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Abstract 
 

The purpose of this study was to simulate the liquid flow rate distribution in the etching 

modules and find the optimal setup in order to achieve a distribution as homogenous as 

possible. The commercial software Matlab 2015a has been employed for all the numerical 

simulations. 

The optimization has been carried out varying several parameters, i.e. spray cross sections 

of the nozzles, the oscillation parameters, the rotating angle of the nozzles within etching 

module 1 and the nozzle arrangement inside the modules. Furthermore, the optimization has 

been carried out separately along the two directions of the modules. 

The results achieved computationally have been validated via experimental procedures. 

During this study a specific experimental setup has been developed in order to be able to 

compare experimental and computational results. 

The validation process has shown that the computational method matches the 

experimental results to a good extent. The experimental liquid distribution in etching module 

2 widely matches the simulations to a quantitative extent, while the one in etching module 1 

provides the same qualitative but different quantitative results.  
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1. Introduction 
 

Machining processes are extremely important to create components of specific 

dimensions. Among these processes, photochemical machining (PCM) plays an important role 

in manufacturing products with fine and complex geometries, when no residual stress has to 

be caused into said products. This is the case of producing the pieces related to this work. 

The main steps in PCM are lamination, illumination/development and etching. Lamination 

is the step where the photoresist is applied on a metal sheet. Illumination/development are 

the steps where selected areas of the photoresist are exposed to UV lights and afterwards 

washed away, in order to make certain areas of the metal sheet exposed. Finally there is the 

etching reaction, where an acid attacks and reacts with the exposed areas of the metal sheet 

to produce components with desired shape and dimensions. 

The etching solution is sprayed and atomized by specific nozzles which are arranged inside 

modules. This Thesis analyzes with computational tools how the etching solution is sprayed 

and distributed within the etching modules. The results of the simulations will provide 

solutions to improve or speed up the reaction and will be then tested in the R&D etching line 

to understand whether the computational model matches experimental data. The validation 

step is fundamental in order to provide higher reliability to the computational model and its 

results.  

In recent years, there has been a higher interest in PCM. It is a process widely known for 

years in industry, whereas outside a limited number of companies there was not so much 

knowledge about it. Allen called it as “the manufacturing’s best kept secret”. Nowadays, it is 

still not available so much literature about it; however, mostly due to Mr. Allen’s work and the 

institution of the “Photochemical machining institute (PCMI)”, knowledge regarding PCM can 

be more easily found.    

This Thesis is organized into chapters, whose structure is as following: 

- Chapter 1 is the present introduction, which provides a general overview of the Thesis; 

- Chapter 2 is the problem statement, where goals and needs for the study are 

explained; 

- Chapter 3 proposes the theoretical background of the study, which is fundamental to 

understand how the study has been carried out and how certain choices have been 

made; 

- Chapter 4 and 5 presents the materials and methods used in order to get the results, 

i.e. the characteristics of the etching modules, the nozzles and the computational 

tools;  

- Chapter 6 presents the results of the simulations run in Matlab and discusses them; 

- Chapter 7 presents the experiments run in the R&D etching line in order to validate 

the computational results showed in Chapter 6; 

- Chapter 8 states the conclusions of the study and provides suggestions for future 

works.  
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2. Problem statement 
 

PCM is a core technology inside the Company for producing specific pieces. Due to the 

high performance standard and the tight tolerance of specific pieces required, it is extremely 

important to increase the fundamental understanding of the process for further product 

developments.  

The present study has the goal to study computationally the distribution of the etching 

medium inside the modules. Moreover, a further goal of the study is to find the optimal setup 

of the nozzles used in the etching process in order to have a liquid distribution on the metal 

sheet as homogeneous as possible. The liquid distribution has been treated as flowrate per 

unit area and the simulations have been run with Matlab 2015a. The computational results 

will be then tested experimentally to understand whether the computational model matches 

experimental data.  
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3. Theoretical background on PCM 
3.1. Classification 

 

Photochemical machining (PCM), also known as photochemical milling or photo etching, 

is a chemical material-removal process and it is classified as a non-traditional machining 

process. PCM exploits chemical etching, which is essentially a fast and controlled corrosion 

reaction, to produce components of specific dimensions out of a sheet. The specific 

dimensions of the produced components are controlled by a photoresist layer which is applied 

on the sheet.  

A flowchart that shows the classification of material removal processes and the position 

occupied by PCM is presented in Figure 1. 

  

 

Figure 1: Classification of material removal processes. 

Material removal processes aim to take away the material in excess from the work piece 

in order to achieve the desired final dimension and shape. “The material removal process 

family” is divided according to Sekeran (2015) into the following groups: 

1. Conventional machining, the most commonly used branch in industry, provides a sharp 

cutting tool which cuts the work piece in order to obtain the desired characteristics. 

These processes are automatic due to numerical control. The most important 

processes are milling, turning and drilling; 

2. Abrasive processes, which consist in cutting mechanically the work piece through the 

application of abrasion by several hard particles. Here each particle works as a small 

cutting tool, e.g. grinding; 
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3. Non-traditional machining, which exploits other energy forms rather than a cutting 

tool. These energy forms could be thermal, chemical or electrochemical.  

Photochemical machining is one of these processes. 

Non-traditional processes provide the following significant benefits (DeMargo, 2007): 

- Producing 3D complex components; 

- Producing 3D components with fine detail and tight tolerance; 

- Photo tooling is not expensive; 

- Photo tooling can be quickly produced;  

- Any kind of metal or alloy with wide range of hardness can be theoretically machined; 

- The process does not provide any residual stress to the final parts.    

In the present case study, PCM is applied for the production of these specific pieces. For 

this application it is extremely important to have a final product with no residual stress. This 

occurs because in case the manufacturing provides residual stress to the components, they 

will more likely deteriorate during the usage, thus reducing their average lifetime.  

PCM fits also perfectly for this application since it provides the possibility to create very 

complex geometries and change the produced geometries fast and cheaply. This can be done 

without having a different machine, but only changing the pattern of the photo tooling 

(Micrometal, 2014).   

Because of these important reasons, PCM nowadays is widely used for the production of 

cutting edges and it is preferred to conventional machining, abrasive processes, stamping, 

punching and laser.    

3.2. Process flow 
 

A general process flow of photochemical machining can be seen in Figure 2: 

 

Figure 2: General process flow of PCM (figure taken from Micrometal, 2014 and reproduced with modifications). 

3.2.1. Pretreatment 

 

A pretreatment is a step which is applied to a feed in order to make a process or stage 

more effective. This step can vary based on the needs of the desired products. Generally, the 

pretreatment aims to optimize the adhesion between metal and photoresist. The need for 

adhesion improvements is required because it leads to a rougher surface with no 
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contamination. The pretreatment can include chemical cleaning, abrasion, degreasing, pre-

etching. 

Chemical cleaning intends to remove from the sheet surface contamination, e.g. oil, 

waxes, greases, organic and particulate matters. Abrasion consists in removing physically or 

chemically the first layers of surface. Water can be mixed with abrasives, such as fine pumice, 

and then strayed on the metal surface. Physical abrasion could also be carried out with 

brushes or disks. On the other hand, chemical abrasion is basically a pre-etching stage which 

removes a slight thickness of material, lower than 5 µm. Pre-etching is usually realized using 

the same solution as for etching, but in milder conditions. This pretreatment is used when the 

adhesion must be extremely high in order to avoid underetching, a side reaction which will be 

explained later on (Allen, Photochemical Machining and Photoelectroforming, 2015).  

After said steps, rinsing with water and drying have to be carried out. These steps are 

needed to get rid of the solution used in the pretreatment.    

3.2.2. Lamination 

 

Lamination is the technique of manufacturing a material in multiple layers in order to 

improve the properties of the composite material. The photoresist, a polymeric film, is applied 

on the sheet. The application of the photoresist can be either through lamination in case of a 

dry resist or alternatively dipping for liquid photoresists. The photoresist must have chemical 

and mechanical resistance in order to withstand the etching reaction. 

Dry film resist thicknesses usually are 10-50 µm. These values come from a trade-off. The 

need for high chemical and mechanical resistance pushes towards thicker resists, while the 

need for high resolution pushes towards thinner resists. High resolution is highly important 

for the production of parts with fine geometries and thus, thinner resists should be preferred. 

This step, along with illumination and developing, is carried out in so-called “yellow 

rooms”, where UV radiations are adsorbed by yellow filters in order to prevent inadvertent 

exposure and particulate contamination (Allen, Photochemical Machining and 

Photoelectroforming, 2015).   

3.2.3. Illumination 

 

Illumination is the step where the material is exposed to UV lights through a photo tool 

(mask). The accuracy of illumination highly depends on the adhesion between the resist and 

the sheet. In case of poor adhesion the deflection of the light can occur, influencing the shape 

accuracy. There are two types of resists which are commonly used: negative and positive 

photoresists. Figure 3 shows the difference between them and how the exposition step works. 
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Figure 3: Exposition process for negative and positive photoresists (figure taken from Allen, 2004 and 
reproduced with modifications). 

Due to UV lights and the mask, some parts of the resist polymerizes, becoming chemically 

resistant to the developing solution, and some other parts do not polymerize and will be 

washed out by the developing solution. Furthermore, negative resists polymerize when 

exposed to UV lights, while positive resists become soluble in the developing solution. Because 

of this, there are opposite resulting patterns in Figure 3 (Allen, Photochemical Machining: from 

'manufacturing's best kept secret' to a $6 billion per annum, rapid manufacturing process, 

2006).      

3.2.4. Development 

 

The development step washes away certain components before the reaction takes place. 

In this case it washes away, respectively, illuminated or non-illuminated areas, based whether 

negative or positive resist has been used. Developers commonly used are alkaline aqueous 

solutions. Developing temperatures are roughly 20-25°C, since at higher temperatures the 

solution would be too aggressive and it would affect the stencil (Allen, Photochemical 

Machining and Photoelectroforming, 2015).  

3.2.5. Etching 

 

The etchant is sprayed and atomized by several nozzles on the stencil. Every etching 

module is equipped with nozzles above and below the stencil, which crosses the module 

horizontally. Based on desired outcome, the reaction can be carried out as 1-side etching from 

above, 1-side etching from below or 2-side etching.  

The areas where the resist has been washed away during development are dissolved by 

the etchant. This profile development will be further discussed. 

All the machines, the modules, the pipes which get in contact with the etching solution 

are commonly made of PVC and/or polypropylene (Allen, Photochemical Machining and 

Photoelectroforming, 2015).   
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3.2.6. Stripping   

 

Stripping is a technique for removing a particular component from the final product. Once 

the reaction is complete, the stencil directly undergoes a washing step in order to get rid of 

the etchant still present on the stencil surface and therefore stop the reaction. After that, the 

process flow continues with stripping, where the resist is stripped off the stencil.  This step is 

basically an acid-base neutralization reaction, where the acidic resist is neutralized by the 

basic stripping solution. Common stripping solutions contain either Choline or 

Monoethanolamine (MEA). Choline is an organic caustic where the negative charge of the 

hydroxide is compensated by a positively charged organic amine. On the other hand, MEA is 

an ethanolamine with only one group -CH2CH2OH. Hence it is a primary amine and a primary 

alcohol (Sedlak, 2009).  

The process flow ends with several cleaning, inspection and measurement steps.  

3.3. Etching principles 
 

Etching is traditionally the reaction of using strong acid to cut into the unprotected parts of a 

metal surface to create a design in the metal. Nowadays, other etchants could be used on 

different kind of materials. This process was initially used during the 15th century.  

3.3.1. Mechanisms and kinetics of etching reaction 

 

Etching represents a series of complex heterogeneous electrochemical reactions in which 

the etching solution oxidizes the solid sheet. Here the reaction will be presented for etching 

solution of the case study, i.e. aqueous ferric chloride solution with stainless steel. The 

simplified half-reactions and the overall reaction are the followings: 

𝐹𝑒3+ + 𝑒− → 𝐹𝑒2+ Half-reduction reaction, E0 = 0.771 𝑉 (1) 

𝐹𝑒 → 𝐹𝑒2+  + 2𝑒− Half-oxidation reaction, E0 = −0.41 𝑉  (2) 

𝐹𝑒 + 2𝐹𝑒3+ → 3𝐹𝑒2+  Overall reaction, ∆E0 = 1.481 𝑉 (3) 

 

The standard potential E0 is calculated for half-reduction reactions. The half-reduction 

reaction occurs in the etchant, where the cation Fe3+  of FeCl3 oxidizes the elementary iron in 

the stainless steel, where instead the half-oxidation reaction occurs. The standard potentials 

show how the reaction occurs spontaneously (it is the same reason why in certain conditions 

iron rusts) and no external current is needed to carry out the reaction (Allen, Photochemical 

Machining and Photoelectroforming, 2015).  

Due to the electrochemical nature of the reaction, and thus the exchange of electrons 

between anode and cathode, at the solid-liquid interface a potential difference is established 

and, therefore, an electrical double layer (EDL) appears. This principle can be better 

understood in Figure 4. 
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Figure 4: Potential distribution in a Helmholtz double-layer (figure taken from Weetect, 2016 and reproduced 
with modifications).  

Because of the Coulomb force generated by the ions on the metal surface, counter-ions in 

the solution are attracted by the metal surface and the EDL is formed. Furthermore, the 

diffusion layer represents the area where ions are solvated and polar molecules, like water, 

are orientated according to the field potential direction. Hence, the transport of the reactant 

and of the product, in opposite directions, through the diffusion and the Helmholtz layer affect 

the reaction rate (Bard, 1980).  

The overall etching rate will be then controlled by the step, either the transport of 

reactant/product or the chemical reaction, which is the slowest and represents the rate 

determining step. Maynard et al. (1984) have studied the reaction mechanism for an aqueous 

ferric perchlorate solution, which is based on the formation of ferric hexaaquo ion (Fe(H2O)6
3+)  

in the solution. They could not achieve similar mechanism for an aqueous ferric chloride 

solution because the reaction intermediate is more complex and difficult to identify (Allen, 

Photochemical Machining and Photoelectroforming, 2015).  

For the former case, Maynard et al. (1984) have highlighted that the rate of dissolution of 

the metal increases linearly with the concentration of the reactant itself and it is inversely 

proportional to the solution volume and viscosity. This points out to diffusion controlled 

reaction. The rate of dissolution can be computed, in such case, as following: 

−
𝑑[𝑀]

𝑑𝑡
=

𝐴𝑚 ∙𝐶𝑖∙𝐷𝑖

𝑆
      (4) 

where 
𝑑[𝑀]

𝑑𝑡
 (mol.L-1.s-1) represents the rate of dissolution of the metal in the solution, 𝐴𝑚 

(m2) the metal surface where the reaction occurs, 𝐶𝑖  (mol.L-1) the concentration of the 

etchant, 𝐷𝑖 (m
2.s-1) the diffusion coefficient of the component and 𝑆 (m) the diffusion layer 

thickness (Maynard, 1984).   

As stated in chapter 2, the present study aims to find the optimal setup of the nozzles used 

in the etching modules in order to have a liquid distribution on the metal sheet as 
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homogeneous as possible. This aspect plays a key role in the etching reaction, since having the 

same liquid flowrate per unit area throughout the module assures equal etching rate, i.e. the 

same reaction condition. This statement is justified by Figure 5, which shows that the etching 

rate increases linearly with spray pressure, which then depends on the flowrate to the power 

of 2.5.  

 

Figure 5: Influence of spray pressure on etching rate at different temperatures (figure taken from Visser, 1995 
and reproduced with modifications). 

Therefore the flowrate per unit area distribution can be used as an input parameter in 

order to better understand how to control the etching rate throughout the modules assuring 

homogenous distribution.  

The electrochemical potential of a half-reaction can be calculated applying the Nernst 

equation: 

𝐸 = 𝐸0 +
𝑅∙𝑇

𝑧𝑖∙𝐹
ln

𝑎𝑜𝑥

𝑎𝑟𝑒𝑑
     (5) 

where 𝐸 represents the potential at the temperature of interest, 𝐸0 the potential at 

standard state, i.e. activities of 
1 mol

dm−3 at room temperature, 𝑅 the universal gas constant (8.31 

J.K−1.mol−1), 𝑇 the temperature, 𝑧 the number of moles of electrons exchanged due to the 

electrochemical reaction, 𝐹 the Faraday constant (96.485 kC.mol−1), 𝑎𝑜𝑥 and 𝑎𝑟𝑒𝑑  the activities 

of the oxidized and reduced form. Equation (6) implies that the potential increases with the 

temperature and the concentration of reactants. The potential affects the current density, 

formed due to the electron exchange, which then influences the etch rate following the 

Faraday equation, which enables to calculate the maximum reaction rate:    

𝜈𝑀𝐴𝑋 =
𝑀

𝑧𝑖∙𝐹∙𝜌
𝑖𝑜𝑥       (6) 

where 𝜈𝑀𝐴𝑋  is the etch rate, 𝑀 the Fe molar mass, 𝜌 the density and 𝑖𝑜𝑥  the anodic 

current. The reaction rate depends on time. This occurs because the characteristics of the 

etchant change continuously with the reaction, since Fe3+ reacts and its concentration 
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decreases while Fe+2 is formed and its concentration increases. Consequently the 

electrochemical potential decreases and so does the current density and, therefore, the etch 

rate (Allen, Photochemical Machining and Photoelectroforming, 2015).  

In the past the solution to the decreasing 𝐸 was to stop the process when the reaction 

time was too long, dispose of the solution and buy fresh solution. However, in the last 

twenty/thirty years the disposal of such solutions became too expensive, due to 

environmental reasons which pushed towards higher costs for disposing pollutants. In recent 

years the solution commonly adopted is to regenerate the etching solution. This topic will be 

discussed in chapter 3.3.2.   

3.3.2. FeCl3 etchant 

 

Etchants commonly used are aqueous ferric chloride solutions, cupric chloride solutions, 

sodium hydroxide-based solutions and ammonium salts-based solutions. The choice of the 

etchant to use strongly depends on the material to etch. Couples etchant-material are readily 

available in literature (Allen, Photochemical Machining and Photoelectroforming, 2015).  

In case of manufacturing stainless steel, the recommended etching solution is ferric 

chloride with 35-48 °Bé at the temperature interval of 35-55 °C. 

°Bé stands for the Heavy °Baumé density scale. This density is usually measured with a 

hydrometer and thus calculating first the specific gravity (SG) - the ratio between the mass of 

a certain volume of solution and the mass of the same volume of water at room temperature. 

°Bé are then calculated analytically through the following equation (Allen & Almond, 

Characterisation of aqueous ferric chloride etchants used in industrial photochemical 

machining. 14th International Symposium on Electromachining, 2004): 

 °Bé = 145 ∙
SG−1

SG
       (7) 

To note that: 

- °Bé varies with temperature; 

- °Bé does not provide chemical composition information, it only informs regarding the 

total concentration of metal ions in the etchant. Therefore it provides the iron 

concentration only if iron is the only metal ion in the solution, i.e. only for a virgin 

etchant.  

As mentioned before, the etchant needs to be regenerated in order to keep constant the 

potential and, consequently, the etch rate. Since the reaction is nothing more than a reduction 

for the etchant, where Fe3+ is reduced to Fe+2, the regeneration has to trivially be an 

oxidation reaction, where Fe+2 is oxidized again to Fe3+. There are several ways to carry out 

such reaction, but the easiest and the most commonly used way involves chlorine gas. 

Chemically, chlorine gas undergoes the following half-reduction reaction:   

𝐶𝑙2(𝑔) + 2𝑒− → 2𝐶𝑙−   Half-reduction reaction, E0 = 1.36 𝑉 (8) 
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The reduction potential for this reaction is higher than the one of reaction (1), allowing 

chlorine gas to be able to oxidize 𝐹𝑒
+2 and regenerate the solution. Thus the overall redox 

reaction of (1) and (8) is: 

2𝐹𝑒+2 + 𝐶𝑙2(𝑔) → 2𝐹𝑒3+ + 2𝐶𝑙−  Overall reaction, ΔE0 = 0.589 𝑉 (9) 

Among all possibilities, this is the one most commonly used because it does not produce 

any by-products, which could otherwise affect the etching reaction.  

Moreover, ferric chloride undergoes unwanted hydrolysis in water according to the 

following reaction: 

𝐹𝑒𝐶𝑙3 + 3𝐻2𝑂 → 𝐹𝑒(𝑂𝐻)3 + 3𝐻𝐶𝑙   (10) 

This reaction is undesired not only because it decreases the concentration of ferric 

chloride, but, most importantly, it produces Fe(OH)3 which precipitates, resulting in blockage 

of the spray nozzles. The reaction can be shifted towards the reactants, thus preventing the 

hydrolysis, adding free hydrochloric acid. The presence of ferric chloride and hydrochloric acid 

produce an extremely acid etchant with a negative pH (Allen, Photochemical Machining and 

Photoelectroforming, 2015).   

3.3.3. Etch profile development 

 

Figure 6 shows the typical profile development inside the metal sheet at three different 

moments: 

- At the beginning of the process; 

- After the metal sheet has been etched roughly at half of its thickness; 

- At the moment of breakthrough.   
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Figure 6: Profile development with one side etching before etching (a), after a certain time (b) and at the 
breakthrough (c). 

The breakthrough represents the moment when the liquid is able to cut through the metal 

sheet and, therefore, create a hole in the material. The cutting edge, which is the fundamental 

characteristic for the product of the present case study, appears after the breakthrough. 

Hence, the reaction will be carried out after the breakthrough and it is important to determine 

how long after the breakthrough the reaction has to be stopped. 

PCM processes using liquid etchants usually carry out an isotropic reaction. Isotropy 

represents a process that proceeds equally in all directions: there is no direction where the 

reaction occurs faster or preferentially. Therefore the reaction occurs both in lateral and in 

normal direction in the same way and underetching of the resist takes place simultaneously 

(Visser, 1995). 

In order to quantitatively evaluate how the profile has developed, the “etch factor”, 𝑓, is 

calculated in the following way: 

Etch factor (𝑓𝑒) =
𝐷𝑒𝑝𝑡ℎ 𝑜𝑓 𝑒𝑡𝑐ℎ (𝐷)

𝑈𝑛𝑑𝑒𝑟𝑐𝑢𝑡 (𝑈)
     (11) 

Common values for the etch factor are between 1 and 2, meaning that the depth of etch 

is always higher than the undercut. This comes from the fact that the reaction in lateral 

direction is hindered by the photoresist and the transport phenomena are slower in that area. 

This quantitative evaluation can be more easily understood considering the sketch of 

Figure 7: 
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Figure 7: Description of the etch factor based on depth of etch and undercut (figure taken from Allen, 2015 and 
reproduced with modifications).    

Based on Figure 7, the etch factor is calculated as following: 

Etch factor (𝑓𝑒) =
𝐷

1

2
(𝐵−𝐴)

     (12) 

The etch factor depends on several factors, such as the material to etch, the etchant, the 

reaction time, the resist thickness. Moreover, if we would like to etch smaller holes (A), thus 

etching with higher resolution, and the stencil thickness remains the same, we would then 

need to etch with higher etch factors in order to avoid undesired too high undercut.   

Figure 8 shows how the etch profile evolves after the breakthrough and compare it with 

the profiles before the breakthrough.    

 

Figure 8: Interface etch development before and after breakthrough (figure taken from Visser, 1995 and 
reproduced with modifications). 

Figure 8 shows the etch profile, i.e. undercut and depth of etch, for different reaction 

times. 𝑡0 represents the moment when the reaction starts. Going down to 𝑡6, undercut and 

depth of etch increase, developing the profile already discussed before. 𝑡6 represents the 

breakthrough condition. After 𝑡6, the reaction can continue only on lateral direction. 

Therefore the etch factor will decrease, since the depth of etch remains the same (its 

maximum value) while the undercut increases.  Hence, it is fundamental to introduce 

parameters that define the quality and the stability of the cutting edge in order to compare 

different profiles at different times after the breakthrough. 
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Figure 9: Definition of etch cone c, cutting angle α and the edge radius Re (figure taken from Fraunhofer-IKTS, 
2013 and reproduced with modifications). 

The three parameters which identify the quality and the stability of the component are: 

- The edge radius, 𝑅𝑒; 

- The cutting angle, 𝛼; 

- The etch cone, 𝑐. 

The cutting angle represents the angle of the tangent at the tip of the component. The 

edge radius represents the radius of the circle built at the tip at a certain distance from the tip 

itself. The edge radius can be seen in the magnification on the right part of Figure 9.The etch 

cone represents the distance between the etch profile at the tip and at its part in contact with 

the resist. Moreover, the smaller 𝑅 and 𝛼 are, the sharper the quality is; on the other hand, 

the smaller the etch cone, the higher is the stability of the cutting edge (Fraunhofer-IKTS, 

2013).  

The edge radius and the cutting angle influences the sharpness, while the etch cone 

identifies the stability of the cutting performance. In Figure 8 at 𝑡6 the cutting edge is sharper 

compared to the one at 𝑡7, which is then sharper compared to the one at 𝑡8, respectively.  On 

the other hand, at 𝑡6 the etch cone is bigger compared to 𝑡7, which is then bigger compared 

to the one at 𝑡8, respectively. 

Therefore, in order to obtain sharp edges the process should be stopped right after the 

breakthrough, while in order to improve the stability the process should carried out as long as 

possible after the breakthrough. Thus a trade-off between quality and stability has be to found 

based on the wanted requirements of the produced components. 
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3.4. Industrial applications 

 

PCM applies to a wide range of products and applications. Let us firstly remind that PCM 

is a very favorable choice in any process when the goal is to produce extremely complex 

components and when no residual stress has to be provided to the final product.  

Common products manufactured by chemical machining are screens and meshes, masks 

and apertures, fuel cell components, microwave circuits, electrical contacts, encoders, 

semiconductors, printed circuit boards (PCB) and many intermediate or final products (Allen, 

Photochemical Machining and Photoelectroforming, 2015). Figure 10 shows several 

components produced through PCM. 

 

 

Figure 10: Components machined by PCM (figure taken from Great Lakes Engineering, 2009 and reproduced 
with permission). 

The picture displays once again the variety of the compounds that can be machined with 

such processes; moreover, it clearly indicates the preference of small objects with fine and 

complex structure.  

Firstly the focus will be converged towards the most important products among the ones 

mentioned above. First of all, photochemical machining has a huge importance inside the PCB 

industry. A printed circuit board provides mechanical support and electrical connection among 

the electronic components of a device. Secondly, PCM represents a perfect process to 

manufacture grids and meshes since it provides the possibility to produce such components 

with apertures of any size and shape. In Figure 11 examples of a PCB component and a metal 

grid are shown. 
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Figure 11: (left) Printed circuit board (Schmid group, 2016 and reproduced with modifications). (right) Metal 
grid (Shree Neelkanth Enterprise, 2016 and reproduced with permission). 

Another interesting example is the one depicted in Figure 11. This picture helps 

understanding the level of complexity PCM is able to manufacture.  

 

Figure 12: Etched parts of a watch (figure taken from Allen, 2004 and reproduced with modifications). 

3.5. Alternative material removal processes 
 

This chapter will discuss other material removal processes which are competitive to PCM, 

and compare them. This is important in order to have a broader picture of the manufacturing 

possibilities available nowadays and, thus, be able to choose the process that suits the best 

every particular case. 

The processes that will be treated are: 

- Stamping; 

- Electrical discharge machining (EDM); 

- Electrochemical machining (ECM); 

- Precise electrochemical machining (PECM);  

- Laser cutting.  

Among the ones mentioned above, stamping, EDM and laser cutting are more traditional 

processes compared to PCM. However, ECM and PECM are non-conventional processes as 

well. 
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Table 1 schematically summarizes the differences between PCM and more conventional 

processes like laser cutting, stamping and EDM. 

Table 3.5: Comparison of PCM with traditional machining processes. 

   PCM Laser Cutting Stamping EDM 

Sampling Low cost Low cost High cost Low cost 

Metals Nearly all 
metals 

Nearly all 
metals 

Nearly all metals Carbon steel and most 
metal alloys 

Hardness No 
restriction 

No restriction Problems with 
very soft, hard or 

brittle metals 

Hardness is a 
consideration 

Stress No stress Thermal stress 
on the cutting 

edge 

Stress at the 
cutting edge and 

close to it 

Deformation, tempering 
and structural changes 

may occur in the material 

Burrs No burring Micro burring Partial burring Micro burring 

Design changes Quick, easy, 
cost effective 

Quick, easy, 
cost effective 

Very costly & 
time consuming 

Quick, easy, cost effective 

Typical lead 
times 

48 hours 48 hours Several weeks 48 hours 

Tolerances as % 
of material 
thickness 

±10% ±5% ±10% ±10% 

 

PCM represents the most convenient process when no residual stress is required on the 

product and when the complexity of the machining is high. Lead times are extremely time 

consuming for stamping while the other processes are comparable regarding this matter. 

Stamping is the best choice when high batch sizes with the same design are required. 

Moreover stamping requires materials not extremely soft, whilst PCM and laser cutting can 

work with any kind of metal or hardness. EDM should be preferred when batch sizes are low 

regardless the complexity of the part to manufacture, while laser cutting are preferred for 

medium batch sizes and low complexity (Precision Micro, 2016).  

Since ECM and PECM are quite similar processes, they will be discussed together in order 

to highlight more easily the differences. 

 

3.5.1. PECM and ECM 

 

These two processes, together with PCM, are carried out with no physical contact between 

the two parts involved, namely the tool and the workpiece, contrarily to conventional 

machining processes. Hence the final product will be formed without residual stress. 

Both processes are carried out through applying external current, either alternating or 

pulsing, creating an electrolytic cell. The work piece represents the anode, while the moving 

tool represents the cathode. Therefore a non-spontaneous electrochemical reaction is carried 
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out which is basically an anodic dissolution process. At the anode the oxidation reaction 

occurs, whilst at the cathode the reduction reaction occurs.  

The electrolyte, which has no involvement in the electrochemical reaction and it is only 

needed to transport the current throughout the cell, is usually sodium chloride or sodium 

nitrate (Kozak & Zybura, 2016). The electrolyte flows through the gap left between the 

workpiece and the tool with high velocity. This is necessary in order to increase the transports 

and remove the products of the reaction, such as metal hydroxides.  

The dissolution of the workpiece heads towards the inverse geometry of the moving 

cathode. The main difference between ECM and PECM is the movement of the tool, where in 

ECM the tool has a continuous feed while in PECM it has a pulsed feed. This leads to different 

results: ECM yields a faster but less precise than PECM, which on the other hand assures high 

surface quality through a slow process (Burger & Koll, 2012). 

Sketches of both processes and the differences between then are highlighted in Figure 13. 

 

Figure 13: Comparison between ECM and PECM (figure taken from Burger & Koll, 2011 and reproduced with 
modifications). 

However, the fundamental difference between these two processes and photochemical 

machining is the application of an external current and, therefore, the utility and the scope of 

the electrolyte/etchant. In these two processes external current is applied, in contrast to PCM, 

because the reaction does not occur spontaneously. On the other hand, PCM does not need 

external current since the reaction, due to the nature of the etchant, occurs spontaneously. 

 Moreover, the liquid solution used in these processes is not involved in the reaction itself, 

while in PCM the liquid solution represents the reactant. 

3.5.2. Stamping  

 

Stamping is basically a process where a flat sheet is positioned inside the machine and 

then pressed in certain areas by a die/tool, which goes repeatedly up and down, to create 

apertures in the sheet. The die is able to apply forces up to 1000 tonf. This process is extremely 

affected by the alignment of the press. Usually dies are in conjunction with a matrix 
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underneath, because the dies punch the sheet creating the holes and the matrixes are used 

to blank out the parts. 

3.5.3. Electrical discharge machine 

 

In EDM the material process removal is carried out through discharging a pulsating direct 

current (DC). In the small area between the workpiece and the tool this discharging occurs. 

The whole system, and hence the gap itself, is immersed in a dielectric solution which becomes 

ionized where the gap thickness is the narrowest. In said spot there is a possibility for the 

current to flow and connect the workpiece and the tool since the dielectric is ionized. Due to 

this phenomenon, there is formation of sparks in the gap.  

The sparks promote melting and vaporization of the workpiece and the tool due to high 

temperatures. Some of the melted components solidify again. These solidified “chips” hinder 

the transport phenomena and thus they have to be removed by pumping the dielectric fluid 

through the gap and then to a filter in order to get rid of these chips (DeMargo, 2007). 

Based on different tools, there are two types of EDM, ram EDM and wire EDM. In the 

former, the tool is machined in order to have a shape which represents the negative of the 

shape we want to create on the workpiece. In the latter, the tool is a simple wire connected 

to two spools. The wire moves continuously. Since some parts of the tool are lost due to high 

temperatures, the wire moves and replaces continuously the lost parts. The movement of the 

wire is driven by a numerical controlled machine. 

In Figure 14 a scheme of ram EDM is shown.  

 

Figure 14: EDM working mechanism highlighting the formation of a spark (figure taken from DeMargo, 2007 
and reproduced with modifications). 

3.5.4. Laser cutting 

 

Laser beam cutting (LBC) is a micromachining process. The workpiece is melted or 

vaporized by a high intensity focused laser beam. The melted or vaporized material is then 

forced out by a pressurized assist gas jet. The assist gas can also be active, if it is able to 

exothermically react with the melted material and therefore locally increase energy and 

temperature. 
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Since the process is based on the melting/evaporation of the workpiece, the energy 

provided by the laser beam has to be higher than certain thresholds, which are the energies 

needed to overcome the melting/evaporation temperature. Moreover, it is important to 

consider the energy lost due to heat conduction. 

When the upper layers of the workpiece are hit by the laser beam, some radiations will be 

reflected and some others absorbed by the free electrons of the workpiece. The increased 

energy level of the workpiece is dissipated through thermal vibration. When the thermal 

vibration becomes so strong to stretch out the molecular bonds so much that it loses 

mechanical strength, the workpiece melts. If the absorbed energy is so intense to break 

intermolecular bonds, the workpiece evaporates.    

A basic mechanism of LBC can be seen in Figure 15. 

 

Figure 15: Laser beam cutting basic mechanism (figure taken from Wandera, 2010 and reproduced with 
modifications). 

Nowadays laser is not preferred to PCM to produce complex geometries since LBC is too 

slow in manufacturing components so small and thus it is not economically attractive. 

However, in the future LBC could replace PCM for several applications in case the process will 

be faster in manufacturing small components. 
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4. Case study: Etching line 
 

This chapter will describe specifically the characteristics of the line, which the simulations 

are based on and where the experiments afterwards have been run. The description will start 

with the geometrical distribution of the nozzles inside the etching modules and it will continue 

with the characteristics of the different nozzles. 

Moreover the etching line which will be presented here is the one that has been used to 

run the experiments discussed in chapter 7. 

4.1. Nozzles geometrical distribution 
 

The computational approach aims to investigate what is the liquid distribution with the 

actual setup and the influence of several parameters on the distribution such as nozzle type, 

spray angle, frequency and amplitude of the oscillation and geometrical arrangement of the 

nozzles inside the module. 

The computational model has been built using the commercial software Matlab 2015a. 

Firstly, a grid with the position of every nozzle has been created and it can be seen in Figure 

16: 

 

Figure 16: Geometrical distribution of the nozzles in the R&D etching modules. 

The etching module is represented from a 2D top view. The x axis is expressed as the 

direction where the metal sheets move along and the y axis is expressed as the direction 

where the nozzles oscillate. The two axis have been normalized, dividing for the total length 
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of the axis. Nevertheless, the total length along the x axis is higher than the total length along 

the y axis. 

The oscillation of the nozzles is carried out in order to improve the homogeneity of the 

liquid distribution. The x and y axis of the modules will be always expressed in this way 

throughout the whole study when the complete module is involved. On the other hand, when 

only one nozzle is studied the axis will not be normalized.  

The opaque blue rectangles in the middle of the module represent the stencils, which cross 

the module from one side to the other. Their usual dimension is 600 ∙ 300 mm2. As it is clear 

from the picture, the stencil will entirely cross the module horizontally, due to their 

longitudinal movement, but they do not fully cover the module vertically. Hence, the 

homogeneous liquid distribution has to be reached only in the area of interest, defined by the 

stencil dimension and movement, and not outside its boundaries.  

These etching modules have got three different frames of reference; in fact, the nozzles 

oscillate and the metal sheet goes through the module with a constant velocity. The oscillation 

frequency is 75 min−1 while the metal sheet needs roughly 10-15 minutes to cross 1 module. 

Thus, the three different frames of reference are: looking the process from outside the 

module, from the nozzle position and from the metal sheet. Since the oscillation velocity is 

higher compared to the sheet velocity, it has been assumed that the metal sheet is at rest; 

hence, there are only two frames of reference, because in this case looking from outside the 

module or from the metal sheet represents the same condition. The last frame of reference is 

the one adopted in the present study. 

The etching reaction is carried out in two different modules. Inside the first module the 

reaction is more aggressive and its aim is to create the breakthrough in the stencil. On the 

other hand, in the second module the reaction conditions are milder and the aim is to improve 

the fineness of the cutting angle already present in the component. 

4.2. Etching module 1 
 

The first etching module is equipped with flat fan nozzles, which are devices that spray 

liquid with an elliptic cross section, as shown in Figure 17: 

 

Figure 17: Example of flat fan nozzle (a) and its spray cross section (b) (figure taken from Lechler, 2016 and 
reproduced with modifications). 

Figure 17a shows a prototype of a flat fan nozzles made of polyvinylchloride (PVC), while 

Figure 17b its typical cross section. The flat fan nozzle, hence, sprays “like a jet” where the 
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elliptic cross section has an extreme high ratio between the two dimensions of the cross 

section itself. Due to the smaller cross section compared to the one of the full cone nozzle 

(used in etching module 2), the average flowrate per unit area will be higher for the flat fan 

nozzle. This leads to a more aggressive reaction in the first etching module and, thus, the flat 

fan nozzles are used for a rough etching to carry out the breakthrough.  

In order to be able to simulate the liquid distribution in the etching modules, the 

fundamental required data is the flowrate distribution connected to every particular nozzle. 

This has been achieved through data delivered by the nozzle supplier. It provided the 3D 

volume distribution and then they have been translated into flowrate per unit area, through 

the experimental time and the surface area. The 3D liquid distribution at 2 bar can be seen in 

Figure 18: 

 

Figure 18: 3D spray liquid distribution of flat fan nozzle at 2 bar. 

This distribution is achieved spraying liquid from a fixed height, the one used in the etching 

modules, collecting the liquid at the bottom in cylinders and then measuring the level in every 

cylinder yields the distribution above.  

This 3D profile has clearly the shape of an elliptic paraboloid, apart from two small peaks 

at the sides. These peaks are present also in the distributions at 2.5 and 3 bar, whose pictures 

are not reported here, but they are not so prominent. Because of this, it cannot be addressed 

as manufacturing tolerances but it is a characteristic of the nozzle.  

Moreover a 2D profile can be seen in Figure 17, which helps understanding the extent of 

the peaks at the sides.   
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Figure 19: 2D spray liquid distribution of full cone nozzle at 2 bar. 

The 2D liquid distribution represents the vertical cross section of the 3D distribution 

presented in Fig. 18. The two small peaks are at 30mm and 180mm. However it has been 

decided to treat it mathematically like an elliptic paraboloid, whose general equation is:  

𝑧 (𝑥, 𝑦) = 𝑎 + 𝑏(𝑥 − 𝑥0)2 + 𝑐(𝑦 − 𝑦0)2    (13) 

where a is defined based on the maximum of the curve, b and c are defined based on the 

spray widths along x and y direction, while x0 and y0 represent the vertex of the paraboloid. 

The spray depth is 212 mm and the spray width 40mm. The maximum value is 778 ∙

10−7 𝑚𝑙

𝑠∗𝑚𝑚2. This leads to a profile with a ratio between depth and width of 5.3:1. This result 

has to be accepted, even though studying visually the spray behavior of the flat fan nozzle the 

ratio seemed higher. This difference could be caused by the fact that the nozzle supplier have 

been run the experiments with water and not with an aqueous ferric chloride solution. Water, 

in fact, has a viscosity 4-5 times smaller compared to a ferric chloride solution and this could 

affect the liquid distribution. Due to this remark, the flat fan nozzle has been studied with a 

5.3:1 ratio, how come out from the data of the supplier, and with a 10:1 ratio, which 

represents a little more the spray observation in loco.     

Exploiting this data provided by the nozzle supplier for 2 bar, the equation of the 

paraboloid used for the flat fan nozzle is:   

𝑧 (𝑥, 𝑦) = 7.8 ∙ 10−5 + 1.73 ∙ 10−9 ∙ (𝑥 − 𝑥0)2 + 4.86 ∙ 10−8 ∙ (𝑦 − 𝑦0)2 (14) 

Exploiting instead the 10:1 ratio, keeping the same flowrate, the maximum value is 

1.47 ∙ 10−4 𝑚𝑙

𝑠∗𝑚𝑚2, the equation of the paraboloid is: 

𝑧 (𝑥, 𝑦) = 1.47 ∙ 10−4 + 1.31 ∙ 10−8 ∙ (𝑥 − 𝑥0)2 + 1.31 ∙ 10−6 ∙ (𝑦 − 𝑦0)2 (15) 

Clearly the maximum value for a paraboloid with 10:1 ratio is higher compared to the one 

of a paraboloid with 5.3:1. 

Depth [mm] 
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In the first etching module the nozzles in the first four rows are rotated 30° 

counterclockwise around the y axis (axis parallel to the nozzle oscillation direction) and the 

last 4 rows are rotated 30° clockwise around the y axis. This angle represents one important 

parameter that needs to be investigated further in order to better understand whether the 

actual situation provides the best case scenario or there is a different angle that yields a better 

overall reaction. This occurs because it is always been not clear how this parameter would 

affect the overall reaction. Furthermore, the etching line supplier has always suggested to use 

5°, but this condition would not deliver the wanted outcome, which is satisfied by working 

with 30°. Thus these two angles will be studied in detail in order to understand what can lead 

to such differences. The rotation around the y axis is applied through the rotation matrix, as 

shown below: 

𝑅𝑚 = (
cos (𝛼) −𝑠𝑖𝑛(𝛼) 0
𝑠𝑖𝑛(𝛼) 𝑐𝑜𝑠(𝛼) 0

0 0 1

)    (16) 

where 𝛼 is the angle applied to a counterclockwise rotation.  

4.3. Etching module 2 
 

The second etching module is equipped with full cone nozzles, which are devices that spray 

liquid with a spherical cross section, as shown in Figure 20. 

 

Figure 20: Example of flat fan nozzle (a) and its spray cross section (b) (figure taken from Lechler, 2016 and 
reproduced with modifications). 

Figure 20a shows a prototype of a full cone nozzles, while Figure 20b its typical cross 

section. Due to the higher cross section compared to the one of the flat fan nozzle (used in 

etching module 1), the average flowrate per unit area will be lower for the full cone nozzle. 

This leads to a milder reaction in the second etching module and thus the full cone nozzles are 

used to improve the fineness of the components.  

As for the flat fan nozzle, for the full cone nozzle the fundamental required data is its 

flowrate distribution. The same typology of data and processing have been done for this 

nozzle. The 3D liquid distribution at 2 bar can be seen in Figure 21Figure 20. 



28 
 

 

Figure 21: 3D spray liquid distribution of full cone nozzle at 2 bar. 

The distribution is not symmetric, as it is clearly seen in Figure 21. The nozzle supplier has 

delivered, together with the data, a confirmation that this inhomogeneity is due to   

manufacturing tolerances which cannot be eliminated. Otherwise, without the tolerances the 

profile would be symmetric. The depth of the distribution is 225mm and the width is 235mm. 

A spherical cross section is basically a particular case of an elliptic cross section where the 

depth and the width of the distribution are the same. Therefore the experimental data 

matches quite well the theory. The maximum value of the distribution is 27.96 ∙ 10−9 𝑚𝑙

𝑠∗𝑚𝑚2.  

The same distribution can be seen from a 2D perspective, which helps understanding the 

extent of distance from the experimental data to a theoretical parabola. 
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Figure 22: 2D spray liquid distribution of full cone nozzle at 2 bar. 

Figure 22 definitively recalls a profile of a parabola, even though it is not centered and it 

is not symmetric.  

Exploiting the data provided by the nozzle supplier for 2 bar, the equation of the 

paraboloid used for the flat fan nozzle is:   

𝑧 (𝑥, 𝑦) = 27.96 ∙ 10−7 + 5.28 ∙ 10−11 ∙ ((𝑥 − 𝑥0)2 + (𝑦 − 𝑦0)2)  (17) 
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5. Experimental and Computational methods 
 

This chapter discusses the tools used during the Thesis and the mathematical model which 

has been developed.  The computational tool which will be presented is Matlab 2015a. Matlab 

has been used to run simulations regarding the liquid distribution inside the etching module. 

Moreover, the experimental setup used to validate the computational results will be 

presented.  

5.1. Matlab 2015a 

 

Matlab, which stands for Matrix Laboratory, is a numerical calculator and a programming 

language. Some of the strongest features are the ability to compute operations between 

matrixes, 2D and 3D plotting and developing algorithms. Matlab, in general, provides many 

useful functions for simulations and modelling. 

In the present study, Matlab has been chosen as programming tool mainly for its capability 

of dealing with big and heavy matrixes, which come from describing the liquid distribution in 

function of time for 64 nozzles, and the possibility to provide clear visualization of the results 

through plots and videos. The high level of complexity of the studied system, which has 64 

nozzles in every module spread in a surface of approximately 1 m2, needs the implementation 

of a simple code which is able to compute as fast as possible the overall liquid distribution.  

The first computational challenge has been the modeling of the nozzle oscillation. The 

nozzles oscillate in order to improve the level of homogeneity of the liquid distribution. The 

need for the oscillation will be further discussed, showed and explained in Chapter 6.  

The oscillation of the nozzles has been studied in Matlab tracking the position of every 

paraboloid vertex. The oscillation occurs along the y axis, thus the y coordinate of the vertex 

has been tracked, using a simple sine function: 

𝑦0 (𝑡)  = 𝑦0  +  𝑎𝑚𝑝 ∙ 𝑠𝑖𝑛(𝑓 ∙ 𝑡)    (18) 

Where 𝑦0 is the y coordinate of the vertex at time 0, amp is the amplitude and 𝑓 is the 

frequency, while 𝑦0(𝑡) provides all the different positions occupied by the vertex. This profile 

results in the trend shown in Figure 23. 
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Figure 23: Oscillation sine profile. 

Hence the droplets sprayed by the nozzles, and the liquid distribution they lead to, are 

time dependent functions. Numerically, this means to integrate the function z (x,y) over time, 

as following: 

𝑧̅ (𝑥, 𝑦) =
1

∆𝑡
∙ ∫ 𝑧 (𝑥, 𝑦, 𝑡)

𝑡+∆𝑡

𝑡
𝑑𝑡     (19) 

with the condition that ∆𝑡 >
1

𝑓
, in order to make the integral meaningful. Splitting the time 

domain into thin vertical strips reduces the integral to the sum of the area of all these strips.  

The thinner the strips, the better the approximation will be. The result of this approximation 

exactly corresponds to the integral itself when the strips have infinitesimal width. Numerically 

this procedure is done using a width that provides an acceptable error with reasonable 

computational cost. In the present case, the time interval between the beginning and the end 

of the oscillation has been divided into 100 intervals. This value has been determined running 

several attempts and check which attempt leads to an acceptable computational cost.     

In Matlab this integral has been computed through the usage of multidimensional arrays. 

These multidimensional arrays are matrixes with more than two dimensions (three in the 

current case). Therefore, they provide the possibility to consider functions dependent not only 

on the two geometrical variables, x and y, but also the time. They can be better understood 

through Figure 24. 
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Figure 24: Multidimensional arrays (Mathworks, 2016). 

Thus a multidimensional array is made of rows, columns and pages; the latter provide the 

time dependency. Then, the sum of the value of every element among the different pages has 

been calculated and as a result the new matrix yields into a profile (which is not a paraboloid 

anymore) that represents the liquid sprayed by one oscillating nozzle. This new profile, for a 

frequency of 75 min-1 and an amplitude of 150 mm, looks like the one shown in Figure 25.  

 

Figure 25: Resulting profile of 1 oscillating full cone nozzle. 

This resulting profile has two peaks with the same height and a minimum between them. 

In order to explain this trend, Figure 23 becomes really helpful. Figure 23 describes the 

position of the vertex of the paraboloid and how long the vertex will stay in a certain position, 

i.e. the local velocity of the vertex position.  

In Figure 23 there are five extreme points: #1, #3 and #5 represent the same vertex 

position and they also represent the points where the velocity of the vertex is the highest. This 

can be seen from the slope of the curve in those points, in which the curve is the steepest. On 

the other hand, #2 and #4 represent the farthest positions reached by the nozzle and they 

also represent the points where the velocity of the vertex is the lowest. In fact, the slope of 
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the curve in #2 and #4 is 0, which means that the nozzle is still. Hence, when the nozzle is in 

#1 (the middle position) it has the highest velocity, then it decelerates until it reaches #2 where 

it stops, it turns back and it accelerates towards the opposite direction until it reaches #3 

(which is the same as #1) and so forth. This trend justifies the profile shown in Figure 25. 

Furthermore any equation of the paraboloid presented in Chapter 4.3 and 4.4 has positive 

and negative values, but clearly any nozzle can never provide negative flowrate per unit area. 

Hence the approach used in Matlab to overcome this issue is the following:  

 z=a-b∙(x.-x0)^2-c∙(y-y0_t).^2; 
 z(z<0)=0; 

 

The first line defines the paraboloid, as seen in Eq. 17, and the second line basically states 

that every element of the matrix z which is negative, becomes zero. 

Moreover, in order to make more compact and understandable the Matlab code it is 

helpful to use a for loop to describe all the 64 nozzles into one matrix. This approach leads to 

create a huge matrix with four dimensions: the first two which describe the flowrate per unit 

area along x and y direction, the third which takes into account the time dependency and then 

the fourth one which describes the different 64 nozzles.  

After this matrix has been created, the code computes the summation along the different 

time steps (which represents the integral over time) and then the summation of all 64 

distributions. This code would be very heavy and it would cause huge computational costs, 

since the program would compute operations between 4-dimensional arrays. Thus the trick 

consists in dividing the four dimensional matrix into two parts: at every time step the code 

computes the summation of the 64 distributions and then, at the end of all time steps, the 

code sums up along the time coordinate. In this way, instead of dealing with a 4-dimensional 

matrix, the code deals with two 3-dimensional matrixes and the computational cost drastically 

decreases.  

Another computational challenge that has been faced is the application of the rotation 

matrix to the flat fan nozzles, whose equations are Eq. (13) and (16) in Chapter 4.3. In Matlab 

Eq. (13) is computed as a matrix based on the defined mesh. The multiplication of these two 

matrixes in Matlab is not convenient, because it would rotate the mesh as well and then there 

is no way to picture the rotated matrix on the non-rotated mesh because they would be 

defined in different points.  

Therefore, the solution has been to multiply by hand the rotation matrix with the equation 

of the paraboloid and afterwards input it as already rotated paraboloid in Matlab. Doing this 

operation by hand leads to the following equation: 

𝑧 = 𝑎 − 𝑥2 ∙ (𝑏 ∙ 𝑐𝑜𝑠(𝛼𝑅)2 + 𝑐 ∙ 𝑠𝑖𝑛(𝛼𝑅)2) − 𝑦2 ∙ (𝑏 ∙ 𝑠𝑖𝑛(𝛼𝑅)2 + 𝑐 ∙ 𝑐𝑜𝑠(𝛼𝑅)2) + 𝑥 ∙ 𝑦 ∙ (20) 

              ∙ 𝑠𝑖𝑛 (2 ∙ 𝛼𝑅) ∙ (𝑐 − 𝑏)   

The equation has been centered in the origin (𝑥0 = 0 and 𝑦0 = 0) in order to make its 

understanding easier. The equation is not nice but it does not have any difficulties or issues in 

itself and thus it is extremely trivial to use it and change its rotation. Such rotation leads to the 

distribution shown in Figure 26. 
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Figure 26: Resulting profile of 1 oscillating rotated flat fan nozzle. 

This profile has two peaks with the same height and a minimum in the middle, as well as 

the one showed in Figure 25 for the same reasons. Moreover, in the Figure it can be clearly 

seen the characteristics of the flan fan nozzle, where the distribution is wide along one 

direction and really narrow along the other one. The numbers of the colorbars in Figure 25 

and 26 differ of one order of magnitude because the maximum values for flat fan nozzle is 

higher if compared to the one for the full cone nozzle.    

Matlab has been also used to create several videos, which evidently cannot be shared in 

the present document, but they have been used to easier understand and explain how the 

profiles in Figure 25 and Figure 26 and some of the results presented in Chapter 6, are 

developed. The used Matlab algorithm is VideoWriter. It creates an AVI file that gets a frame 

from every picture taken at every time step.  

Sometimes it will not be possible to support pictures with contour plot, especially with 

results referred to flat fan nozzles with 10:1 ratio. This occurs because, due to the long and 

narrow profile of said nozzles, the meshgrid needs to be extremely dense to provide an 

acceptable profile. Therefore a contour plot would lead to a black picture because of all the 

lines of the meshgrid. 

5.2. Experimental setup 

 

This chapter aims to present the experimental setup used to run the experiments, whose 

goals are to validate the computational results. The validation has been focused on two topics:  

1. Measuring the etching rate in different spots throughout the 2 modules; 

2. Validate the higher overall etching rate using 45° as rotating angle in the first 

module. 
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The first topic needed a totally new experimental setup, thus several approaches have 

been tried before finding the proper one, which would have delivered the desired outcome. 

Hence all the path to reach the final setup will be discussed in detail. 

The second topic, on the other hand, has been based on the same setup used in 

production. Therefore it will not be fully discussed, since it has not been developed during this 

Thesis and it will only be presented shortly. 

5.2.1. Etching rate profiles per etching module 

 

The first experiment targets to validate the simulation results regarding the liquid flowrate 

per unit area distribution, presented in Chapter 6. The flowrate per unit area affects directly 

the etching rate, as already discussed in Chapter 3.3. This validation is fundamental to verify 

those results and provide them accuracy and reliability. 

The first idea to examine the etching rate in different spots throughout the module has 

been to run the metal sheets with no resist applied, and etch only from one side. Afterwards, 

the thickness of every metal sheet should be measured in different positions. Based on the 

different thicknesses, it is possible to correlate them with different etching rates and, thus, 

comparing them with the liquid flowrate profile yielded by the simulations.  

However, this setup has a significant drawback: the metal sheets start to bend. The 

bending occurs because there is compression of the first layers of the metal, due to the rollers 

which make the sheets scrolling horizontally. When the etching reaction occurs only on 1 side, 

as in this case, the compression on the etched side is released, since the first layers of the 

metal are etched away, whilst the compression on the other side is not released. This leads to 

a compressed side and an unstressed side, producing the bending. Therefore, the results of 

the etching reaction on a bended metal sheet are not reliable and cannot be used to judge the 

simulation results.  

The bending, naturally, occurs also on a metal sheet with the resist layer applied on, so in 

the normal setup used in production. However, since the surface which undergoes the 

reaction is only the part where there is no resist and this area is quite small, the released 

compression is not so high and thereafter the bending can be neglected.  

Nevertheless, even though these experiments are not 100% reliable, they have provided 

interesting learnings. First of all, there has been experimental proof of the fact that fluid with 

no pressure leads to an etching rate which is, basically, negligible. During these experiments, 

in fact, since the sheets have been at rest, there were several areas all the time in contact with 

the rolls. In those spots, due to the liquid surface tension, there has been accumulation of the 

liquid which has hindered new pressurized droplets to hit the surface. Running the reaction 

for a certain time, the sheets reached the breakthrough with several large holes. However, 

these holes were present everywhere but the areas in contact with the rolls, because in those 

areas the reaction rate is, basically, null.   

Moreover, all the tested metal sheets have presented 7 deeper circular spots for every 

row, due to higher etching rate, in accordance with the simulations. 
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After this setup has turned out to be not precise, a new idea has been developed: having 

several small metal pieces stuck on a stencil completely covered by the resist, measuring the 

weight of each metal piece before and after the reaction and thus computing the mass loss 

percentage, as following: 

 𝑊𝑙% =
𝑊0−𝑊𝑓

𝑊0
 ∙ 100                     (21) 

where 𝑊𝑙%  is the mass loss percentage, 𝑊0 is the initial mass before etching and 𝑊𝑓  is the 

final mass after the reaction. The mass loss percentage is directly proportional to the etching 

rate. Concerning this setup, the issue has been how to stick the metal pieces on the stencil. 

Three adhesives have been investigated: hot melt, reactive adhesive and double-sided tape. 

However, these solution did not seem reassuring because of the risk of a metal piece to fall 

and damage the machine.  

Finally the proper setup has been found, which is quite similar to the one just explained. 

It is always based on using small metal pieces and measure their mass loss percentage, but 

replacing the stencil with a plastic frame, shown in Figure 27.  

 

Figure 27: Plastic frame labelled with metal pieces positions. 

The plastic frame has been labelled with every position a metal piece can be attached to. 

In the plastic frame there are 11 rows and 5 columns available. Hence in every plastic frame 

55 metal pieces can be attached. Every position has been labelled accordingly, as depicted in 

Figure 27. This arrangement allows to build a detailed picture of the etching rates throughout 

the module. Moreover, every experiment needs 2 plastic frames to cover a module. In 

conclusion, running an experiment needs 110 metal pieces. 
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The advantage the plastic frame provides, compared to the second proposed setup, is that 

there are splines which are helpful to fix and stick the metal pieces to the frame. Every metal 

piece is stuck to the frame through 4 splines.   

The experiments have been organized in the following way: 

- Every experiment will be repeated twice for statistical matters; 

- Every experiment will be run separately in the two etching modules; 

- Every experiment will be repeated twice for two different stainless steels, where one 

is hardened and the other is annealed.  

Overall, approximately 900 metal pieces will be evaluated and weighted twice, before and 

after the reaction. This makes the experiment extremely time consuming, but provides an 

extremely full and detailed description of the etching rate profile.  

The specifications for the experiments are: 

1. Amplitude of 40 mm; 

2. Feeding rate of 0 m/s; 

3. Frequency of 75 min-1; 

4. Total flowrate per row of 9 l.min-1; 

5. Rotating angle of the nozzles in the first etching module of 30°; 

6. Reaction carried out only from below. 

These specifications have been chosen in order to match as much as possible the 

computational setup used during the simulations.  Specifications number 1, 3 and 5 have been 

chosen in order to use the actual setup already established. Specification number 2 has been 

chosen in order to match the assumption that the metal sheet is at rest. Specification number 

6 has been chosen in order to avoid formation of a liquid layer on the metal and the lateral 

flow on the metal sheet.  

Specification number 4 is the most problematic. In fact, it is not possible to input the 

pressure, which is the one input in the computational model, i.e. 2 bar. In the experiments 

what can be input is the flowrate, which cannot be immediately translated into pressure due 

to the gravity. In this case, since the reaction is carried out only from below, the pressure will 

decrease due to the opposite direction between the flow and the gravity. Finally a value of 9 

l. min-1 has been chosen. This flowrate leads to pressures higher than 2 bar when sprayed from 

the top, whilst to pressures lower than 2 bar when sprayed from the bottom.  

5.2.2. Validation of higher overall etching rate using rotating angle derived from 

computational model 

 

The second experiment targets to compare the overall etching rate achieved using 45° and 

30° as rotating angles in the first etching module and validate that using 45° leads to a faster 

overall reaction. The reason for this experiment will be fully discussed in Chapter 6.2.3. 

Nevertheless, the setup used for this experiment is the one already established, i.e. 

accordingly to the process flow already presented and the following specifications:   
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1. Amplitude of 40 mm; 

2. Feeding rate of approximately 1.6 mm/s; 

3. Frequency of 75 min-1; 

4. Adjusted flowrate setup; 

5. Reaction carried out only from below. 

The feeding rate is the fundamental parameter which will be used to validate or not the 

assertion. If 45° requires a higher feeding rate compared to 30°, etching away the same 

amount of material, the assertion will be confirmed. 

After the reaction is complete, the cutting angle, the edge radius and the stegbreite will 

be measured. The first two are used to evaluate the quality of the cutting angle, while the 

stegbreite is a specific etched length on the metal sheet. It is required that it reaches a specific 

value, which qualify the amount of removed material, adjusting the flowrate setup.  
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6. Results and discussion derived via numerical methods 
 

This chapter will present the simulation results achieved during this Thesis and discuss 

how several parameters, e.g. amplitude and frequency of oscillation and the geometrical 

arrangement of the nozzles, affect the overall liquid distribution. This chapter is organized 

based on the results of the two etching modules. Nevertheless, it will be firstly presented how 

the overall distribution would look like in case no oscillation is applied. All the distributions 

that will be showed are based on the profile of one oscillating nozzle in Figure 25 and 26.   

The results will be presented, based on the two etching modules, according to the 

following structure: three oscillating nozzles, a row of oscillating nozzles, the overall liquid 

distribution, influence of oscillation parameters and geometrical distribution of the nozzles. 

The optimization is done for both modules along two different directions and the reason 

for this choice will be discussed further in Chapter 6.2.3. The oscillation parameters studied 

are frequency and oscillation, while the geometrical distribution of the nozzles means passing 

from an arrangement with 64 nozzles to another one with 96 nozzles. 

All the results which consider the nozzle oscillation are yielded by a complete revolution 

of the nozzles. 

6.1. Overall liquid distribution with no oscillation applied 
 

This study exploits the approximation that the liquid distribution of different nozzles just 

sum up, i.e. any interaction between droplets sprayed by two neighbor nozzles are neglected. 

The result of summing up 64 full cone nozzles, according to the arrangement presented in 

Figure 17, in a stationary system is shown in Figure 28. 

 

Figure 28: 3D distribution profile full cone nozzles without oscillation. 
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In this situation several peaks can be easily seen and they come from the overlapping 

domain of neighbor nozzles. Thus, the highest values are not achieved at the points 

corresponding to the nozzle central position, but at points corresponding to areas in between 

neighbor nozzles. A better insight of the same profile can be obtained looking from the top 

view, where the colors help a lot to understand where the liquid is concentrated and where 

there is a lack of liquid, as shown in Figure 29. 

 

Figure 29: 2D top view distribution profile full cone nozzles without oscillation. 

The colorbar next to the picture means that the brighter the color, the higher the flowrate 

per unit area is in that precise point. On the other hand, the darker the color, the lower the 

flowrate per unit area will be in that precise area.  

As it can be easily seen from the picture, at the borders the amount of liquid is lower and, 

therefore, it must be avoided to place the metal sheet in those areas. However, even in the 

central area the specific flowrate changes considerably, as shown by the wide range of colors 

present. Because of this condition, it becomes necessary to oscillate the nozzles in order to 

balance the distribution and to understand how the oscillation parameters influence the 

overall liquid distribution. The same conclusion, i.e. the need for oscillation, can be achieved 

studying the overall profile in etching module 1 with flat fan nozzles. Actually, the situation 

present in the first etching module would be worse than the one in the second module and it 

makes even more necessary the oscillation, as shown in Figure 30.  
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Figure 30: 2D top view distribution profile flat fan nozzles without oscillation. 

6.2. Liquid distribution in etching module 1 with flat fan nozzles 
 

The results yielded by flat fan nozzles used in etching module 1 will be shown and 

discussed here. Hence, the profile which is the basis for this chapter is the one depicted in 

Figure 26. The results shown in Chapter 6.2.1. and 6.2.2. are yielded using a rotating angle of 

30°. 

6.2.1. Model containing three oscillating nozzles 

 

Figure 31 shows three oscillating flan fan nozzles, yielded by a simulation using 40 mm as 

amplitude and 75 min-1 as frequency. 
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Figure 31: Three oscillating flat fan nozzles. 

The profile shows an alternation of peaks and minima and two smaller peaks at the sides. 

The higher peaks come from the overlapping area of two neighbor nozzles, while the lower 

peaks come from the outer nozzles, as shown in Figure 26.  

The first statement is explained by the fact that there are two peaks for three nozzles and 

that the peaks correspond to areas where two neighbor nozzles stop and turn back. On the 

other hand, the second statement is confirmed by the value of the smaller peaks: in Figure 31 

they are approximately 0.6 ∙ 10−3 ml

mm2∙s
 and the same value can be extrapolated from the 

peaks in Figure 26. It is already quite clear from this picture that there is a big difference 

between the heights of the peaks and the minima. 

6.2.2. Model containing a complete row of oscillating nozzles 

 

Figure 32 shows a row of oscillating flan fan nozzles, yielded by a simulation using 40 mm 

as amplitude and 75 min-1 as frequency. 

 



45 
 

 

Figure 32: A row of oscillating flan fan nozzles. 

The first impression that could come up just by comparing Figure 31 and 32 is that the 

peaks in Figure 32 are narrower compared to the ones in the previous picture. This is merely 

a visual matter, since the domain has become bigger (the nozzle oscillation direction axis has 

doubled its domain). The general trend is the same as the one presented in Chapter 6.2.1., 

with an alternation of peaks and minima and two smaller peaks at the sides. The higher peaks 

in this case are 7, since they come from the overlapping area of 8 nozzles.  

 

6.2.3. Overall liquid distribution 

 

Based on the geometrical distribution of the nozzles shown in Figure 17 and applying the 

oscillation to all 64 elliptic paraboloids with a 5.3:1 ratio, the overall profile is shown in Figure 

33. 
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Figure 33: Distribution profile 5.3:1 flat fan nozzles angle 30° 3D view.  

The 3D view provides an overall profile which is not so trivial to correctly understand, due 

to the rotating angle of the nozzles, the high ratio between depth and width and the opposite 

rotating angles among the first four rows and the last four rows. Therefore the 3D view 

distribution has been rotated and presented in the only way the general trend becomes 

understandable. However, from now on, the 3D view for flat fan nozzles will be presented 

only as a 2D top view. Thus the 2D top view, equivalent of Figure 33, is shown in Figure 34. 

 

Figure 34: Distribution profile 5.3:1 flat fan nozzles angle 30° 2D top view. 

 The first clear information Figure 34 yields is that the liquid distribution of different rows 

do not overlap. This leads to a situation where some areas are not wetted at all by vertical 

flow. Those areas are, naturally, wetted by lateral flow. However the lateral flow, which 
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represents the way the etching solution flows away after hitting the surface, is irrelevant for 

the reaction rate. This has been confirmed both theoretically and experimentally.  

Theoretically it has been confirmed in Figure 5, which shows the influence of spray 

pressure on the etching rate; moreover it indicates that for a pressure of 0 MPa the etching 

rate is, basically, negligible. A lateral flow does not have any pressure on the metal sheet and 

hence its contribution can be neglected. On the other hand, experimental proof has already 

been given and argued in Chapter 5.2.      

This means that a significant part of the module is not used at all for the reaction and it is, 

therefore, ineffective. The critical difference between using 5° or 30°as rotating angle of flat 

fan nozzles, the issue discussed in Chapter 4.3., underlies in this concept, which can be more 

clearly explained through Figure 35.  

 

Figure 35: Distribution profile 5.3:1 flat fan nozzles angle 5° 2D top view. 

Using 5° as rotating angle the area of the module which is not used for the reaction 

enormously increases. In this case the nozzles provide liquid in an area which covers, along 

the metal sheet movement direction, only 0.28 mm. On the other hand, using 30° as rotating 

angle the nozzles provide liquid in an area which covers 0.75 mm. Thus, using 30° provides a 

wetted area more than 2.5 times wider than the case with 5°.  

Nevertheless, it is important to remind that with 5° the specific flowrates involved are way 

higher compared to the case with 30°. This is shown by the colorbar labels in Figure 34 and 

35. In Figure 34 the label goes up to 1.1 ∙ 10−3 ml

mm2 ∙s
, while in Figure 35 it goes up to 2.5 ∙

10−3 ml

mm2∙s
. This makes perfectly sense, since the overall flowrate is the same. Therefore, if 

the wetted area decreases, the involved flowrates per unit area will be higher. 
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However, in complex chemical reactions it is not sufficient to increase the amount of 

reactant in order to speed up the reaction, since the rate-determining step, above a certain 

feed flowrate, could not increase with the reactant concentration. 

The 2D top view distribution profiles for 10:1 flat fan nozzles for 5° and 30° as rotating 

angle will not be shown here, since the trends are extremely close to the ones depicted in 

Figures 34 and 35. Nevertheless, the relevant data for those profiles will be presented, in order 

to compare them with their corresponding profile for a 5.3:1 ratio.  

Using 30° as rotating angle for a 10:1 ratio, the nozzles provide liquid in an area which 

covers 0.72 mm with a colorbar that goes up to 1.4 ∙ 10−3 ml

mm2 ∙s
. Hence the wetted area 

provided by a 10:1 ratio is lower and the flowrates are higher compared to the one provided 

by a 5.3:1 ratio. 

Instead, using 5° as rotating angle for a 10:1 ratio, the nozzles provide liquid in an area 

which covers 0.19 mm with a colorbar that goes up to 4 ∙ 10−3 ml

mm2 ∙s
. Hence the wetted area 

provided by a 10:1 ratio is lower and the flowrates are higher compared to the one provided 

by a 5.3:1 ratio. 

The reason for this trend is that a more narrow distribution will lead to an overall 

distribution with a smaller wetted area. 

Looking at the overall liquid distribution from the x and from the y axis, hence looking at 

the distributions from a lateral view, two different profiles are identified. In the lateral 

distribution, looking from the sheet movement direction, a pattern repeats itself eight times, 

corresponding to the eight rows, but without overlapping. On the other hand, the dependency 

along the nozzle oscillation direction shows that the difference between peaks and minima is 

not so much in the central area of the domain, while at the sides of the y domain the liquid 

level drops down drastically.  

Hence the effort to optimize the liquid distribution, on one hand, can aim to increase the 

horizontal wetted domain, while, on the other hand, it can aim to increase the area where the 

liquid level is at high values and thus reduce the area where the liquid level drops dramatically 

down. This leads towards two separate optimization procedures, one for each axis. 

Before starting the optimization procedures, it is interesting to see which rotating angle 

provides an outcome with no dry areas between the different rows. This is important because 

it can improve the actual situation just rotating a little bit more every nozzle. 

This angle has been found out through an easy but effective way, which is depicted in 

Figure 36. 
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Figure 36: Sketch to find the rotating angle which provides no dry areas. 

In the sketch above the two circles represent two nozzles of neighbor rows and the green 

lines represent their elliptic cross section before and after rotation. In order to have no dry 

areas between rows, α has to be varied until 𝑤1 = 𝑤2. Considering that 𝑤1 + 𝑤2 = 150 mm 

and that the length of the green lines is 212 mm, the needed condition is achieved when 

sin(𝛼𝑅)  = 
150 

2 ⁄

   212
2⁄       

. Therefore α should be 45.03°. This value naturally represents an 

approximation because in the sketch the elliptic cross section has been depicted as a line, i.e. 

infinite ratio between depth and width of the cross section. A more realistic situation with a 

cross section with finite ratio would result into a smaller angle.  

Nevertheless, this scenario has been confirmed by running the code with such angle and 

it provided only positive values in the central domain.  Since the rotating angle can be applied 

to the nozzles in the etching line only with multiples of 15°, the suggested value to use is 45°. 

6.2.4. Influence of oscillating parameters 
 

Regarding the frequency of oscillation, this does not influence the liquid distribution 

profile yielded by one nozzle (based on the assumption that the metal sheet is at rest 

compared to the nozzles). Because of this, it will not influence the overall liquid distribution 

either. The frequency, which is set to 75 min-1, influences only the time required to reach such 

a distribution. The higher the frequency, the faster the process to reach said distribution will 

be. The frequency, moreover, controls the time when fresh liquid is delivered to a certain 

point on the metal sheet.  

Because of the rotating angle, the profile of 1 row of oscillating nozzles is not easy to study 

and visualize, unlike it will happen for the second etching module, as can be seen in Figure 37. 
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Figure 37: Lateral distribution profile 5.3:1 flat fan nozzles 30°. 

 As it can be clearly seen in Figure 37, every peak has a part which is not visible, since it is 

covered from the neighbor peak. Due to this situation, it is not trivial to understand and 

optimize this profile.   

Thus, the best way to study and optimize the overall profile for flat fan nozzles is to work 

on the profile developed considering the metal sheet movement throughout the module.  This 

integral over time has the same structure as the one showed in Eq. 19. The difference is 

represented by the extremes of integration, where the starting time represents the moment 

when an infinitely thin metal stripe enters in the module and the ending time is the moment 

when the same thin metal stripe arrives at the end of the etching module. This integral can be 

easily computed through summing up all the infinitely thin stripes which constitute the whole 

module. 

In Matlab this has been done in the following way. Considering that the final distribution 

is a matrix made out of rows and columns, where the rows represent the x axis and the 

columns the y axis, the integral along the sheet movement direction is computed as sum of all 

the column vector of the matrix. 

Nevertheless, all the optimization procedure along the nozzle oscillation direction have 

been calculated focusing only on one row of nozzles, neglecting all the other 56 nozzles. This 

choice has been taken because it drastically reduces the computational costs of the 

simulations. Moreover, considering only one row does not change the overall meaning of the 

results, since the different rows do not overlap.  

The resulting profile in the first etching module using flat fan nozzles with 30° as rotating angle 

is shown in Figure 38.  
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Figure 38: Distribution profile with metal sheet movement four times displacement. 

This shows clearly that in a width of roughly 0.56 mm the resulting profile throughout the 

module is homogeneous. The same resulting profile is achieved with flan fan nozzles, with full 

cone nozzles, with 30° as rotating angle and with 5° as rotating angle. Nevertheless, it is 

important to be aware that this profile does not show the entire picture, otherwise there 

would be no difference between the arrangement with 5° and 30°, even though it is 

experimentally proved that these 2 arrangements deliver different outcomes. This could be 

explained by the fact that having before high flowrates and after low flowrates is different 

than the reversed situation. This difference derives from the fact that such a complex chemical 

reaction can have different rate-determining steps in different moments of the process.  

This 100% homogeneous profile is achieved due to the four times displacement of the 

geometrical distribution of the nozzles in the R&D etching line. In order to confirm this 

assertion, the same resulting profile has been computed for the other etching lines, which are 

displaced only two times. This profile can be seen in Figure 39. 

 

Figure 39: Distribution profile with metal sheet movement two times displacement. 
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The resulting profile throughout the module for a two times displacement does not have 

the 100% homogeneous profile in the middle area. Hence it is confirmed that the profile in 

Figure 38 is yielded because of the four times displacement, regardless the type of nozzle and 

its liquid distribution.  

Let us now focus on the amplitude optimization, which will be carried out for values of 30 

mm, 40 mm and 50 mm in the case of 5°, 30° and 45° as rotating angle. This study will be 

performed firstly for a 5.3:1 ratio and afterwards for a 10:1 ratio. Table 2 shows the results for 

the 5.3:1 ratio.  

Table 6.2: Width of homogeneous area depending on rotating angle and amplitude for 5.3:1 ratio. 

Rotating angle Amplitude [mm] Width homogeneous area [mm] 

5° 30 0.58 

5° 40 0.56 

5° 50 0.54 

30° 30 0.58 

30° 40 0.58 

30° 50 0.54 

45° 30 0.61 

45° 40 0.58 

45° 50 0.58 

 

Applying a rotating angle of 5°, the best outcome is provided by an amplitude of 30 mm, 

with a homogeneous area of 0.58 mm width. Applying a rotating angle of 30°, amplitudes of 

30 mm and 40 mm provide the same scenario, with a homogeneous area of 0.58 mm width. 

Nevertheless, the best case scenario for the flat fan nozzle with 5.3:1 ratio is provided by 

applying 45° as rotating angle and 30 mm as amplitude. This situation, in fact, leads to a 

homogeneous area of 0.61 mm width.  

These results can now be compared with the ones of a 10:1 ratio flat fan nozzle, as shown 

in Table 3.  

Table 6.2: Width of homogeneous area depending on rotating angle and amplitude for 10:1 ratio. 

Rotating angle Amplitude [mm] Width homogeneous area [mm] 

5° 30 0.58 

5° 40 0.56 

5° 50 0.54 

30° 30 0.59 

30° 40 0.58 

30° 50 0.57 

45° 30 0.61 

45° 40 0.6 

45° 50 0.58 
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As well as for the 5.3:1 ratio, applying a rotating angle of 5° the best outcome is provided 

by an amplitude of 30 mm. Moreover, for 5° the values are exactly the same as the previous 

case. Applying 30° as rotating angle the values are a little bit higher for the 10:1 ratio, where 

the best result comes from an amplitude of 30 mm with 0.59 mm width. Once again, the 

combination 45° rotating angle and 30 mm amplitude leads to the best case scenario with 0.61 

mm width. 

Overall, these results lead to the following conclusions: 

- A 10:1 ratio leads to a better outcome compared to the 5.3:1 ratio; 

- The best case scenario is provided applying 45° and 30 mm amplitude, leading to 0.61 

mm width, regardless the depth to width ratio of the liquid distribution; 

- On average, 45° delivers the best outcome, with widths always higher than 0.56 mm; 

- The worst case scenario is presented by a 0.54 mm width, which happens in several 

situations, mostly for 50 mm amplitude and 5°.   

6.2.5. Influence of geometrical distribution of the nozzles 

 

Concerning the profile along the metal sheet movement, the only parameter that can 

affect the liquid distribution is the geometrical arrangement of the nozzles, since the 

oscillation does not work along this axis. Thus the idea has been to increase the number of 

nozzles from 64 to 96, hence from 8 rows of 8 nozzles to 12 rows of 8 nozzles. This is based on 

the idea that increasing the number of rows and keeping the size of the module constant, the 

rows will be closer, thus reducing the area with low level of liquid.  

The actual situation is summarized in Figure 40, noting that the figures in this chapter will 

be presented as 2D lateral view from the sheet movement direction axis.  

 

Figure 40: Distribution profile lateral view 64 5.3:1 flat fan nozzles angle 30°. 
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It has been decided to study the influence of the nozzle arrangement based on the actual 

working condition, i.e. 5.3:1 ratio with 30° as rotating angle. As it has already been fully 

discussed in chapter 6.2.3., this distribution has dry areas between the different rows.  

Nevertheless, applying the same global flowrate on 96 nozzles divided into 12 rows would 

lead to the trend shown in Figure 41. 

 

Figure 41: Distribution profile lateral view 96 5.3:1 flat fan nozzles angle 30°. 

Comparing Figure 40 and 41 it is extremely clear that the distribution along the sheet 

movement direction is more homogeneous. In fact, a configuration with 96 nozzles provides 

no dry areas and the minimum flowrate per unit area is the 33% compared to the mean 

flowrate per unit area. Moreover, the maximum value is the 168% compared to the mean 

value.  

On the other hand, the 64-nozzle configuration has the same mean value of the 96-nozzle 

configuration, since the total flowrate and the module surface are kept constant, but the 

maximum value is 338% compared to the mean value. This occurs because the maximum value 

in Figure 40 is way higher compared to the one in Figure 41, as it is evident from the respective 

colobars. In Figure 40 it goes up to 1.2 ∙ 10−3 ml

mm2 ∙s
, whilst in Figure 41 it goes up to 5.5 ∙

10−4 ml

mm2∙s
. 

The 96-nozzle configuration provides an addition benefit beside the one just discussed, in 

case the reaction would be speeded up increasing the total flowrate. In the 64-nozzle 

configuration this attempt would lead to flowrates per unit area which are already too high to 

provide an improvement and, thus, the additional part would be useless, but still having dry 

areas. On the contrary, the 96-nozzle configuration would allow to push the reaction 

throughout the etching module, since it would increase minimum values and also increase the 

maxima which are not as high as in the former configuration. 



55 
 

6.3. Liquid distribution in Etching module 2 with full cone nozzles 
 

The results yielded by full cone nozzles, used in etching module 2, will be shown and 

discussed here. Hence the profile which is the basis for this chapter is the one depicted in 

Figure 25.  Since the full cone nozzles have a liquid distribution of a paraboloid of revolution, 

hence the distribution has the same trend along the x and the y axis, the full cone nozzle is not 

affected by the rotating angle. 

6.3.1. Model containing three oscillating nozzles 

 

Figure 42 shows three oscillating full cone nozzles, yielded by a simulation using 40 mm as 

amplitude and 75 min-1 as frequency. 

 

Figure 42: Three oscillating full cone nozzles. 

This profile does not show an alternation of peaks and minima, as in the previous cases. 

This occurs because the minimum of one nozzle overlaps with the minima of the other nozzle. 

Moreover, this distribution covers a wider area and therefore the overall profile is more 

homogeneous. Nevertheless, there is a peak in the middle of the distribution because that 

represents the domain which is common to all 3 nozzles.  

The last statement is confirmed by the flowrates per unit area involved. In fact, the peak 

in Figure 42 is approximately 2.5 times bigger than the peaks in Figure 25. 

6.3.2. Model containing a complete row of oscillating nozzles 

 

Figure 43 shows a row of oscillating full cone nozzles, yielded by a simulation using 40 mm 

as amplitude and 75 min-1 as frequency. 
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Figure 43: A row of oscillating full cone nozzles. 

The first important clear result yielded by Figure 43 is that the distribution along the nozzle 

oscillation direction for full cone nozzles is way more homogeneous compared to the one of 

flat fan nozzles. This means that the critical conditions, i.e. where improvements are needed, 

do not come from the etching module 2 but from the etching module 1.  

Figure 43 has an alternation of peaks and minima, even though the difference between 

them is extremely slight. Out of the seven peaks, there are 5 in the middle which are lightly 

higher the 2 at the sides. This occurs because a peak in the middle is fed by five different 

nozzles, although two of them feed an extremely low small amount of etchant, while a peak 

at the sides is fed only by four different nozzles. However, the missing nozzle feeds such a 

small amount of etchant that the different is only slight. 

6.3.3. Overall liquid distribution 
 

Based on the geometrical arrangement of the nozzles shown in Figure 17 and applying the 

oscillation to all 64 elliptic paraboloids, the overall profile is shown in Figure 44.  
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Figure 44: Distribution profile full cone nozzles 3D view. 

This profile is highly different if compared to the one of flat fan nozzles. In this case, in fact, 

the liquid distribution of different rows overlap, unlike the case of flan fan nozzles. This means 

that this case does not have any dry area. Moreover, liquid distributions from different rows 

do not just overlap, they also lead to areas with quite high flowrates per unit area.  

Nevertheless, the involved flowrates are, naturally, lower compared to the ones involved 

for the flat fan nozzles. Comparing the colobars of Figure 44 and 34, for flat fan nozzles the 

label goes up to 1.2 ∙ 10−3 ml

mm2 ∙s
, whilst for full cone nozzles the label goes up to 1.2 ∙

10−4 ml

mm2∙s
. Therefore for flat fan nozzles the flowrates are exactly one order of magnitude 

higher than for full cone nozzles.  

6.3.4. Influence of oscillation parameters 

 

Regarding the frequency of oscillation, as happened for the flat fan nozzles, this does not 

influence the liquid distribution profile yielded by one nozzle (based on the assumption that 

the metal sheet is at rest compared to the nozzles). Because of this, it will not influence the 

overall liquid distribution either.  

Now the focus is shifted towards the influence of the amplitude on the liquid distribution. 

This optimization, as happened for the flat fan nozzles, is carried out only on one row of 

oscillating nozzles in order to lower the computational cost. Looking at Figure 44 from a lateral 

view and focusing only on one row, the profile is shown in Figure 45. 
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Figure 45: Distribution profile along the nozzle oscillation direction full cone nozzles. 

This profile has been defined two distinct areas: in the middle there is an area where the 

liquid distribution is roughly homogenous and outside this middle area the flowrate per unit 

area drops drastically down. The chosen approach to study the influence of the oscillation is 

the following: varying the oscillation parameters will lead to two effects, changing the width 

of the middle area with rough homogeneity and the homogeneity percentage of said area. 

This approach has been selected since it is fundamental to ensure homogeneity in an area as 

wide as possible. This means that having a 100% level of homogeneity in a narrow area is a 

worse condition than having a 95% level of homogeneity in a broader area. 

The amplitude has been studied in the interval from 30 mm to 190 mm, keeping in mind 

that the R&D etching line can work on amplitude values of 30 mm, 40 mm and 50 mm. In case 

the optimum value is not one of the three applicable to the R&D etching line, this value could 

then be used for lines implemented in the future. Let us consider that figures from different 

amplitudes will not be shown since the profile is always similar to the one shown in Figure 45 

and other pictures would not provide any other information. 

Amplitude above 70 mm could yield high levels of homogeneity, but they lead to much 

narrower homogeneous areas. This effect occurs since high amplitudes enhance the area with 

low height of liquid volume, i.e. the domains at the sides of the homogenous zone.  

An example of this comes from comparing amplitudes of 40 mm and 75 mm, as can be 

seen in Table 4, based on width of homogeneous area, the minimum and maximum value in 

percentage of the mean value in said area.   

Table 6.3: Comparison amplitude 40 mm and 75 mm in second etching module. 

Amplitude (mm) Minimum value Maximum value Width (mm) 

40 96.7% 101.8% 0.56 

75 99.5% 100.3% 0.47 



59 
 

From this example it is clear that the case of 75 mm results basically into a perfect 

homogeneity and a higher one compared to the outcome provided by the case of 40 mm. 

Nevertheless, the case of 45 mm yields a good homogeneity in an area which is 0.09 mm wider 

compared to the one provided by an amplitude of 75 mm. Because of this, an amplitude of 40 

mm delivers a better overall outcome compared to an amplitude of 75 mm. 

The focus now is shifted towards the situations applicable to the R&D etching line, 

considering that the amplitude currently used is 40 mm. The situation is summarized again in 

Table 5:  

Table 6.3: Comparison amplitude of 30 mm, 40 mm, and 50 mm in second etching module. 

Amplitude (mm) Minimum value Maximum value Width (mm) 

30 99.4% 100.6% 0.54 

40 96.7% 101.8% 0.56 

50 97.6% 102.3% 0.48 
 

The three scenarios presented in Table 5 have all of them high levels of homogeneity, 

which differ +/- 2% from the mean value. The real difference is represented by the width of 

the homogeneous area. With an amplitude of 40 mm the width is the highest, which is 0.56 

mm, while with an amplitude of 50 mm the width is 0.48 mm. 

Based on the results of these two Tables, it comes out the best case scenario is provided 

by an amplitude of 40 mm, which slightly improves the width of the homogeneous area. 

Instead, among the values applicable to the R&D etching line, 30 mm and 40 mm result into 

similar conditions. 

6.3.5. Influence of geometrical distribution of the nozzles 

 

Concerning the profile along the metal sheet movement, the only parameter that can 

affect it is the geometrical distribution of the nozzles since the oscillation does not work along 

this axis. Thus the idea has been to increase the number of nozzles from 64 to 96, hence from 

8 rows of 8 nozzles to 12 rows of 8 nozzles. This is the same variation that has been previously 

studied for etching module 1. The actual situation can be summarized in Figure 46. 
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Figure 46: Distribution profile lateral view 64 full cone nozzles. 

Figure 46 shows how an extremely homogeneous distribution there is in module 2 

compared to the same situation in module 1. This is due to the fact that the full cone nozzles 

have a wider distribution. This also leads to lower space for improvement regarding the 

flowrate distribution.  

Nevertheless, applying the same global flowrate on 96 nozzles divided into 12 rows would 

lead to the trend shown in Figure 47. 

 

Figure 47: Distribution profile lateral view 96 full cone nozzles. 
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Comparing Figure 46 and 47 it is clear how the peaks and minima are closer, but the 

improvements are not comparable to the ones achievable in module 1. In this case, the 

minimum value passes from 91% to 93% compared to the mean value. On the other hand, the 

maximum value passes from 113% to 106% compared to the mean value. 
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7. Validation of computational model via experiments 
 

This Chapter presents and discusses the results yielded by the experiments, whose goals 

are to validate the computational results. The performed experiments have been previously 

divided into: 

1. Measuring the etching rate in different spots throughout the 2 modules; 

2. Validate the higher overall etching rate using 45° as rotating angle in the first 

module. 

For the first topic all the results will be presented in detail, highlighting where they match 

the computational model.  

On the other hand, for the second topic only the results of the stegbreite will be presented 

in order to understand whether the trend derived from simulations is present in the 

experiments as well. 

7.1. Etching rate profiles inside the etching modules 
 

Since all the experiments have been carried out in a successful way and the two attempts 

(repeated for statistical purposes) have led to similar results and trends, the average will be 

presented. 

The only issue during the experiments has been some leakage of etchant from the upper 

pipeline, due to the oscillation of the machine, which cannot be eliminated. This has led to 

increase the reaction rate on the undesired side in an approximately homogenous way 

throughout the modules. 

The overall distribution in the etching module 1 is shown in Figure 48. 

 

Figure 48: Overall etching rate distribution in module 1 top view 

This profile should match the one shown in Figure 34. Along the metal sheet movement 

direction there are 22 positions, which correspond to the rows of the plastic frames, 11 each. 

On the other hand, along the nozzle oscillation direction there are 5 positions, which 

correspond to the columns of the plastic frames. 
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In Fig. 49 there are clearly darker areas every three columns. This means that in those 

areas the etching rate is lower compared to brighter areas. This result is in agreement with 

the computational results, even though in Figure 34 there are areas completely dry. This 

difference could be explained through the leakage of etchant from top which increases the 

etching rate throughout the module and thus also in the areas which are supposed to be dry. 

Moreover it is possible that, due to the liquid pressure, there is formation of lateral flow in 

some extent which could increase the reaction rate throughout the module. Figure 49 shows 

the lateral view of the same profile, looking from the metal sheet movement direction. 

 

Figure 49: Overall etching rate distribution in module 1 lateral view 

As Figure 49 clearly shows, there is a constant alternation between peaks and minima. This 

occurs everywhere apart from position 11-12, because that corresponds the area where the 

two plastic frames are taped together and there are no metal pieces. Therefore, the minimum 

is not present. The etching rates corresponding to the minima are approximately 50% 

compared to the etching rates at the peaks.  

These pictures are valid for the hard material, but also the soft material presents the same 

trends. The only difference comes from the overall etching rate: for the soft material is roughly 

7 %mass loss ∙min-1, while for the hard material is circa 3.5%mass loss ∙min-1, as can be also 

understood from Figure 49. This could derive from two factors. Firstly, the hard material is 

thicker than the soft material and therefore the mass percentage loss will be higher for the 

thinner material. Secondly, the microstructure and the chemical composition of the material 

could play a role in the reaction.  

The overall distribution in the etching module 2 is shown in Figure 50, which has to be 

compared to a top view of Figure 44. 
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Figure 50: Overall etching rate distribution in module 2 top view 

The overall profile in etching module 2 shows, always in the same areas, darker spots, even 

though the profile is not as uniform as the one in module 1. In order to better understand the 

extent of peaks and minima, it is convenient to exploit the lateral view, shown in Figure 51. 

 

Figure 51: Overall etching rate distribution in module 2 lateral view 

 In this case the etching rate difference between peaks and minima is not as high as in 

module 1. In fact, the etching rates corresponding to the minima are approximately 70% 

compared to the etching rates at the peaks. The computational results says that the minima 

are circa 80% compared to the peaks. Therefore, there is a good match between 

computational and experimental results for the etching module 2.  

Furthermore, the overall etching rate in module 1 and 2 for the hard material is the same. 

This is in agreement with the computational model, which is based on the fact that when the 

overall flowrate is the same the etching rate should be constant regardless the type of nozzle 

used.  

Nevertheless, for the soft material the overall etching rate in module 1 is higher than the 

one in module 2. In fact, in module 1 the overall etching rate is 7 %mass loss ∙min-1, as mentioned 
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before, while in module 2 it is roughly 5 %mass loss ∙min-1. This is not in agreement with the 

computational model and there is no confirmed theoretical basis for it. It is important to 

underline that in both attempts this difference in etching rate is present for the soft material 

but is not for the hard material. This points out that maybe for a soft material on a microscale 

level the reaction is more affected where flow rate per unit area is higher, i.e. for flat fan 

nozzles in module 1.  

The last important result achieved during these experiments is the overall etching rate 

distribution along the nozzle oscillation direction, which has to be compared to the profile in 

Figure 38, is shown in Figure 52. 

 

Figure 52: Distribution profile along the nozzle oscillation direction in etching module 1 

The distribution presented in Figure 52 is valid for the hard material inside the module 1, 

but similar trends are achieved for every module and type of material. This is in agreement 

with the profile shown in Figure 38, where the domain with homogeneous distribution has a 

roughly 500 mm width and the width of the plastic frame is 500 mm as well. 

As explained in Chapter 6.2.4, the reason for this homogeneity comes from the 4 times 

displacement arrangement of the nozzles. 

7.2. Analysis of overall etching rate using optimal rotating angle derived from 

computational method 

 

The computational model yielded 45° as optimal rotating angle for the etching module 1 

in order to avoid dry spots in the module itself (see Chapter 5.2.3). The stegbreite provides 

information regarding the extent of the reaction. The stegbreite has been measured in 

different positions inside the module and its values are reported in Table 6, where the 

stegbreite nominal value is 0.5 and the tolerance is 0.06. When the stegbreite is lower than 
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0.5, with constant reaction time, the etching rate is higher, while when the stegbreite is higher 

than 0.5 the etching rate is lower.   

Table 7.2: Stegbreite measured at different positions in module 1 using optimal rotating angle 

 

Table 6 shows how, throughout the module, the stegbreite is constantly lower than the 

nominal value (shown by the horizontal red line). It is approximately 4% lower than the 

nominal value. This means that the reaction has been carried out longer and the stencil has 

been etched more, having 45° as rotating angle leads to a faster overall reaction. Further 

studies are necessary to confirm this assertion. 

A possible way to further confirm this condition is to run the etching reaction using 45° as 

rotating angle with higher feeding speed, thus lower reaction time. The result would then be 

that the stegbreite has an average value of approximately 0.5, i.e. the nominal value. In case 

the stegbreite would have an average value higher than the nominal value, the reaction has 

been carried out to a lower extent.  

This further confirmation has not been done during this study since there has not been 

time to complete it, but it represents the starting point for future works. 

 

X X X X X X X X X X X
X X X X X

Stegbreite

Stripe number
167 8 9 10 11 12 13 14 15

0,51 - 0,52

0,50 - 0,51

0,49 - 0,50

0,48 - 0,49

0,47 - 0,48

0,46 - 0,47

0,45 - 0,46                     

4 5 6

0,44 - 0,45                     

< 0,44                             UT

Nominal value 0,5 ± tolerance 0,06

> 0,56                              OT

0,55 - 0,56                      

0,54 - 0,55

0,53 - 0,54

0,52 - 0,53

1 2 3
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8. Conclusions 
 

The main objective of this study has been to develop a computational tool able to describe 

the liquid flowrate distribution inside the etching modules in function of several parameters, 

i.e. spray cross sections of the nozzles, the oscillation parameters, the rotating angle of the 

nozzles within etching module 1 and the nozzle arrangement inside the modules. 

The results have highlighted how the liquid distribution has two distinct profiles, one along 

the sheet movement direction and the other one along the nozzle oscillation direction and the 

optimization has been carried out separately. The profile along the nozzle oscillation direction 

has already a high level of homogeneity, while the profile along the other direction oscillates 

between peaks and minima. This occurs especially in etching module 1 where a width of 

roughly 300 mm does not receive vertical flow.  

It has been proposed to improve the homogeneity of the liquid distribution along the sheet 

movement direction increasing the number of nozzles from 64 to 96. This modification leads 

to a significant improvement in etching module 1, while in module 2 the improvement is not 

so high considering that the starting condition presents already a high level of homogeneity. 

Another way to improve the homogeneity in module 1 comes from changing the rotating 

angle of the flat fan nozzles. In fact, shifting from the actual condition of 30° to a rotating angle 

of 45°, the entire module is wetted by vertical flow and thus this variation provides no dry 

areas inside the module. Comparing these two modifications, having 96 nozzles provides a 

better distribution compared to having 45° as rotating angle. However, the former requires a 

new equipment with, thus, high investments, while changing the rotating angle does not 

require any. 

Moreover, the experiments have confirmed most of the computational results. 

Qualitatively every trend derived computationally has been found again from the 

experiments, while from a quantitative perspective not all results have been confirmed. 

Profiles regarding the etching module 2 have been confirmed to a good extent also from a 

quantitative point of view. Nevertheless, the computational results for the etching module 1 

do not match quantitatively with the experimental results. This discrepancy could come from 

leakage of the upper pipeline during the experiments. 

Future works should consider the following aspects: 

- Simulation of the entire pressure drops inside the pipeline; 

- Performing comparative experiments with 45°, 30° and 5°. 
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