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The realization of micro/nano level features in a controlled fashion has always been a challenging task. In this work, a robust micro-electroforming set-up is designed and developed with the most amenable technique to fabricate thin-walled metallic micro-tubes employing the bottom-up approach. Theoretical modeling to predict the concentration profile with pulse time variation per cycle and simulation to realize the uniform current density distribution between electrodes has been performed. Herein, retrofitting of table-top drilling set-up is proposed to perform pulse electrodeposition. Afterward, a series of experiments based on the concept of design of experiments (DOE) is conducted to understand the behavior of the process by varying the input parameters viz., duty cycle, time of deposition, etc. The fabricated micro-tubes have also been tested for their structural and mechanical characterization with the help of FESEM, EDAX, XRD, hardness testing, and surface roughness measurements. Moreover, an attempt has been made to model and optimize this micro fabrication process. The formulation of a multi-objective function and optimization utilizing two evolutionary algorithms, i.e., genetic algorithms (GA) and particle swarm optimization (PSO) were accomplished. Experiment with optimized parameters has been performed and the percentage error for output variables compared. Particle swarm optimization method has been found to have a slight edge over genetic algorithm in terms of optimization. 
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INTRODUCTION
The field of non-conventional manufacturing has been rejuvenated in accordance with the need for miniaturization, electroforming process being one among them. Electroforming as one of the unconventional manufacturing processes, when used in the domain of cutting-edge micro and nano-technology, gives rise to the low-cost fabrication of high precision components. Electroforming, fundamentally based on the principle of electroplating, is defined as a process for production or reproduction of components deposited on a mould or mandrel which is subsequently separated. The mold or mandrel acts as the cathode, whereas the metal to be deposited takes the place of the anode. Both the anode and cathode are immersed in the electrolyte and a power source is used to supply the current. The electric field forces make the metal anions migrate towards the cathode (i.e.  mould) and turn into atoms and deposit them on the surface of the same [1]. The manner in which deposited metal is utilized differentiates the electroforming process from electroplating. In electroplating, the concern is to apply a protective or decorative coating upon the surface, and its purpose is to serve the functionality as a separate entity. The replication precision of the electroforming process is high and of the order of sub-micron level [2].  
In recent times, research on electroforming combined with other advanced manufacturing processes has gained pace. Electroforming being an additive manufacturing process is capable of depositing various kinds of metals, metal-alloys or even some polymers [3]. The process of electroforming has exploited some of the shortcomings of other micro-fabrication methods. There are various additive micro-fabrication techniques viz., sputtering, atomic layer deposition, thermal evaporation, pulse laser deposition so and so forth. These techniques are quite expensive and need proper ambient to function. Further, mentioned processes are suitable for thin film deposition and are inappropriate or less accurate for hollow circular structures. Drawing or extrusion, which is the conventional process for reducing the diameter as well as the thickness of tubes encounter numerous hurdles when the dimensions are in micro-scale. The control system, heating and cooling system, transmission system incur extra cost on and above the supporting frame. Again, the process has limitations based on the plastic deformation capability of the same metal [4,5].  Additive manufacturing and the traditional machining route have a major problem of distortion in the case of thin-walled products [6]. Above all, the fabrication of metal tubes by the above-mentioned process is a difficult task as compared to electroforming. Therefore, electroforming in these cases can be a better alternative as the layer-by-layer deposition method makes the fabrication of complex and intricate structures feasible. It also makes it possible for the economical fabrication of alloys and composites [7]. Hence, the manufacturing of these micro-tubes was taken up aiming for their possible applications in MEMS-based sensing systems where higher surface-area-to-volume ratio can contribute in manifold enhancement to their performance. A tube having at least one-dimensional feature in microscale (1-999 μm) can be termed as a microtube. Although thickness is not the only factor in defining a micro-tube, but it can be a vital one depending on the application. For some applications, internal and external diameters are the deciding factors but for many others, it is imperative to have an interface of the microtube with the macroscopic world. In the case of vascular stent applications, microtubes having internal diameters around 3 mm with a wall thickness of 200 μm have been fabricated [8,9]. Anode microtubes for solid oxide fuel cells were also produced having a diameter of 2.27 mm and wall thickness in the range of 200-300 μm [10]. In the electroforming fabrication process adopted for the present work, the internal diameter of the tube depends on the external diameter of the sacrificial mandrel; the dimension can easily be taken to micron-scale with an appropriate choice of the mandrel. 

In case of electroforming process, a wide range of parameter can significantly affect the output such as material deposition rate, surface roughness, hardness, crystallinity etc. Some of the important input parameters involved in the process are time of deposition, electrolyte concentration, electrolyte flow rate, current density, pulse frequency, duty cycle of the pulse, inter-electrode gap [11] etc. The optimization of these parameters and the development of model will be helpful for the industries to make appropriate decisions. Various optimization methods like RSM and Taguchi method have been applied to electrochemical machining and other hybrid methods [12-14]. But there is a dearth of research in the field of multi-objective optimization of electrodeposition process, though a few have attempted this using RSM [15,16].
THEORETICAL MODELLING OF THE ELECTROFORMING PROCESS
The theoretical mass transport rate, as well as the deposition process under the application of pulsating DC in electroforming of microstructures, is influenced by various factors, such as pulse duration and limiting current density. For large current densities, the metal ion deposition rate can be too fast resulting in disruption of metal ion transportation continuity from the bulk electrolyte. This also can give rise to more hydrogen bubble generation due to water electrolysis. On the other hand, lower current density prolongs the electrodeposition period. Hence exact knowledge of ion transportation and the underlying physics is essential to obtain defect-free electroform parts with accurate process parameters. A mathematical model was developed to predict the effect of varying current density on electroforming of Nickel tubes over aluminium mandrel. The development of electroforming equipment capable of providing rotation to the cathodic mandrel was validated with the help of a simulated model through COMSOL 5.3a. 

The mass transport in the electrolyte depends upon the diffusion layer whose thickness is of the order of few micrometres. For systems where laminar flow conditions do not exist, the Nernst diffusion layer concept is applied and it considers a stagnant layer near the electrode where mass transport is assumed to take place by diffusion and migration only. For rotating cylinder electrodes that have been taken in the experiments turbulent flow condition is encountered which can be solved conveniently by Nernst diffusion layer concept. The Nernst layer has been assumed to be uniform while the current density and concentration distribution were assumed to be non-uniform along the cathode. Two layers namely Nernst diffusion layer and free electrolyte region were chosen for the modelling and simulation. Within the diffusion layer, the transportation of the metal ions to be deposited can be described by the species transport equation as:
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Where c, Ni and Ri are the molar concentration, molar flux and production rate of the species present in the electrolyte, respectively.

But the local flux, Ni is inversely proportional to the diffusion layer thickness, hence it will not be uniform in a mass transport-controlled process. So, the thickness of the Nernst diffusion layer may vary along the length of the cathode [17]. Outside the diffusion layer, the species concentration is assumed to be uniform. 
Fig. 1. Schematic diagram showing Nernst diffusion layer.
The charge transfer step and the surface diffusion step are two rate-limiting steps for the electrodeposition of species based on energy considerations. In case of high current density which is the case in pulse current cycles, charge transfer tends to be the rate-limiting step [18]. Since the charge transfer step resides on the solution side which is the rate -determining step, the equation for solution side mass transfer is considered.      

The molar flux of the species can be expressed as:
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Where Di is the molecular diffusivity, ni is the charge of the species in the electrolyte, F is the Faraday’s constant, R is the gas constant, T is the temperature, V is the electric potential and v is the electrolyte flow velocity vector [19].
Substituting Equation (2) into Equation (1) for the species transportation equation, we get
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The above equation describes the overall species concentration in the electrolyte due to molecular diffusion, electrical migration, fluid convection, and species generation respectively. Both the charge transfer and mass transport phenomena become pronounced when the concentration gradient is significant in the solution. Under this condition, tertiary current distribution can be applied using a Nernst diffusion layer model [20,21]. The concentration was assumed to vary inside the diffusion layer only whereas outside the layer it was considered to be constant and equal to the bulk concentration, C∞. Hence, convection could be assumed to be negligible within the diffusion layer while diffusion played significant role in mass transport phenomenon. 

All the chemical reactions involving all the species in the electrolyte are complicated. Hence to simplify the equation only reduction reaction of the depositing species is considered.

             Ni2+ + 2e- 
   Ni
Where Ni2+ is the ion to be reduced and deposited on the aluminium mandrel and its concentration is denoted by c and charge number by n. Based on the above assumptions Equation (3) can be stated as follows:
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Initially the concentration is same throughout the solution and equal to the bulk concentration.

C = C∞

(t = 0)








(5)
C = C∞

(y = δ) (Bulk concentration)





(6)
Due to the presence of an excess of electrolyte, the galvanostatic condition at the cathode surface can be interpreted as a constant gradient of reacting species. 
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Solving Eq. 3 for a special case of constant current (treating Equation (4), Equation (5) as initial conditions and Equation (6) as boundary condition) using Fourier transform [22]:
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Where m = 1, 2, 3............


δ = Diffusion layer thickness

The diffusion layer thickness was found to be dependent not only on the rotation speed of the cathode, diffusion coefficient of nickel ions and the kinematic viscosity but also the cathode diameter as predicted by Eisenberg et al. [23] using the mass transport equation. The relation valid for rotating cathodes in turbulent flow is as follows:
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where d is the cathode diameter, S the rotational speed in rpm, ν the kinematic viscosity and D the diffusion coefficient of copper ions. 
Fig. 2. The nature of current variation with time during the electroforming process. 

Equation (8) is applicable for the constant current which is not the case in pulsed electrodeposition (PED). Although the current remains constant during the on-time, the relaxation time follows for the rest of the cycle when no current flow takes place.  Figure 2 represents the current variation profile with time during the process. For rectangular waveform with relaxation time,
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Solving Equation (8) for rectangular waveform with relaxation time,

During the on-time of the cycle, 0˂t˂t1 the surface concentration at the cathode can be expressed as:
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During the pause time, t1˂t˂T, the cathode surface concentration was found to be:

Cs = [image: image44.png]
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SELECTION OF ROTATING CATHODE FOR ELECTROFORMING

The equations derived for the electrodeposition process (Equations 4-11) were used to model the process by studying the interaction between anode, cathode and the electrolyte. The model was simulated in two dimensional spaces with chemical reaction at both the electrodes in order to generate current density distribution. The distribution of current density can be a reflection of the thickness of deposition as the current at each point can be converted to deposition thickness using Faraday’s law. In fabricating symmetrical structures, the vital challenge is the uniformity of deposition; hence two models were developed to study the effect of cathode rotation and pulse current waveform on material distribution during deposition. The first model had both the cathode and anode stationary with an electrolyte between them and pulse current was applied. Constant average current density was used for the pulse period while forward and reverse cycles were solved separately using quasi-stationary current distribution.   

Fig. 3. Current density distribution with stationary cathode
The current density distribution is shown in the Fig. 3. Current appeared to be flowing in the electrolyte between the anode and cathode. It was found to be non-uniform in spite of the application of pulse current. It had a wide range of variation from 50 A/m2 to 400 A/m2. The portion of the cathode which is not exposed to the anode remained comparatively inactive with minimum current density. As the electrons always take the shortest path or the least resistive one, the area on the inactive side will remain like a dead zone. The circular nature of cathode makes very limited part of it directly facing, hence can induce non-uniformity in deposition. The second model aims to improve this by providing a rotation to the cathode. It incorporates the principles of rotating hull cell with all other parameters remaining constant with the first model. 

The model is created based on 2D axisymmetric space dimensions. The rotating cathode, stationary anode and the electrolyte are shown in Fig. 4. The electrolyte was divided into two regions namely the diffusion layer and the free electrolyte region. The diffusion layer thickness was calculated using Equation (9) and a mapped mesh was created for the diffusion layer close to the cathode. A refined mesh was used near to the boundary of cathode while coarser triangular mesh was created towards the free electrolyte region. 
Fig. 4. Generation of 2D triangular mesh. The enlarged circle shows the meshing in diffusion layer and free electrolyte region.

Figure 5 represents the simulated current density distribution in the case of a rotating cathode. The cathode rotation speed was 100 rpm with a calculated Nernst diffusion layer thickness of 375 µm. The comparison of figure 5 with figure 3 demonstrates the uniform nature of current distribution in case of rotating cathode as compared to the case of stationary cathode. The modelling and simulation are the basis for the development of electroforming equipment with arrangement for providing rotation to the cathode.
Figure 5. Current density distribution for a rotating cathode.
EXPERIMENTAL SETUP
The micro-system fabrication is performed with the retrofitting to the table-top drilling machine tool. The steps followed during the methodology are explained in the subsequent sub-sections.

Proposed Micro-Electroforming Set-up

The table-top drilling machine is the most economical alternative that could be converted into an electroforming set-up without having to establish the structural backbone. The rigid structure of the drilling machine could firmly support the rotation given to the cathode. The inbuilt autotransformer incurred some extra cost as well as weight on the system, without having any possible advantage for the electroforming process. The high speed provided by the autotransformer is not feasible for the electroforming of micro parts. The rotation can be provided with adjustable speed motor [24,25] but it would necessitate additional cathode holding mechanism and electrical connections for the flow of current. Hence, the simple arrangement of a DC motor (12V) and two couplings allowed us to provide controlled rotation. Only with design modifications involving minimal cost, it was possible to hold mandrels of varying diameters.
Fig. 6. 3D model of modified setup from table top drilling machine setup
The table-top drilling machine (Model number- DM01-MD of TechNeit Engineering) was employed for the fabrication of cylindrical structures. But with the high-power motor (370W, 0.5HP, RPM2800, 220/230V, 1PH, 50Hz, 3.7A) inbuilt in the existing drilling system, it was unattainable to get the desired RPM for electroforming process.  Hence, the drive unit was redesigned to achieve the desired RPM which also led to less consumption of power. The design consists of three major components, one fixed coupler attached to the spindle of the table-top drilling machine, one end of the movable coupler connected to the fixed coupler, whereas the other end was connected to the DC motor (12 V) as schematically shown in Fig. 6. Illustration of set-up amendments can be found out in supplementary information (Figure S1-S4). Figure 7 shows the schematic diagram of the experimental set-up.



Fig. 7. Schematic diagram showing the experimental set up
Fabrication Procedure for Micro-tube

Materials and Methods. Micro-tubes were fabricated on a sacrificial aluminium wire mandrel of diameter 2.9 mm. Custom set-up for electroforming of pure Ni on the wire mandrel was developed. During the process, Ni wire and aluminium mandrel were used as the anode and cathode for the electroforming process, respectively. The aluminium mandrels were treated in acetone and then washed in distilled water. The deposition process was carried out in the electrolyte cell of 600 ml of Watts bath having a composition of 300g/L of NiSO4.6H2O, 30g/L of NiCl2 .6H2O and 35g/L of H3BO3. The pH value and the temperature of the bath were maintained at 4.5 and 54oC, respectively. A hot plate with a temperature control unit and a magnetic stirrer (IKA RCT Basic model, range: 0/50-1700 rpm, 50-380oC) were used to control the temperature as well as provide the bath agitation. The desired micro-tube length was fixed by placing insulating tapes on both sides of the mandrel.  A pulsed DC power supply was given with the help of pulse generator (Scientific SM5035, range: 20 mHz- 20 MHz). The Vickers micro-hardness tests were carried out in Zwick Roell Indentec with a load of 100 gf and dwell time of 10 s. A contact-type surface measurement instrument (Mitutoyo SJ-210) was used for the measurement of surface roughness and morphology. The stylus with the probe was brought in contact with the tubes with a range of 4.8 mm. The phase compositions of the deposited micro-tubes were analyzed using an X-Ray Diffractometer (D8-Advance, Brooker, Germany, Cu-Kα radiation, Bragg–Brenton geometry, 40 kV, 40 mA, 0.015°/s scan rate). X’Pert software was used for qualitative analysis and report of FWHM values at different 2θ values according to the location of the peaks. A field emission scanning electron microscope (ZEISS MERLIN compact) in conjunction with EDAX was employed for analyzing the coating morphology, tube thickness and elemental analysis. The crystallite sizes of the Ni tubes were determined using the modified Scherrer equation [26].
Process Parameters and Experimental Run Order. The experimental methods and run orders were determined by the factorial method of design of experiments. The frequency was considered as a constant parameter (500 Hz), whereas the duty cycle and the time of deposition were taken as the variable input parameters. The rotational speed of the cathodic aluminium mandrel attached to the spindle was maintained within 90-100 rpm. Two levels of duty cycle and three levels of deposition time were chosen for the experiments. The layout of the experimental run can be found in the table provided in the supplementary information. The experiments were performed according to the run order of the design of experiments. Process parameters and values related to DoE can be found out in supplementary information as table S1 and table S2.
Techniques used for optimization. The present work utilizes real coded GA and PSO for optimizing the process parameters of the electroforming process. Nature-inspired evolutionary optimization techniques such as GA and PSO employ agents found in nature viz., ants, cuckoo, birds etc. as solution vectors for optimization of single objective functions. The population, consisting of a certain number of agents defines the diversity and fitness of the problem. In case of the optimization technique like genetic algorithm (GA), various operators like reproduction, crossover, mutation are put to use to ensure the propagation of fittest solution to the next level while reducing the diversity. Binary or decimal numbers can be attributed to a point in the search space, designated as chromosomes or strings. While GA uses the principle of ‘survival of the fittest’, particle swarm optimization (PSO) simulates the behaviour of birds in a flock developed by Kennedy and Eberhart in 1995 [27]. The simplistic implementation approach of PSO makes it efficient in terms of computation. Moreover, swarm optimization-based technique like PSO has the ability to escape local optima and converge to the global optima. The agents in this case are called particles which are assigned positions and velocities. The positions and velocities are adjusted dynamically according to the own knowledge of the particle as well as the swarm (neighbourhood) behaviour.
RESULTS AND DISCUSSIONS
Characterization of the fabricated microtubes
Micro-tube samples obtained from experiments are characterized by FESEM, EDAX, Vickers hardness test and surface roughness measurement. XRD analysis is performed for their crystallite size determination. FESEM and EDAX are performed for thickness profile determination as well as elemental presence. The detailed analysis of the results is discussed in the following sub-sections.
XRD analysis. The electroformed nickel micro-tubes were characterized with the help of X-ray diffraction carried out with Cu Kα radiation (λ=0.15405 nm). The tube source was operated at 40 V and 40 mA. The diffraction patterns were registered in the 2θ range of 30-110o and phase identification was done using JCPDS cards. The Ni tubes were deposited upon an aluminium mandrel and extracted by dipping in potassium hydroxide solution thereafter. But no extra diffraction peaks were detected, indicating that pure Ni was deposited. The peak’s intensity and narrow peak breadth confirm that the deposition is of good quality with high crystallinity and fine grain size. The lattice parameters were calculated using XRD. As can be noticed in Fig. 8 only a slight variation in the peak intensity was observed for different samples with the main features of the diffraction patterns remaining the same. The high intensity of the (111) plane as compared to the other peaks indicate it to be the preferred orientation of the microcrystalline.
Fig. 8. XRD analysis of Ni tubes for 2, 4, 6- and 8-hours duration at (a) 30% duty cycle (b) 40 % duty cycle (c) 50% duty cycle.

Williamson-Hall (W-H) analysis is a simplified integral breadth method where both size-induced and strain-induced broadening is de-convoluted by considering the peak width as a function of 2θ [28]. In the present study, W-H analysis is employed for estimating the lattice strain. The strain induced in crystals due to crystal imperfection and distortion was calculated using the formula:
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Assuming that the particle size and strain contributions to line broadening are independent to each other and both have a Cauchy-like profile, the observed peak width is simply the sum of the above two equations.
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Rearranging the above equation for W-H plot,
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Williamson- Hall plots were drawn with 4 sin θ along X-axis and FWHMhkl cos θ along Y-axis for different nickel tubes fabricated at different duty cycles. From the linear fit to the data, strains induced in the samples were found out.
X-Ray diffraction has been used as a convenient method to determine the mean size of nano crystallites in nanocrystalline bulk materials. From the well-known Scherrer formula, crystallite size is calculated by using the equation [29]:
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where λ is the X-ray wavelength in nanometer (nm), β is the peak width of the diffraction peak profile at half maximum height resulting from small crystallite size in radians and K is a constant related to crystallite shape, normally taken as 0.9. In fact, since D = [image: image55.png]FWHM:+Cos8
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 for different peaks, the FWHM value should increase proportionally. As practically we don’t encounter such variations in FWHM, the researchers [24] tried to minimize the error by considering D value for all the peaks by using the least square method. 

The basic Scherrer formula is given by:
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Taking natural logarithm of both sides;
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When we plotted the results of ln FWHM against ln(1/cos θ), then a straight line with a slope of around one and an intercept of ln [image: image71.png]o | &



  was obtained. After getting the intercept, the exponential of the intercept was found out which gave us the [image: image73.png]S | &



 value. Considering K= 0.9 and λ value as λCukα1= 0.15405 nm, a single value of crystallite size in nanometer was calculated. Table 1 depicts the crystallite size and strain induced in the microtubes with increased time of deposition at a constant duty cycle of 40 %. With gradual increase in time, an increment in crystallite size has been noticed though all values are within 60 nm. The strains induced have been found to have decreased with increase in crystallite size. The increment in duty cycle at constant time of deposition also results in larger crystallite size and reduced strain as demonstrated in Table 2. The prolonged on-time (Ton) for higher duty cycle provides more time for grain growth resulting in larger crystallites.

Table 1.  The crystallite size and strain measured at different times of deposition extracted form Williamson- Hall plots.
Table 2. The crystallite size and strain measured at duty cycles extracted form Williamson-Hall plots.
Structural Characterization. The SEM and EDS analysis of the fabricated nickel tubes through the process of electroforming have been conducted.  The tubes have a length of 2 cm with an internal diameter of 2.9 mm. The thickness ranged from 8.15 μm to 144.6 μm depending upon the process parameters. 
Fig. 9. (a) Top view of microtube (b) EDAX analysis for the type of elements present in the microtube. 

Figure 9-13 shows the FESEM images of microtubes fabricated with various experimental conditions. A minimum thickness of 8.15 µm was obtained for tubes manufactured at 30% duty cycle with 2 hrs of deposition, whereas a maximum thickness of 144.6 µm was obtained with the deposition time of 8 hrs with 50% duty cycle. It was apparently clear that the thickness of tubes enhanced with the increase in time of deposition as well as the duty cycle. Given a constant time of deposition, the tube thickness value increased with increase in the values of the duty cycle.    

Fig. 10. Thickness of tubes with 2 hrs. of deposition at a duty cycle of (a) 30% (b) 40% (c) 50%
Fig. 11. Thickness of tubes with 4 hrs. of deposition at a duty cycle of (a) 30% (b) 40% (c) 50%
Fig. 12. Thickness of tubes with 6 hrs. of deposition at a duty cycle of (a) 30% (b) 40% (c) 50%

Fig. 13. Thickness of tubes at 8 hrs. of deposition at a duty cycle of (a) 30% (b) 40% (c) 50%

Mechanical Characterization. The micro-tubes after being successfully extracted from the aluminium mandrel were weighed in a digital weighing machine (Contech CB series) having three decimal places. The weight deposited has a clear correlation with the time of deposition as well as the duty cycle. The increase in the value of time of deposition led to a significant increase in the weight of the micro-tube. There was an increase in the weight of deposition with increasing duty cycle at a fixed time of deposition as well. The experimental data showing the mechanical properties of various samples of micro-tubes are given in plots of Fig. 14.
The surface roughness gives insight into the morphology of the deposited nickel tubes. The outer surface of the tubes exhibits a greater roughness than the roughness values inner surfaces have. The jump in surface roughness value for tubes prepared at 50% duty cycle can be attributed to the higher deposition rate as compared to the tubes prepared at 30% and 40% duty cycle. 

The hardness values for the samples prepared at 40% and 50% were taken and compared. The thicknesses being very less for the samples fabricated at 30% duty cycle and with deposition time of 2 hrs, it was not possible to record the hardness values. Tubes prepared at 40% duty cycle showed a gradual increase in hardness values with the enhancement of time of deposition. Maximum hardness of 288 HV was obtained for the sample prepared at 40 % duty cycle and the time of deposition being 8 hrs. The hardness values were compared with other references in literature for electrodeposited Ni. Hardness values of two samples were well beyond what has been cited in literature which is around 200 HV [30]. Lower duty cycle (40%) implies a high peak current in order to guarantee the same average current. High peak currents which leave no time for diffusion of nickel ad-atoms favour the nuclei formation instead of the crystal growth. 
Fig. 14. Plots showing the influence of duty cycle on (a) weight of deposition, (b) thickness of the tube, (c) surface roughness and (d) micro-hardness of the micro-tube.
The variation of hardness can be attributed to the change in crystallite size more or less according to the Hall-Petch relation [31],
HV = HV0 + K/√D
where HV0 and K are experimental constants and D is the crystallite size. As can be seen in Figure 14(d) and Table 2 the hardness values for electroformed tubes have been affected by two factors, namely crystallite size and strain induced. As the crystallite size deceases along with an increase in induced strain, the hardness of the samples increases. This has been evident through the hardness values of tubes prepared at 40 % duty cycle. At 30 % duty cycle the hardness testing was not possible to conduct because fabricated tube thickness was in the range of 8 µm- 20 µm. Even if the tubes were sustainable, they could not withstand the indentation. Also, tubes prepared at 30 % duty cycle and deposition time of 2 hrs possess crystallite size in the range of 15-25 nm in which the Hall-Petch relation doesn't hold good.

MODELLING AND OPTIMIZATION OF THE ELECTROFORMING PROCESS PARAMETERS
Modelling of the Electroforming Process
The quality and performance of the fabricated micro-tubes can be gauged by their properties or output responses. The responses in turn depend on the values of input parameters. The ranges of input variables have been shown in Table 3. Four output variables namely weight, hardness, surface roughness (SR) and crystallite size (CR) were measured for each run. 
Table 3. Process parameters and their ranges of experiment

The relationship between the input parameters and the process variables were established in the form of model equations as given below.

SR = 10.9 - 3.04*T – 0.164* D + 0.100*(T)2 + 0.0549 *T*D


(12)
CR= - 189 + 9.58*T + 9.17*D – 0.0898*(D)2-0.192*T*D



(13)
Weight = - 83 – 23.4*T + 4.92*D + 1.06*(T)2 - 0.0650*(D)2+0.81*T*D

(14)


Hardness = -1752 + 331*T + 40.9*D – 7.00*T*D




(15)
ANOVA test was conducted to check the adequacy of the model and the Table 4 below shows the values for one of the process variables, i.e., weight. The coefficient of correlation for weight was found to be 0.9667. The contribution of all linear terms, square terms and interaction terms was significant towards the model as the p-values were below 0.05 (for a significance level of 95%).  The results of significance tests for other terms follow similar trends.

Table 4. Result of ANOVA- Weight
In the present case, a weighted factor method has been attempted to give variable weightage to different factors. Four different objectives namely weight, hardness, surface roughness (SR) and crystallite size (CR) were taken into consideration. A single objective function has been formulated in such a way that the objective functions of surface roughness and crystallite size will get minimized while the objective functions representing hardness and weight will be maximized. Hence the weighted objective function to be minimized is given as:

Minimize Z = (w1× SR) + (w2×CR) – (w3× Hardness) – (w4× Weight)

(16)  

Subject to constraints:

2 ≤ T ≤ 8









(17)

30 ≤ D ≤ 50









(18)

where w1, w2, and w3 are weight factors for objective functions SR, CR, hardness and weight respectively while T and D are the two process variables. The weighted factors are selected in such a way that their sum is equal to one. Three different cases have been considered as case 1: w1 = 0.25, w2 = 0.25, w3 = 0.25 and w4 = 0.25, case 2: w1 = 0.1, w2 = 0.2, w3 = 0.3 and w4 = 0.4 and case 3: w1 = 0.1, w2 = 0.2, w3 = 0.2 and w4 = 0.5. 

Formulation as an Optimization Problem
Genetic algorithm. A real coded GA has been used for computer simulations using tournament selection type of reproduction and uniform crossover. The mutation operator was used to arrive at the global minima as the objective of the function is to minimize. To achieve an effective search, there must be a proper balance between GA parameters, namely probability of crossover (Pc), probability of mutation (Pm), population size (N), and a maximum number of generations (G). The interaction between them needs to be studied to arrive at their optimal values. The probability of crossover, Pc value is chosen high, generally in the range of 0.7-1.0. A smaller value for Pc implies that the crossover may happen sparsely, which is not efficient from the point of view of evolution. On the other hand, the mutation probability, Pm, is usually small, in the range of 0.001-0.08. A higher value of mutation makes it difficult for the system to converge. Deciding the right population size (N) is also important as it ensures proper evolution. Too small a size of the population can make it extinct before it has reached the optimal solution. Too large a population can enhance the evaluations of the objective function, thereby extending the computing time. 
As GA parameters are problem dependent, several trials have been attempted to select them in an optimal sense. A parametric study (varying one parameter while keeping the others constant) has been utilized to determine the GA-parameters for the optimum value of parameters that are surface roughness, weight, hardness and crystallite size. The results of the parametric study have been plotted in Fig. 15, and the procedure has been explained below.

The GA-parameters were decided to be varied in ranges such as 0.01 to 0.07 for Pm, 0.6 to 0.9 for Pc, 20 to 80 for N and 20 to 80 for G. Figure 15(a) shows the variation of fitness values with respect to change in Pm values while keeping Pc, N and G at a fixed level, generally at the mid-value. As this is a minimization problem, the probability of mutation value (Pm*) corresponding to the minimum fitness value was chosen. In the next step, the optimum probability of mutation (Pm*) was considered along with population size and a maximum number of generations at the same level. The plot of the probability of crossover (Pc) versus fitness values is demonstrated in Fig. 15(b). The optimum value of Pc (Pc*) was selected, and both Pc* and Pm* were used in the next stage for the determination of optimum population size(pop*), as shown in Fig. 15(c). Finally, the study was conducted to determine the maximum number of iterations (G*) for which the fitness value is minimum after taking the optimized values of other parameters viz., Pc*, Pm* and pop*. Figure 15(d) depicts the plot of max. number of generations versus fitness values. The optimum parameters obtained are mentioned below:

Probability of crossover (Pc*) = 0.8

Probability of mutation (Pm) = 0.02

Population size (pop*) = 60

Maximum number of generations (G*) = 40
Fig. 15. GA parametric study (a) Pm vs. Fitness (b) Pc vs. Fitness (c) Pop size vs. Fitness 

(d) Generations vs. Fitness
Table 5 depicts the optimum input parameters and the respective properties of electroformed microtubes obtained for different combinations of weighted factors. The minimum fitness values attained for the three cases are -121.766, -158.069 and -122.982 respectively. The second case with optimized input parameters of 8 hrs time of deposition and 30 % duty cycle has the minimum fitness value. But the weight of deposition for this case being less, makes the tubes less rigid that cannot withstand load. The third case optimizes all the output variables and strikes a balance between strength and hardness with moderate values of surface roughness and crystallite size. Hence, the input parameters of 8 hrs time of deposition and 38.7 % duty cycle can be recommended.  
Table 5. Optimum tube parameters for multiple responses using GA

Particle swarm optimization. This section puts to uses a multi-objective PSO (MOPSO), a variant of PSO, to obtain the optimum process parameters for the electroforming of metallic micro-tubes. The two characteristics of the particle, i.e. position and velocity, are updated through many generations until the desired solution is achieved. The swarm size selection method is utilized, which helps in reaching the local best and avoids pre-convergence of the problem. Initially, a swarm is generated with position Xi and velocity Vi (i=1,2……P), where i refers to the process control parameters. The objective function is defined for each local best [f(lbest)] and global best [f(gbest)]. The velocity is updated based on the previous one taking into account both the cognitive and social components. The new velocity is given by the formulation:
Vit = WVit-1 + C1U1(lbest - xit) + C2U2 (gbest – xit)



(19)

The new particle position is xit = xit-1 + Vit
where xit is the particle current position, W is inertia weight; C1 and C2 are self-adjustment and social adjustment learning factors, respectively; U1 and U2 are random vectors. The parameters namely swarm size, number of generations and inertia weight play important role in the present approach. A systematic study was conducted by varying one parameter and keeping the others constant. The subsequent results have been shown in Fig. 16. The parameters of the PSO that is responsible for the optimum performance of the function is as follows:

Inertia weight (W*) = 0.4


Swarm size (SS*) = 80


Maximum no. of generations (G*) = 60
Fig. 16. PSO parametric study (a) Inertia weight vs. Fitness (b) Swarm Size vs. Fitness 

(c) Max. no. of generations vs. Fitness 

In this case also, three different cases were considered by giving various weight factors to the four process outputs, namely surface roughness, crystallite size, weight and hardness. Table 6 shows the optimum values of output parameters with different combinations of output parameters. Interestingly, the second case has a minimum fitness value of -158.056 while the first and third cases have fitness values of -121.759 and -122.981 respectively. The lesser weights of tube attained with input parameters of case 1 and case 2 makes them unsuitable for most practical applications. Hence, case 3 (8 hrs time of deposition and 38.7 % duty cycle) is recommended for fabrication of microtubes. 
Table 6. Optimum tube parameters for multiple responses using PSO 
Comparison between GA and PSO

Multi-objective optimization was carried out thorugh GA and PSO for the fabrication of micro-tubes using the process of electroforming. The optimum input parameters and output variables obtained were similar in both the methods. The output variables obtained for optimum input parameters (8 hrs and 38.7 % duty cycle) has been compared to the experimental values at the nearest input parameter (8 hrs and 40% duty cycle). The error percentage for crystallite size, weight and hardness for GA were 2.4 %, 12.6% and 8.1 % respectively while for PSO it has been found to be 1.8 %, 14.8 % and 0.8 % respectively. It is interesting to notice that PSO has performed better as compared to GA because of its simplistic structure and minimal parameters.    
POSSIBLE APPLICATIONS
Electroforming of metallic micro-tubes has been explored for various industrial applications. The networks of metallic micro-tubes & fibers have the potential to be used in a variety of biomedical applications especially in nerve regenerative implants and neural electrodes. In recent times, electroforming as a stent (that is, expandable hollow sleeves used as intravascular endoprosthesis) manufacturing process has been well established [32,33]. Hang et al. fabricated Ni through electrodeposition to introduce super hydrophobic characteristic on its surface [34]. Microtubes can also be utilized into a microfluidic device for the purpose of fluid flow via the closed passage as well as thin film substrate for growth of semiconductor oxides [35]. Rolled-up micro and nanotubes act as possible systems to provide fully integrative fluid analysis on a chip. Various industries such as Illumina, Life Technologies, and Agilent are using micro-tube to shear DNA and RNA into fragments with distributions centred from 100 to 1,500 bp [36]. A new application system that uses specific lengths of micro-tubes to deliver low volumes of insecticide into open seed furrows at the time of planting. The system has been developed as an alternative for specific product/crop pest combinations and offers greater accuracy and safety than a conventional method such as seed treatment, band spraying or granular application [37].
CONCLUSION
 We have successfully designed and developed pulse-electroforming set-up in cost-effective manner. A theoretical model was developed and simulated for two different conditions namely stationary and rotating cathode. The rotating electrode model demonstrated uniform distribution of current density for cylindrical mandrel. Distinctness of this work lies in the retrofitting of existing table-top drilling machine tool in line with the simulated result and amendment in its drive unit as well as other components.  This electroforming set-up aims to perform micro-fabrication having variegated shapes with high precision. With the bottom-up approach, micro-tubes (as thin as ~10 µm) have been successfully reported in this work. Structural and mechanical characterization has been performed and evolutionary algorithms such as GA and PSO have been utilized to search for optimal process parameters.  Multiple objectives namely surface roughness, crystallite size, weight and hardness were optimized and optimum input parameters were obtained. The values were compared with experimental values and percentage errors were calculated for both the methods. PSO because of its simplistic structure outperformed GA. 
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Figure 5
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Figure 16

Table 1
	Time of deposition(hr)
	Average crystallite size (nm)
	Strain (no unit)

	2
	35.54
	0.00404

	4
	36.22
	0.00180

	6
	37.84
	0.00168

	8
	38.42
	0.00114


Table 2
	Duty cycle (%)
	Average crystallite size (nm)
	Strain (no unit)

	30
	31.00
	0.00547

	40
	38.42
	0.00114

	50
	47.41
	0.00090


Table 3

	Parameters
	Unit
	Symbol
	Range

	
	
	
	High
	Low

	Time of deposition

Duty cycle
	hr

%


	T

D
	8

50


	2

30


Table 4

	Source     
	DF
	Seq SS
	Adj SS
	Adj MS
	F
	P

	Regression

Linear

Time

Duty cycle

Square

Time*Time

Duty cycle*Duty cycle

Interaction

Time* Duty cycle

Residual Error

Total
	5

2

1

1

1

1

1

1

1

6

11
	37443.1

34489.3

23088.8

11400.5

329.4

216.7

112.7

2624.4

2624.4

1291.8
	37443.1

34489.3

23088.8

11400.5

329.4

216.7

112.7

2624.4

2624.4

1291.8
	7488.6

17244.7

23088.8

11400.5

164.7

216.8

112.7

2624.4

2624.4

215.3
	34.78

80.10

107.24

52.95

0.77

1.01

0.52

12.19

12.19
	0.000

0.000

0.000

0.000

0.056

0.035

0.497

0.013

0.013


Table 5

	Process parameters

and responses
	Unit
	Optimum values

	
	
	Case 1a
	Case 2b

	Case 3c


	Time of deposition

Duty cycle

Surface roughness

Crystallite Size

Weight

Hardness
	Hr

%

µm

nm

mg

HV
	8

50

6.74

44.84

205.14

141.00
	8

30

1.23

35.84

81.14

443.00
	8

38.70

3.63

48.58

141.53

311.48


a (w1=0.25, w2=0.25, w3=0.25, w4=0.25)

b (w1=0.10, w2=0.20, w3=0.30, w4=0.40)

c (w1=0.10, w2=0.20, w3=0.20, w4=0.50)

Table 6

	Process parameters 

and responses
	Unit
	Optimum values

	
	
	Case 1a

	Case 2b

	Case 3c

	Time of deposition

Duty cycle

Surface roughness

Crystallite Size

Weight

Hardness
	Hr

%

µm

nm

mg

HV
	8

30

1.19

34.92

76.93

413.98
	8

30

1.25

34.57

73.95

367.65
	8

38.7

3.22

48.24

137.95

285.51


a (w1=0.25, w2=0.25, w3=0.25, w4=0.25)

b (w1=0.10, w2=0.20, w3=0.30, w4=0.40)

c (w1=0.10, w2=0.20, w3=0.20, w4=0.50)

_1663658028.unknown
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