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Abstract: Thickness deposition is a crucial issue on the application of electroformed micro mold inserts. Edge concentration effect is 
the main source of the non-uniformity. The techniques of adopting a non-conducting shield, a secondary electrode and a movable 
cathode were explored to improve the thickness deposition uniformity during the nickel electroforming process. Regarding these 
techniques, a micro electroforming system with a movable cathode was particularly developed. The thickness variation of a       
16 mm×16 mm electroformed sample decreased respectively from 150% to 35%, 12% and 18% by these three techniques. 
Combining these validated methods, anickelmold insert for microlens array was electroformed with satisfactory mechanical 
properties and high replication precision. It could be applied to the following injection molding process. 
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1 Introduction 
 

Today’s machining processes are facing challenges 
from advanced difficult-to-machine materials, stringent 
design requirements (high precision, complex shape, and 
high quality), and machining costs. The LIGA (from the 
German Lithographie, Galvanoformung, Abformung) 
and associated processes become important techniques 
for the fabrication of micro-electro-mechanical system 
(MEMS) components [1−5]. Electroforming is to form a 
metallic part, even with a complex shape, by electrolytic 
deposition on a substrate. Electroformed parts or molds 
have high replication accuracy, high hardness, and good 
mechanical strength, with a short cycle time. These parts 
or molds have been widely used in various fields such as 
aerospace, electronics and automotive industry [6−7]. 

The deposition uniformity of electroformed layer is 
one of the important factors restricting the application of 
electroforming methods. The deposited metal layer is 
naturally concave due to the edge concentration effect 
[8−10]. A number of methods have been proposed in the 
literature to improve the deposition uniformity. Pulse 
power supply, suitable bath agitation, proper temperature 

and appropriate cathode–anode arrangement have been 
found to be useful for improving the uniformity of 
electroformed layer [11−13]. The use of a shield was 
shown to be an effective and simple way to improve the 
current distribution uniformity. The deviation of the 
current density distribution was decreased from 35% to 
less than about 10% with a shield [14]. The rotation of a 
disk electrode provided a new approach to control over 
the nickel electroforming process without affecting 
electrochemical parameters. Deposition uniformity and 
deposition rate could be enhanced by the adjustment of 
rotating speed [15]. A piece of nickel mold insert of 15 
inches. micro-prism patterned light guide panel was 
fabricated by electroforming process and successfully 
applied to the injection molding process for PMMA 
material [16]. 

The poor deposition uniformity would directly 
affect the performance of fabricated items. Several useful 
and simple methods are combined in this work to 
improve the deposition uniformity in electroforming for 
micro mold inserts and the improvement of each method 
are quantitatively analyzed. Micro lens array is a key 
component wildly used in the micro-optical system 
because of its unique optical properties [17−19]. 
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Combining these methods in process, a mold insert for 
micro lens array is fabricated by a self-designed micro 
electroforming system. 
 
2 Theoretical analyses 
 

Non-uniform deposition layer is caused by the 
different layer growth rates on cathode, which is mainly 
determined by the distribution of electrical field and the 
mass transfer of liquid phase. 
 
2.1 Electrical field distribution 

According to Faraday’s law, the mass of metallic 
nickel on cathode is proportional to the amount of an 
electric current and the time for which it flows on 
cathode. It can be described as 

 
KItKQm                                 (1) 

 
where m is the mass of metal on cathode; K is the 
constant of proportionality; Q is the amount of an electric 
current; I is the electrical current; t is the time. 

With the Maxwell equations, the current density 
distribution on cathode is derived as 
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where is   the gradient operator; J is the current density; 
E is the electrical field intensity; γ is the electrical 
conductivity of the electrolyte; φ is the electrical 
potential of the electrolyte. 
 
2.2 Flow field distribution 

The uniformity of deposition layer is affected by the 
concentration of metal ion in the electrolyte, which is 
controlled by the flow field distribution. The mass 
transport is the coupled effect of diffusion and 
convection actions. The diffusive flux can be determined 
during the mass transfer by 
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where Jd,i is the diffusive flux; Di is the diffusion 
coefficient of i ion; Cb is the reactive ion concentration. 

On the condition of convection, the ion 
concentration variation on cathode is determined as 

b, CJ xiC                                   (4) 
 
where JC,i is the convective flux; υx is the vertical fluid 
velocity on cathode. 
 
3 Materials and methods 
 
3.1 Micro electroforming system 

Micro electroforming equipment was self-designed 
with a movable cathode, which is able to fulfill the 
movements of rotating vertically and reciprocating 
horizontally. The motion parameters could be adjusted by 
a control unit. Specialized cathode fixture with a non- 
conducting shield or a secondary electrode was 
developed to improve the deposition uniformity. To 
avoid the impurities, an electrolyte circulating filtration 
system was designed. The anode was an electrolytic 
nickel plate with the dimensions of 65 mm×55 mm×    
4 mm and the initial distance between the anode and the 
cathode was 100 mm. 
 
3.2 Nickel electroforming 

Rectangular pulse power was used in this work. The 
ingredients of electrolyte and the working condition are 
listed in Table 1. 

Adjusting the size of non-conducting shield, adding 
the secondary electrode and adjusting the motion 
parameters of the cathode were tried in this study to 
improve the deposition uniformity of samples 
respectively. The substrate was a 16 mm×16 mm 
rectangle with 1 mm in thick ness. Before deposition, the 
cathode carrying microstructures and the anode were 
vertically placed in the electrolyte face to face (shown in 
Fig. 1(a)). The values of the deposit layer thickness were 
measured in the cross-section by an electronic 
micrometer at every 0.8 mm interval along the vertical 
direction. The measured points of electroformed samples 
are demonstrated in Fig. 1(b). 
 
4 Results and discussion 
 
4.1 Effect of non-conducting shield 

A non-conducting shield designed in the 
electroforming process was to decrease the impact of 
mentioned edge concentration effect. A shield made of 
polyvinyl chloride (PVC) was placed 10 mm away from 
the cathode with a square hole, as shown in Fig. 2. The 
square hole and the shield were all centered with a  

 
Table 1 Electrolyte composition and working condition 

Ingredient of electrolyte/(g·L−1) Working condition 

Nickel 
sulphamidate 

Nickel chloride Boric acid 
Ethylhexyl 
sulfate 

Temperature/°C
Current density/ 

(A·m−2) 
pH 

350−400 10 30 10 45−50 0.02−0.03 3.5−4.0 
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Fig. 1 Schematic diagram of electroforming system (a) and 

thickness measured points (b) 

 

 
Fig. 2 Schematic diagram of electroforming system with a 

non-conducting shield 

 
horizontal axis of the cathode regardless of their side 
length. 

Figure 3 presents the experimental results of deposit 
layer thickness with different side length of the square 
hole and the result with no shield. These samples were 
fabricated after 20 h non-stop electroforming. The 
deposition uniformity, characterized by the thickness 
variation, is interpreted as 
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where Hvariation is the thickness variation; Hmax, Hmin and 
Have are the maximum value, the minimum value and the 
average value of deposit layer thickness, separately. 

Figure 4 shows the effect of the square hole side 
length in the non-conducting shield on the deposit layer 
thickness variation. With no shield, the thickness 
variation reached up to 150%. The use of a non- 

 

 
Fig. 3 Thickness profiles of electroformed nickel layers with a 

non-conducting shield and without shield (x is side length of 

square hole in non-conducting shield) 

 

 
Fig. 4 Effect of side length of square hole in non-conducting 

shield on deposit layer thickness variation 

 
conducting shield could effectively reduce the impact of 
edge concentration effect on the deposition uniformity. 
The thickness variation decreased with the increase of 
the square hole side length from 12 mm to 16 mm, then 
increased from 16 mm to 24 mm. The thickness variation 
reached its minimum as 35% when the side length of the 
square hole was 16 mm. This side length was exactly 
equal to the size of the substrate. 
 
4.2 Effect of secondary cathode 

Secondary cathodes made of titanium were applied 
instead of the no-conducting shield, as shown in Fig. 5(a), 
to improve the deposition uniformity. These cathodes 
were square frames with the side length of 16 mm,    
20 mm, 24 mm and 28 mm, respectively. During the 
electroforming process, the secondary cathode was 
placed 5 mm away from the primary cathode. There were 
two power supplies in this system. One was for the 
primary cathode; the other was for the secondary cathode. 
The current densities for double cathodes were set at the 
same level. 

Figure 6 shows the deposit layer thicknesses of 
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Fig. 5 Schematic diagram of electroforming system with a 

secondary cathode 

 

 
Fig. 6 Thickness profiles of electroformed nickel layers with 

double cathodes and with one cathode (x is the side length of 

the secondary cathode) 

 
measured points with different side lengths of the 
secondary electrode. The thickness profile displayed a W 
shape with the double cathodes, while presented a U 
shape with one cathode. 

The effect of the secondary cathode side length on 
the thickness variation is shown in Fig. 7. With the help 
of a secondary cathode, there was a significant reduction 
in the thickness variation of the deposited layer. The 
thickness variation sharply decreased with the increase of 
 

 
Fig. 7 Effect of secondary cathode side length on deposited 

layer thickness 

the secondary cathode side length from 16 mm to 24 mm, 
and then increased from 24 mm to 28 mm. When the side 
length was 24 mm, it was the lowest thickness variation 
of around 12%. This side length was 1.5 times that of the 
primary cathode. Although the deposit rate was reduced 
due to the current consumption by the secondary cathode, 
this approach could significantly reduce the thickness 
variation of the deposit layer. 
 
4.3 Effect of cathode movement 

The schematic diagram of the electroforming 
system with a moveable cathode is shown in Fig. 8. This 
moveable cathode could rotate around its vertical axis 
and move to-and-fro along its horizontal axis. The 
parameters of these two movements are listed in Table 2. 
 

 
Fig. 8 Schematic diagram of electroforming system with a 

moveable cathode 

 

Table 2 Parameters of two movements for moveable cathode 

Rotation speed/(r·min−1) Reciprocation speed/(mm·s−1)

30 50 

60 100 

90 150 

120 200 

150 250 

 
Figure 9 shows the effect of the two movement 

parameters on the thickness of electroformed deposition. 
The larger the cathode rotating speed was, the better the 
uniformity would become. The thickness variation was 
decreased from 67% to 18% when the rotational speed 
increased from 30 to 150 r/min. The reciprocation of the 
cathode also could improve the uniformity of the deposit 
layer. With the cathode reciprocation speed of 50 mm/s, 
the thickness variation was 74.19%. It was reduced to 
20.76% when the speed was 250 mm/s. 
 
4.4 Mold insert electroforming 

There were three procedures for the electroforming 
process of mold inserts. They were the pre-treatment of 
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Fig. 9 Thickness profiles with different motion parameters:    

(a) Cathode rotating around its vertical axis (ω is rotating speed 

of movable cathode); (b) Cathode moving to-and-fro along its 

horizontal axis (v is reciprocating speed of movable cathode) 

 
the substrate, the electro-deposition and the separation. 
By combining validated three improving methods, a 
mold insert for the micro-lens array was arranged to be 
electro formed. A 10×10 lens array (100 lenses) with lens 
diameter of 300 µm, and lens sag height of 45 μm was 
selected. The side length of the square hole in the non- 
conducting shield was 16 mm. The side length of the 
secondary electrode was 24 mm. The rotating speed of 
the movable cathode was 150 r/min and the reciprocating 
speed was 250 mm/min. The sectional morphologies of 
the electroformed mold inserts with and without the help 
of these methods were compared in Fig. 10. Adopting the 
three validated methods, the thickness uniformity was 
improved significantly and this was beneficial to the 
assembly and the application of micro mold inserts. 

After 200 h electroforming, a nickel mold insert for 
micro lens array with 4 mm thickness was fabricated as 
shown in Fig. 11(a). The electroformed nickel mold 
 

 
Fig. 10 Comparison of electroformed mold inserts without help 

of three validated methods (a) and with help of three validated 

methods (b) 

 

 
Fig. 11 4 mm thick nickel micro lens array mold insert (a) and 

3D contour of a single lens (b) 

 
insert was measured by the Carl-Zeiss LSM 700 
Confocal microscope. And the average diameter of the 
electroformed micro lens was 300.5 μm and the average 
sag height was 45.3 μm, as shown in Fig. 11(b). The 
nickel mold insert with the satisfactory mechanical 
properties, high replication precision could be 
successfully applied to the following injection molding 
process. 
 
5 Conclusions 
 

1) It is observed that the non-uniform deposition 
layer in the electroforming process is mainly determined 
by the distribution of electrical field and the mass 
transfer of liquid phase. To improve the non-uniformity 
of nickel electroforming process, the techniques of 
adopting anon-conducting shield, a secondary electrode 
and a movable cathode are explored. 

2) Experiments are carried out to investigate the 
effects of the size of non-conducting shields, secondary 
electrodes and the movement parameters of the movable 
cathode on the thickness deposition uniformity. With the 
help of these techniques, the minimum thickness 
variations of electroformed inserts decrease to 35%, 12% 
and 18%, respectively. The improvement of the 
deposition uniformity by each method in nickel 
electroforming process is validated by the experimental 
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results. 
3) A 4 mm-thick mold insert for the micro lens array 

with these validated methods is fabricated after 200 h 
electroforming with a satisfactory replication precision, 
which can be successfully applied in the following 
injection molding process. 
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