathematical description of electrochemical systems 

for complex, non-linear problems, can only be numerically solved by applying strict 

boundary conditions and approximations. The most commonly used approach is the 

potential theory, according to which Laplace’s equation governs the potential behaviour:  

 

        𝛁𝟐𝜱 = 𝟎      (1.1) 

 

where, ∇= 𝐢
𝑑

𝑑𝑥
+ 𝐣

𝑑

𝑑𝑦
+ 𝐤

𝑑

𝑑𝑧
. The inverted del operator (∇) in equation 1.1 represents 

differentials in the i, j and k directions, where i, j and k are vectors) and 𝛷 is the electric 

potential.  

 

For insulators and symmetry axes, the boundary conditions are described by equation 

(1.2) below: 

 

                    
𝜕𝛷

𝜕𝑦
= 0      (1.2) 

 

where, 𝑦 is the distance from the boundary’s surface. In the basic case of primary current 

distribution, both the anode and cathode are unpolarised, and the boundary conditions on 

the electrodes' surfaces are described by equations (1.3) and (1.4):  

 

        𝛷𝐴 = 𝛷      (1.3) 

                                                              𝛷𝐶 = 0                               (1.4) 

 

Electroforming of nickel usually takes place under kinetic control, and hence a secondary 

current model, incorporating accurate nickel deposition kinetics is needed. Although 

several mechanisms have been proposed for nickel deposition [19]-[36], it is unclear if 

they are valid for nickel electroforming. For example, most kinetic studies focus on the 

initial stages of Ni2+ reduction, whereas electroforming of nickel proceeds at much higher 

Modelling the electroforming process: significance and challenges



9 
 

current densities. Our own earlier review highlighted a variety of unresolved issues 

regarding nickel [5].  

 

The lack of clarity around such specifics also doesn’t allow one to understand if the results 

of a model describe a particular electrochemical process. Often, modellers use kinetic 

data from literature which may not be relevant to the process. This can affect further use 

and interpretation of the model results. The norm is to use electrochemical models using 

standard libraries of parameters accepting their applicability to any system under 

investigation. As a result, rough assumptions are usually introduced regarding the kinetics 

affecting a process. Indeed, only a limited number of already widely studied 

electrochemical systems are repeatedly discussed (e.g., sulphate baths but rarely 

sulphamate baths for nickel electroforming) and it is common that variations between 

experimental and modelling data go unexplained.    

 

 

 

3.3 Material Properties 

 

A complete model would provide how the system’s electrochemical properties and the 

process parameters would affect the surface or mechanical property of the deposited 

material. Even though it has been reported that mechanical characteristics of 

electroformed parts [20] or tensile strength are influenced by current density [21] , as well 

as by increasing translational speed of moving mandrels [22], these aspects have yet to 

be incorporated into models. Although there is a recognition that additives can change 

deposit grain size and texture (and thereby mechanical properties) [23]-[44] there are no 

governing equations correlating them with deposit kinetics and growth.  

 

Nickel electroforming from sulphamate electrolytes, even though carried out far below 

diffusion limitations, is also characterised by the formation of dendrites as shown in 

Figure 2. Although mathematical models can describe the growth of dendrites under 

diffusion limiting conditions [24]-[49] and their shape evolution [25]-[53], for Ni 

electroforming it may be important to determine how the situation can be ameliorated. 

For example, (a) if one were to identify if there is a particular current density where 
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dendrite growth commences (Figure 3), (b) if this current could be changed by using 

additives, and (c) how these model results can be validated, better deposits could be 

obtained. In addition, the scale-up of such models, which are set at the micron level, to 

the reactor level, which is 106 times larger, needs focus on multi-scale modelling and 

experimental validation.  

 

 

 

IV. Modelling Software 
 

Although models for electrodeposition have been developed by several groups, ANSYS, 

Elsyca® and COMSOL Multiphysics® are some of the better-known commercial software 

for simulating electrochemical systems and processes. The goal here is to provide a brief 

presentation of what the authors, as software users, believe to be the advantages and 

disadvantages of these off-the shelf systems. Elsyca® was founded in 1997, with the 

aspiration to “leverage the electrochemical knowledge through software simulation tools 

and engineering services” (https://www.elsyca.com/about, 28 January 2021). The 

software brought together the advantages of computing power and the underlying 

principles of electrochemical systems [26]-[59]. In the earlier versions, geometries of 

significant complexity could be created using the built-in design tools. Current versions 

of Elsyca® provides the facility of dropping a 3D CAD drawing of a mandrel into an 

electrochemical reactor allowing one to calculate current density and thereby, the shape 

evolution during electrodeposition under primary, secondary and tertiary current 

conditions [27]. However, the robustness of the results depends on the accuracy of input 

parameters, which needs laboratory data, which apparently can also be determined by the 

company as a service (https://www.elsyca.com/solutions/material-characterization, 28 

January 2021). 

 

COMSOL Multiphysics® is a simulation software that uses finite element analysis to 

solve numerical and design problems deriving from any engineering sector, especially 

those involving modelling of physics, acoustics and fluid dynamics. COMSOL includes 

an electrodeposition module which can be employed for electroforming simulations. 

COMSOL Multiphysics® retains the reactor “creation” by the user or via importation of 
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CAD models. The software interface makes it easy to declare the reactor’s boundaries 

and initial parameters, insert material characteristics, as well as monitor and control 

various parameters.  

 

The desirable user freedom is also provided when it comes to setting up the discretisation 

of the problem since controlling the mesh for each problem is straightforward. Users can 

use either one of the default meshing options provided or define their own mesh from 

scratch. An example of a customised mesh spacing is shown in Figure 4. The ability to 

customise the mesh allows the user to control the number, size, shape and quality of 

elements. Detailed, fine discretisation can be applied locally only on areas of the 

geometry which are of interest, allowing that way the minimisation of the total elements 

used throughout the domain and thereby, the time needed for the calculations to be 

completed. As a general comment, whether different meshing approaches affect the 

convergence of a model and/or change, more or less, the duration of the calculations, 

depends on the geometrical characteristics and the electrochemical behaviour of each 

application. From experience, simpler geometries and processes can be less affected by a 

non-optimised mesh than complex ones.  

 

As for the core calculations, COMSOL Multiphysics® provides the user with complete 

physics interfaces and equation libraries while, the ability to link different physics 

interfaces can significantly increase the computational efficiency of a model. Every time 

a new interface is added to the model the user has to determine specific physical 

parameters and boundary conditions related to the corresponding physics. Then the 

interfaces are automatically related through a “link” command.  

 

Regarding post-processing, the generated results can be presented in a tangible manner 

rendering COMSOL Multiphysics® ideal for use by industrial teams due to its user-

friendly interface and comprehensive way of data presentation. The software can generate 

graphs, tables, images and 2D or 3D representations ready to be implemented in reports, 

or even produce whole reports ready to be circulated amongst colleagues. At the same 

time, numerical data can be exported and be imported to data analysis software for further 

manipulation by the user. One other important aspect of the software is its ability to 

visualise the shape evolution during electrodeposition through a “deformed geometry” 
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interface. When this is applied to solid domains, any deformation of the boundary is 

assigned to material addition or removal along that boundary. The addition or removal of 

mass is recognised through corresponding changes in the total volume of the domain. 

   

Through appropriate use of the software, thickness uniformity of deposits can be 

predicted and undesirable dendritic growth during electroforming could be reduced 

through modifications of reactor geometry. Simple changes in the geometry of a 

production setup are often more preferable in industry compared to adjusting 

electrodeposition and/or other transfer phenomena. This way, problems which are 

considered complex to solve, practically and computationally, could be converted to more 

manageable, tangible design problems.   

 

The prominent challenge for a new user is the steep learning curve of using such software. 

Since COMSOL Multiphysics® is a commercial software, it is reasonable that every user 

is dependent on the documentation available by the software provider and training 

provided. Focused full time attention for 6-5 months may be necessary for a user to 

develop in-depth understanding and proficiency needed to implement an informed 

process tool. The electrodeposition module has limited documentation, even though there 

is an impressive tutorial library providing models for a variety of case studies. Notably, 

there is limited information about the steps to be taken by a user leading to those models. 

If this is considered in combination with the fact that the user does not have access to the 

actual computational solver (“the code”), reaching a reasonable level of confidence can 

be a challenge.  

 

The second issue is the fact that this software is a multiphysics software and including 

solution and electrode chemistry can be an issue. Since input parameters need physico-

chemical and kinetic data, good results are dependent on the availability of good 

electrochemical knowledge and facility. Even though the model and principles for 

including chemical principles are incorporated, the problem is that using untested and 

inappropriate input data can provide an incorrect result. 

 

Last but not least, it is important to mention that neither of the modelling software 

discussed above, were developed to focus solely on electroforming processes. In 
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COMSOL Multiphysics® the user has to work within the general “Electrodeposition 

Module”, approaching the modelling of the electroforming process as that similar to other 

electrodeposition processes. With Elsyca®, on the other hand, the user is allowed to work 

more freely, given the ability to build the mathematical model themselves and modify it 

according to their needs. In effect, both software provide a route to compute 

electrodeposition rates at different points of the cathode; the computations are then used 

to calculate thickness at those points, and the shape evolution is calculated from those 

values.  

 

Even though both these approaches can be used to for model an electroforming process, 

having a modelling software or module dedicated to electroforming would be more 

efficient. Since the main difference between electroforming and any other 

electrodeposition process is that electroforms products require differing thicknesses at 

different points, a modelling software with good visualisation of shape evolution and 

geometry evolution throughout the duration of the simulation would be needed. In 

addition, electroforming requires longer duration, and therefore models need to be able 

carry out long term calculations, which needs intelligent ways for changing boundaries, 

re-meshing strategies, and track the evolution of deposition rates and corresponding shape 

changes.  

 

 

V. Outlook 

 

Electrochemical forming is a chemical additive process to manufacture a variety of niche 

components. Its capability has been exploited in micro-manufacturing as well as “heavy 

industry”, such as aerospace. As the “Industry 4.0” era unfolds, there is a need to develop 

models for electroforming which are based on electrochemically sound data. In order to 

do this, physical and electrochemical parameters for modelling purposes should be 

determined first, followed by rigorous modelling studies. For modelling to be useful, 

parameters which could play a significant role in process optimisation should be 

examined, followed by continuous cross-validation through appropriate measurements. 

Through that way a model can be a valuable aid, allowing predictability in tooling, 

piloting and manufacturing in a reliable manner.  
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