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ABSTRACT: Additive manufacturing (AM) (3D printing) is the process of creating 3D objects 
from digital models through the layer by layer deposition of materials. Electrochemical additive 
manufacturing (ECAM) is a relatively new technique which can create metallic components based 
depositing adherent layers of metal ions onto the surface of conductive substrate.  In this paper, the 
design considerations for a meniscus confined ECAM approach is presented which demonstrates 
superior print speeds to equivalent works. This is achieved through the increase of the meniscus 
diameter to 400 m which was achieved through the integration of a porous sponge into the print 
head to balance the hydraulic head of the electrolyte. Other piston based methods of controlling the 
electrolyte meniscus are discussed.  
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Introduction 
A print head is an essential part of a 3D printer; fabricating complex 3D geometries through 
solidification of sequential layers of material.1 In the fused deposition modelling (FDM) printing 
process, the print head consists of hot end and cold components moving in the x and y directions. 
The cold components consist of a hollow-lock socket screw, holder and tubing which serves the 
function of guiding the plastic filament and delivering this through to the hot end. A hot end typically 
contains a thermistor and an extrusion nozzle, and typically heats thermoplastics such as polylactic 
acid (PLA) 2 into a plastic state and extrudes this layer by layer to build a 3D object.3  Of the metal 
3D printing techniques, direct metal laser sintering (DMLS) is widely used and fabricates metal 3D 
objects on a powder bed.4 A laser and suitable optics are equipped to locally melt the metal particles, 
such as titanium, aluminum, and nickel alloys, to fuse the particles together. 5 Examples of other 
metal based AM include electron beam melting 6, wire fed systems 7 and wire arc systems8. For 
localized electrochemical deposition (LCD) 3D printing, the print head consists of a sharp-tipped 
electrode submerged in an electrolyte close to a conductive substrate. Under a positive potential 
between anode and cathode, metal ions deposit on the conductive substrate as the metal ions are 
reduced. 9 Meniscus confined electrochemical (MCE) 3D printing is another approach to building 
metallic structure through the formation of a stabilized liquid meniscus between dispensing nozzle 
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and conductive substrate. The print head contains electrolyte in a micropipette and dispenses the 
electrolyte through the nozzle.10  
 
The main limitation of current DMLS metal additive manufacturing is the high capital cost in laser 
optics, high residual stresses in the printed parts and products defects. Both LCD and MCD 
electrochemical printing methods are built upon costly piezo-based moving platforms, with low 
deposition rates (0.008-20.4 m3.s-1).11 Thus, there is a need to develop a low cost electrochemical 
metal 3D printer with a newly designed print head which is able to print multiple metal materials 
and functional parts. 
 
Printer design 
Figure 1 shows 2 proposed designs of the low cost electrochemical 3D printer. Figure 1a presents 
the front view of a rack and pinion gear-assisted electrochemical 3D printer. Figure 1b shows the 
detailed design of a rack and pinion gear-assisted print head consisting of a dispensing syringe, a 
metal piston, a stepper motor and a deposition nozzle.  The electrolyte in the syringe is dispensed 
through a 400 m diameter plastic nozzle to form a meniscus between nozzle and conductive 
platform (cathode), which is driven by a stepper motor. The metal piston connecting to the end of 
rack gear is submerged in the electrolyte, which works as anode.  The print head has three 
movements, one vertical movement for controlling the position of the gear-assisted extruder in the 
Z direction, two movements for guiding the print head in direction of x and y. Figure 1c presents 
front view of electrochemical 3D printer with sponge-assisted print head. Figure 1d shows a print 
head with a sponge inserted in the deposition nozzle to balance the hydraulic pressure head. 
Specifically, the inserted sponge cubes were prepared in dimensions of 20 mm (length) x 10 mm 
(width) x 10 mm (depth). Without the sponge, the electrolyte flows through the nozzle easily due to 
unbalance force between gravity and surface tension. The reference and counter electrodes are 
inserted into the electrolyte at a fixed distance from each other.  To maintain dimensional accuracy, 
an insulated plastic holder covers the counter electrode. The deposition process is a reduction 
reaction of Cu2+ from the electrolyte. Simultaneously, the copper wire replenish the Cu2+ back to the 
electrolyte. Thus, a concentration gradient is created between counter and working electrode.  
 
Comparing the design of the two print heads, the rack and pinion gear-assisted print head was 
determined to be unfeasible upon the testing to the difficulty in establishing a stable meniscus. It 
required accurate adaptive control in adjusting the movement of piston to maintain the meniscus 
shape. This makes the control of deposition process more complex than the sponge-assisted method.  
In addition, the moving piston acts as an anode (counter electrode) that is unable to maintain a 
constant distance between counter and reference electrode. Design 1c-d was subsequently chosen as 
this produced the most stable meniscus, though careful selection of the sponge material to balance 
the hydraulic head of the electrolyte was needed. To create a stable meniscus, the print head moves 
to touch the deposition platform and retract slightly. 
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Figure1 Schematic illustration of electrochemical 3D printing and new designed print heads a) 

Front view of piston-assisted electrochemical 3D printer b) Detailed design of piston-assisted print 
head c) Front view of sponge-assisted print head d) Detailed design of sponge-assisted print head 

 
Deposition parameters, such as, applied potential and electrolyte concentration heavily influences 
the morphology of deposited objects. Figure 2 shows the effect of the parameters on the surface 
morphology of a plane copper strip during the deposition of copper from copper sulphate. Figure 
2a presents a cartoon of the physical process of Cu2+ reduction. A high deposition potential affects 
the morphology through a number of different mechanisms. For example, the simultaneous water 
splitting caused gas bubbles which affects the copper deposition. By contrast, Figure 2b shows a 
fine deposition process on a low potential without the formation of bubbles. Figure 2c shows the 
variation in the deposition current for different deposition potentials ranging from 1 V to 5 V. 
Increasing the deposition potential increased the resulting current and this the deposition speed, 
however this resulted in a more uneven surface finish as highlighted in the micrographs. At 
potentials above 4 V the current also becomes unstable which is likely due to the formation and 
detachment of gas bubbles on the surface of the electrodes.  
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Figure2 Illustration of surface morphology of electroplating. a) Physical process of H+ reduction 

process under a high potential b) Fine deposition of Cu2+ process c) Effect of deposition potentials 
on the morphology of copper deposited under 1M concentration d) Effect of deposition 

concentration on the morphology of copper deposited under 1V potential 
 

The effect of solution concentration on the morphology of the deposited copper was also studied at 
1 M, 0.75 M, 0.5 M, 0.2 M, 0.1 M and 0.05 M of aqueous copper sulphate electrolyte under constant 
potential of 1 V vs Cu. Figure 2d shows the results of copper deposition morphology with a 
deposition time of 1800 s. For low concentrations, the current density was significantly lower 
resulting in a slow deposition but smooth deposition. Increasing the concentration, resulted in a 
higher current density, however lead to regions where the deposition was much faster than others 
and thus surface roughness.  
 
The sponge-assisted print head proposed in Figure 1d was then used in the electrochemical printing.  
Figure 3a shows an optical image of copper single line printing with a lateral head velocity of 0.4 
mm.s-1 with 1 M CuSO4 under ambient conditions with a deposition potential of 3 V vs Cu. Figure 
3b shows the SEM micrographs of cross-section view of printed copper single line with a layer 
thickness around 15 m.  By editing the movements of print head, more complex architectures can 
be achieved.  Figure 3c shows an optical images of printed copper “zigzag” structure with same 
deposition conditions of the single copper line. Figure 3d shows an optical image of copper single 
dot and detailed side SEM view is presented in Figure 3e under a condition of 1 M CuSO4 with a 
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deposition potential of 1 V vs Cu. This presents a better surface morphology and high degree of 
concentricity due to the meniscus confined approach, comparing with a high potential of 6 V vs Cu 
in Figure 3f. 
 
 

 
Figure3: Optical and SEM images of copper single dot, single line and copper “zigzag” line a) 
Optical image of copper single line b) SEM image of cross-section view of copper single line c) 

Optical image of zigzag copper line d) Optical image of copper single dot at potential of 1 V vs Cu 
e) SEM image of copper single dot f) Optical image of copper single dot at potential of 6 V vs Cu 

 
Conclusion 
The design of a meniscus confined ECAM metal 3D printer is presented. The novelty of this work 
is in the design of the print head which is significantly larger than other designs due to the use of a 
porous sponge to create a back pressure for the hydraulic head created by the electrolyte. This larger 
print head, allows higher volumetric deposition rates compared with other ECAM approaches. The 
influence of deposition potential and concentration are thus shown for copper deposition from an 
aqueous copper sulphate solution.  
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