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Abstract: A through‐mask electrochemical micromachining process with a foamed cathode
(foamed‐cathode through‐mask electrochemical micromachining (TMEMM)) has recently been
proposed involving micro‐scale surface microstructures with a high geometric consistency that are
fabricated on the curved‐surface workpiece. In this paper, to make the foamed‐cathode TMEMM
process more cost‐efficient in the applications, significant modifications are made to this process
and an upgraded version of the foamed‐cathode TMEMM process is developed. In this modified
process, the sandwich‐like unit (including the foamed cathode, mask, and workpiece) is closely
assembled by the magnetic field force instead of the conventionally‐used mechanical force and is
kept moving up‐and‐down inside the electrolyte, avoiding the use of the traditional pump‐driven
circulation for the electrode process. Experiments are carried out to evaluate the machining effect of
this modified TMEMM for fabricating micro‐dimples. The research results verify that this modified
TMEMM process can produce highly uniform micro‐dimples whose minimum CV (coefficient of
variation) values in depth and in diameter are 5.4% and 1.9%, respectively, with smooth surfaces of
the minimum Ra being 0.21–0.35 μm. These values are smaller than those previously reported. This
results in the positive effects on the mass transfer driven by magnetohydrodynamic convection
induced by the magnetic field within the interelectrode and the foamed electrode.
Keywords: through‐mask electrochemical machining; foamed cathode; electrochemical machining;
magnetic field effects; reciprocating movement

1. Introduction
For decades, engineers and scientists have been deliberately designing and manufacturing a
variety of surface microstructures to improve the properties and functions of products. These
properties and functions typically include the bio‐compatibility of medical implants [1], resistance to
friction and abrasion [2], and extreme wettability [3], etc. To form surface microstructures, various
techniques have been developed, for example, chemical etching [4], ultrasonic vibration machining
[5], abrasive jet machining [6], laser beam machining [7], and through mask electrochemical
micromachining (TMEMM) [8]. Among them, TMEMM, based on the anodic dissolution principle,
has a lot of advantages over other techniques, such as no formation of residual stress and recast layer
on the processed surface and no limitation in the mechanical properties of the workpiece material [9–
12]. It is popular in shaping surface microstructures. In the TMEMM process, the patterned through‐
mask is covered on the workpiece, and the unmasked areas are selectively dissolved to generate
recessed microstructures. In a standard TMEMM, the through‐mask is directly patterned on the
workpiece by the photolithographic process and cannot be removed for repeated reuse; hence,
traditional TMEMM is very tedious and expensive. In addition, the photoresist through‐mask cannot
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be well formed on the curved surface; as a result, the traditional TMEMM process is somewhat
limited in industrial applications. Consequently, effort has been made to facilitate the preparation of
the through‐mask by researchers. For instance, Landolt et al. and Chauvy et al. [13,14] employed
patterned oxide film as the through‐mask to texturize titanium. Asoh et al. [15] presented a novel
TMEMM process to accomplish the formation of large‐scale microstructures just by using the self‐
assembled polystyrene colloidal crystal particles as the through‐mask. In an unusual way,
Schönenberger et al. [16] and Costa et al. [17,18] bonded the through‐mask to the cathode surface
instead of the workpiece surface (anode) to carry out the micro‐pattern transferring operation.
Recently, Qu et al. [19–21] further optimized the preparation of the through‐mask of this kind of
cathode‐typed TMEMM by using the removable dry film through‐mask, resulting in high cost‐
effectiveness.
Unlike the conventional TMEMM processes using the bonded through‐mask, a removable and
reusable through‐mask electrochemical machining process was exploited by Zhu et al. [22–24]. In this
novel process, the mask is pressed mechanically against the workpiece, and thus, it can be reused
repeatedly, showing a favorable operational convenience and cost‐effective superiority.
Additionally, in this novel process, Qu et al. [25–28] used polydimethylsiloxane (PDMS) film as the
reusable mask due to its good pliancy property. However, fixture of the reusable through‐mask on
the workpiece is still a significant issue. Normally, the reusable flexible film‐typed mask cannot be
fixed readily by the traditional mechanical measures because a well‐defined interelectrode gap (also
as the mass‐transfer passage) is required, and thus, the machining accuracy of the reusable through‐
mask electrochemical micromachining (EMM) is not very satisfactory.
With further effort to improve the reusable through‐mask EMM, our research group modified it
by filling pliant porous insulation film with good seepage capacity into the gap between the cathode
and the through‐mask [29]. This modified EMM is termed the gap‐filled through‐mask EMM. It was
found that textured microstructures can be evenly shaped both on the planar and cylindrical
workpieces due to the good adherence of the through‐mask to the workpiece with the aid of the
porous film. Unfortunately, the material removal rate of this gap‐filled TMEMM is relatively low
because of the limited mass transfer rate within the interconnected pores of the filled film.
Therefore, up to now, almost all TMEMM processes have not satisfied the engineering
applications very well. The dimensional uniformity or geometric consistency of TMEMMed surface
microstructures is less desirable. In order to solve this issue, our research group further proposed a
foamed cathode TMEMM process. In the foamed cathode TMEMM, a foamed metal film with a
porosity of above 95% is introduced as both the cathode and the mass transfer media, and it directly
contacts the reusable through‐mask under an appropriate external pressure; thus, the foamed
cathode, the through‐mask, and the anode form a sandwich‐typed assembly, as shown in Figure 1(a).
Our research [30] shows that the foamed cathode TMEMM is able to achieve better geometric
consistency in the fabricated microstructures mainly due to the significantly uniform current
distribution on the entire machining areas (as shown in Figure 1b) and the excellent mass transfer
conditions within the interelectrode gap.
This paper focuses on investigating the modification version of the foamed cathode TMEMM
process which is enabled with optimized mass transfer conditions and facilitative fixture of the
through‐mask. Traditionally, as shown in Figure 1a, the mass transfer within the interelectrode gap
during TMEMM is driven by a pump, and the outlet and inlet for the electrolyte circulation system
are generally fixed, which means the flow path and flow velocity distribution inside the
interelectrode gap are relatively changeless. Accordingly, uneven distribution of the flow field within
the interelectrode gap in the traditional pump‐driven TMEMM is inevitable, and this situation would
be more serious when the machining area is very large. On the other hand, magnetic field forces are
sometimes very functional to flexibly fix the metal film, and they are also the source that induces
magnetohydrodynamic (MHD) effects [31], which are frequently used to create a natural convection
for electrochemical reaction systems. In fact, magnetic field assisted electrochemical machining
including anodic dissolution and electrodeposition has been widely studied and employed. Some
summaries about the fundamental aspects of MHD effects on electrochemical reactions and processes
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from earlier research activities were well reported by Fahidy et al. [32–34]. Pa [35] improved the
surface finish of the machined microstructures and machining efficiency by superimposing the
magnetic field on the electrochemical micromachining process. Fan et al. [36] reported that the stray‐
current corrosion was reduced, and thus, the machining accuracy was enhanced if the magnetic field
was properly superimposed during electrochemical machining. Bund et al. [37] investigated the
influence of an external magnetic field on the electrochemical behavior of Cu and Ni
electrodeposition.
In this paper, we evaluate the real effect of using the modified foamed cathode TMEMM process
by fabricating a micro‐dimple. In the modified foamed cathode TMEMM, the reusable through‐mask
is pressed against the workpiece by the magnetic field force rather than the mechanical force, and the
sandwich‐like assembly including the foamed cathode, through‐mask, and anode is moved quickly
in a linearly reciprocating way to self‐circulate the electrolyte within the assembly without the aid of
the pump. In this case, the anodic dissolution takes place under the cooperation of MHD‐driven
natural convection and mechanical‐driven forced convection as well as magnetic field induced
effects. In the following sections, the machining principle and experimental verification are
introduced, and the effects of the key process factors on the machining characteristics are evaluated
experimentally.
2. Principle of the Foamed Cathode TMEMM Under the Magnetic Field
Figure 1c shows the schematic view of the modified foamed cathode TMEMM. The through‐
mask was placed between the stainless steel sheet workpiece and the foamed iron film, directly
contacting each other and hence forming a sandwich‐like machining assembly. A permanent magnet
was fixed on the workpiece to provide a magnetic field force to hold the foamed cathode, and thereby,
the reusable through‐mask film between the foamed cathode and the workpiece was tightly and
uniformly pressed against the workpiece. The machining assembly was driven to move up and down
in a linearly reciprocating mode inside the electrolyte, which was initially static without agitation. In
such case, the electrolyte was forced to flow into the cathode’s interconnected pores and then to flow
away the assembly, realizing self‐circulation of the electrolyte within the interelectrode gap.
Meanwhile, the anodic dissolution took place under the magnetic field, which can induce vigorous
natural convection in the electrochemical reaction system [38]. Under such circumstances, the mass
transfer for the anodic process was controlled cooperatively by the forced convection and the
magnetic field‐driven natural convection. Therefore, for this proposed TMEMM process, besides
convenient fixation of the removable through‐mask on the workpiece, more uniform mass transfer
field was expected, even without using a circulation driving pump.
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Figure 1. Schematic diagram of the foamed cathode through mask electrochemical micromachining
(TMEMM) process with different through‐mask fixture manner and mass transfer methods. (a)
Pressed by the mechanical force, driven by the pump; (b) theoretical current distribution within the
machined area and across the entire workpiece; (c) pressed by the magnetic force, driven by
mechanical motion.

3. Experimentation
The experimental system used for this study, shown in Figure 2, consisted mainly of the
machining assembly, driving unit for the reciprocation movement, electrolyte bath, and power
supply. The driving unit was a pneumatic cylinder system. Moving speed and reciprocation distance
during reciprocation movement can be regulated.
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Figure 2. Schematic view of the experimental system for the modified TMEMM process.

A 1.5 mm thick foamed iron film with a porosity of about 95% and an interconnect micropore
size of about 0.1‐0.2 mm was used as the cathode. A stainless steel (SUS304) plate with a diameter of
40 mm served as the workpiece. A NdFeB permanent magnet with the surface magnetic flux density
of 0.2 T was placed on the back of the workpiece. The single‐travel distance of the machining
assembly was 0.15 m, and the single‐travel time was set to 0.3, 0.5, and 0.7 s, corresponding to average
moving speeds of 0.5, 0.3, and 0.2 m/s, respectively. The through‐mask (polyvinyl chloride, PVC)
containing 121 regularly distributed Φ 0.2 mm perforations with a 1 mm pitch was prepared by the
CNC drilling process. A 10 wt% NaNO3 solution was used as the electrolyte. Voltages ranging from
6.5 to 9 V were applied to the anodic dissolution. The machining time was 5 minutes. The process
conditions are listed in Table 1. Two machining modes including the moving downwards single‐
travel mode and moving upwards and downwards double‐travel mode were examined
experimentally. In the moving downwards single‐travel mode, the anodic process took place only
when the machining assembly moved downwards, while in the moving upwards and downwards
double‐travel mode, the anodic process took place throughout the movement time.
The machined micro‐dimples’ diameter and depth were measured using a digital microscope
(VHX‐2000, KEYENCE, Japan) and their profile was examined by a scanning electron microscope
(Merlin Compact, Carl Zeiss NTS GmbH, German). The surface roughness of the micro‐dimples was
measured by a white light interferometer (TALYSURF CCI6000, Taylor Hobson, UK). In order to
evaluate the uniformity of geometric dimensions’ distribution of the machined micro‐dimples, 10
micro‐dimples were randomly selected from different positions of the workpiece and the factor CV
(coefficient of variation), defined as the ratio of the standard deviation of the micro‐dimple’s
dimensions to their mean value, was introduced.
Table 1. Experimental conditions
Items (Unit)
Electrolyte
Temperature °C)
Material of the through‐mask

Values or Variables
10 wt% NaNO3
25
Polyvinyl chloride (PVC)
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Mask thickness (mm)
Mask hole diameter (mm)
Amount of mask holes
Magnetic flux density ( T)
DC voltage (V)
Single‐travel distance (m)
Single‐travel time (s)
Moving speed of machining assembly (m/s)

0.1
0.2
121
0.2
6.5~9
0.15
0.3, 0.5, and 0.7
0.5, 0.3, and 0.2

4. Results
4.1. Effect of the Magnetic Field
As shown in Figure 3, the arrayed micro‐dimple formed in the moving downwards single‐travel
mode and with the superimposition of magnetic field exhibited a highly identical three‐dimensional
geometric profile, showing a typical basin shape. SEM images of the micro‐dimples shown in Figure.
4 further demonstrate the consistency in their three‐dimensional geometric profile and surface
morphologies, and that their machined surfaces are smooth enough, with an Ra of 0.21–0.35 μm. In
contrast, if no magnetic field was superimposed, the machined micro‐dimples displayed a markedly
heterogeneous distribution in their three‐dimensional geometric profile and surface morphologies,
as shown in Figure 5. Their surface roughness Ra was also higher, ranging from 0.43 to 0.97 μm.
B

A

A

B
A-A
B-B

Figure 3. Three‐dimensional profile of micro‐dimple arrays machined in the single‐travel mode and
under the magnetic field (single‐travel time of 0.3 s and 8.5 V).
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100µm
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Figure 4. Morphologies of the arrayed micro‐dimples machined in the single‐travel mode and under
the magnetic field (single‐travel time of 0.3 s, 8.5 V).

Large & deep dimple

100μm

Small & shallow dimple

Island
1mm
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Figure 5. Morphologies of the arrayed micro‐dimples machined in the single‐travel mode and without
the magnetic field (single‐travel time of 0.3 s, 8.5 V).

To comparatively analyze the geometric profile distribution uniformity of the machined micro‐
dimples produced with or without the magnetic field, the change of the geometric dimensions with
the applied voltage is plotted together in Figures 6,7. Generally, the average dimensions including
the depth and diameter increased by increasing the applied voltages. Their depths and diameters had
no obvious difference at the same voltage irrespective of the presence of the magnetic field.
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Figure 6. Change in dimensions of machined arrayed micro‐dimples with the applied voltage and
with or without magnetic field (single‐travel time of 0.3 s).

0.00

Figure 7. Change in dimensional CV of the arrayed micro‐dimples with or without the magnetic field
(single‐travel time of 0.3 s).

The geometric dimension CV values of the machined micro‐dimples formed under the two
situations differed greatly, as shown in Figure 7. The CV values of the micro‐dimples obtained with
the magnetic field were much smaller than those obtained without the magnetic field, which indicates
that the superimposition of the magnetic field during TMEMM improves the homogeneousness of
the geometric profile distribution. The positive effects on the geometric profile consistency mainly
come from two aspects. On the one hand, the magnetic field force enables the through‐mask to be
more firmly and uniformly fixed on the workpiece. On the other hand, as shown in Figure 8, the mass
transfer distribution within the interelectrode can be further homogenized with the aid of the MHD
effects, which relatively raises the mass transfer efficiency of the central area in the interelectrode gap.
In the conventional case without the introduction of magnetic field effects, the mass transfer differed
significantly over the entire machining area in which the central area was the weakest and the margin
area was the biggest, as shown in Figure 8b.
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Figure 8. Schematic diagram of the fluid flow in the machining area (a) fluid flow driven by the forced
convection and the magnetohydrodynamic (MHD) convection in the foamed cathode (b) fluid flow
driven by the forced convection.

4.2. Effect of Machining Mode
As mentioned previously, two machining modes were applied to the TMEMM processes with
the superimposition of the magnetic field: moving downwards single‐travel and moving up‐and
downwards double‐travel mode. Figure 9 shows the morphologies of the micro‐dimples machined
with the moving upwards and downwards double‐travel mode. It was found that the micro‐dimples
showed a very nonuniform distribution in the morphology, geometric profile, and dimensions of the
micro‐dimples—even the magnetic field was superimposed. Particularly, islands were observed in
some micro‐dimples and the geometric profile and dimensions differentiated greatly. In contrast, the
micro‐dimples obtained with the single‐travel mode were considerably homogeneous in surface
morphologies and geometric profile as well as dimensions. These differences can be further verified
in Figures 10,11 in which the changes in the geometric dimensions and their CV values respective of
the machined micro‐dimples with the machining mode are presented. In general, the micro‐dimples
obtained with the single‐travel machining mode were smaller and shallower and had reduced CV
values compared with those obtained with the double‐travel machining mode at the same voltage.
The reason for these discrepancies could come from two aspects. Firstly, in the double‐travel
machining mode, the anodic dissolution took place in a deteriorated mass transfer environment
during the moving‐up travel of the machining assembly because of negative wake effects [39]. These
effects often give rise to a highly ununiformly distributed flow field with a relatively slow flow
velocity on the area opposite to the moving direction, as schematically depicted in Figure 12.
Secondly, in the single‐travel machining mode, on the contrary, there is much more time for the
process to discharge the electrolytic products and to refresh the electrolyte because no current is
applied to the two electrodes during the moving upward travel, and thereby the anodic dissolution
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always proceeds under excellent mass transfer conditions. It was further verified that, with the
double‐travel machining mode, even though a very small voltage (6.5 V) was applied to the TMEMM
process, the machined micro‐dimples were still inconsistent in their geometric profile and
dimensions, as shown in Figure 13.
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(c)

1mm
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Small & shallow
dimple

(b)

Large & deep
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(c)

Island

100μm

100μm

20μm

Figure 9. Morphologies of the arrayed micro‐dimples machined in the double‐travel mode and with
the magnetic field (double‐travel time of 0.3 ൈ 2 s, 8.5 V).
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Figure 10. Change in dimensions of the arrayed micro‐dimples machined in the single‐/double‐travel
mode and with the magnetic field (single‐travel time of 0.3 s and double‐travel time of 0.3 ൈ 2 s).

Micromachines 2020, 11, 188

11 of 15

0.3

0.8
0.2

0.6
0.4

CV of diameter

1.0
CV of depth

0.4

Single-travel mode, depth
Double-travel mode, depth
Single-travel mode, diameter
Double-travel mode, diameter

1.2

0.1

0.2
0.0

6.5

7.0

7.5
8.0
Voltage (V)

8.5

0.0

9.0

Figure 11. Change of dimensional coefficient of variation (CV) of the arrayed micro‐dimples
machined in the single‐/double‐travel mode and with the magnetic field (single‐travel time of 0.3 s
and double‐travel time of 0.3 ൈ 2 s).
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Figure 12. Schematic diagram of the fluid flow driven by the machining assembly moving in a linearly
reciprocating way: (a) moving downwards; (b) moving upward.
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Figure 13. Morphologies of micro‐dimple arrays machined in the double‐travel mode and with the
magnetic field (double‐travel time of 0.3 ൈ 2 s, 6.5 V).

Therefore, for this newly proposed TMEMM process, the single‐travel machining mode is
recommended. In the following investigations, the single‐travel machining mode was selected.
4.3. Effect of the Applied Voltages and the Moving Speed of the Machining Assembly
The dimensions of the machined micro‐dimples, including their depth and diameter, increased
by increasing the applied voltages, as shown in Figures 14,15, but the growth trend of their
dimensions was quite different depending on the moving speed of the machining assembly. For
higher moving speeds, such as 0.5 m/s, their depth and diameter had obvious growth trends by
increasing the voltages, but for low moving speeds, such as 0.2 m/s, the trends were relatively slow.
This is because the slow moving speed cannot provide efficient mass transfer for the vigorous
dissolution process occurring at high voltages, but if the applied voltage is appropriately small, the
moving speed easily meets the requirements of the mass transfer for the dissolution reactions and the
removal of the electrolytic products. In general, to make the TMEMM process accurate and cost‐
efficient, higher applied voltages need higher machining assembly moving speeds to match, and
lower applied voltages correspond to lower moving speeds. It was further discovered from Figure.14
that the minimum CV depth and CV diameter are 5.4% and 1.9%, respectively, when the appropriate
combination of the applied voltage (8.5 V) and the moving speed (0.5 m/s) are used, showing a
considerably narrower variation range of 43.7–51.3 μm in depth and 370.9–394.9 μm in diameter. To
the best knowledge of the authors from the reported literature, the CV values obtained in our study
are sufficiently small to reach the levels that were obtained from the standard photolithographic
photoresist electrochemical machining process [20,21,28], and they are also smaller than those
achieved with the first version foamed cathode TMEMM process [30].
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Figure 14. Dimensions of micro‐dimples machined under different single‐travel moving speeds and
with the magnetic field (a) depth of micro‐dimples (b) diameter of micro‐dimples.
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Figure 15. Dimensional CV of the micro‐dimples machined under different single‐travel moving
speeds and with the magnetic field.

5. Conclusions
In this study, a modified foamed cathode through‐mask electrochemical micromachining
process was proposed to fabricate microstructure arrays with a higher dimensional uniformity and a
better surface quality avoiding the use of the traditional pump‐driven circulation system. In the
modified process, the reusable mask is pressed by the magnetic field force, and the sandwich‐like
machining assembly moves in a linear reciprocation way to self‐circulate the electrolyte within the
assembly. Some experiments were carried out to verify the feasibility and applicability of this process.
According to the theoretical analysis and experimental results, some conclusions are made as follows:
1.

The modified foamed cathode TMEMM process facilitates the achievement of significant
uniform micro‐dimples with a favorable surface morphology. The coefficient of variation of the
machined micro‐dimple’s depth and diameter is reduced to 5.4% and 1.9%, respectively, and the
minimum surface roughness Ra is 0.21–0.35 μm. This is mainly due to the cooperation of the
significantly effective fixture of the through‐mask on the workpiece by the magnetic field force
and the improved mass transfer driven by the MHD effects.
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2.

The modified foamed cathode TMEMM process is effective and practical only when it is carried
out in a single‐travel machining mode mainly because it eliminates the negative wake effect and
the anodic dissolution process is kept in the highly efficient mass transfer state.

3.

For the modified foamed cathode, the applied voltage and the moving speed of the machining
assemble need be matched appropriately. That is, higher applied voltages match bigger moving
speeds of the machining assembly, and lower applied voltages correspond to lower moving
speeds.

Author Contributions: Data curation, C.Z., P.M., X.Z., G.Q., J.S, L.Y., X.Z., and J.C.; Funding acquisition, P.M.;
Investigation, C.Z., J.S., L.Y., and X.Z.; Methodology, C.Z., P.M., and X.Z.; Project administration, P.M.;
Supervision, P.M. and X.Z.; Validation, C.Z. and J.C.; Writing–original draft, C.Z., G.Q., and X.Z.; Writing–
review and editing, P.M. All authors have read and agreed to the published version of the manuscript.
Funding: This research was funded by the National Natural Science Foundation of China, grant number No.
51875178, Program for Science & Technology Innovation Team in Universities of Henan Province
No.15IRTSTHN013, Program for Science & Technology Innovation Team in Henan Polytechnic University No.
T2014‐1 and Key Program of Science & Technology of Henan Province No.172102210025.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.
3.
4.
5.
6.

7.
8.
9.
10.
11.
12.
13.
14.
15.
16.

Lamers, E.; Walboomers, X.F.; Domanski, M.; Riet, J.; Delft, F.C.M.J.M.; Luttge, R.; Winnubst, L.A.J.A.;
Gardeniers, H.J.G.E.; Jansen, J.A. The influence of nanoscale grooved substrates on osteoblast behavior and
extracellular matrix deposition. Biomaterials 2010, 31, 3307–3316.
Evans, C.J.; Bryan, J.B. Structured, textured or engineered surfaces. CIRP Ann. Manuf. Technol. 1999, 48, 541–
556.
Li, X.M.; Reinhoudt, D.; Crego‐Calama, M. What do we need for a superhydrophobic surface? A review on
the recent progress in the preparation of superhydrophobic surfaces. Chem. Soc. Rev. 2007, 36, 1350–1368.
Zhang, J.; Meng, Y. A study of surface texturing of carbon steel by photochemical machining. J Mater.
Process. Technol. 2012, 212, 2133–2140.
Amanov, A.; Pyoun, Y.S.; Cho, I.S.; Lee, C.S.; Park, I.G. Micro‐dimpled surface by ultrasonic nanocrystal
surface modification and its tribological effects. Wear 2012, 286, 136–144.
Burzynski, T.; Papini, M. Level set methods for the modelling of surface evolution in the abrasive jet
micromachining of features used in MEMS and microfluidic devices. J. Micromech. Microeng. 2010, 20,
085004.
Demir, A.G.; Previtali, B.; Lecis, N. Development of laser dimpling strategies on TiN coatings for
tribological applications with a highly energetic Q‐switched fibre laser. Opt. Laser Technol. 2013, 54, 53–61.
Datta, M.; Landolt, D. Electrochemical machining under pulsed current conditions. Electrochi. Acta. 1981,
26, 899–907.
Rajurkar, K.P.; Zhu, D.; Mcgeough, J.A.; Kozak, J.; DeSilva, A. New developments in electro‐chemical
machining. CIRP Ann. Manuf. Technol. 1999, 48, 567–579.
Costa, H.L.; Hutchings, I.M. Hydrodynamic lubrication of textured steel surfaces under reciprocating
sliding conditions. Tribol. Int. 2007, 40, 1227–1238.
Costa, H.L.; Hutchings, I.M. Effects of die surface patterning on lubrication in strip drawing. J. Mater.
Process. Technol. 2009, 209, 1175–1180.
Datta, M.; Harris, D. Electrochemical micromachining: an environmentally friendly, high speed processing
technology. Electrochi.. Acta. 1997, 42, 3007–3013.
Chauvy, P.F.; Hoffmann, P.; Landolt, D. Applications of laser lithography on oxide film to titanium
micromachining. Appl. Surf. Sci. 2003, 208, 165–170.
Landolt, D.; Chauvy, P.F.; Zinger, O. Electrochemical micromachining, polishing and surface structuring
of metals: fundamental aspects and new developments. Electrochi. Acta. 2003, 48, 3185–3201.
Asoh, H.; Oide, A.; Ono, S. Formation of microstructured silicon surfaces by electrochemical etching using
colloidal crystal as mask. Electrochem. Communi. 2006, 8, 1817–1820.
Schönenberger, I.; Roy, S. Microscale pattern transfer without photolithography of substrates. Electrochi.
Acta. 2005, 51, 809–819.

Micromachines 2020, 11, 188

17.
18.
19.
20.
21.
22.
23.

24.
25.
26.
27.
28.
29.

30.

31.
32.
33.
34.
35.
36.
37.
38.
39.

15 of 15

Costa, H.L.; Hutchings, I.M. Development of a maskless electrochemical texturing method. J. Mater. Process.
Technol. 2009, 209, 3869–3878.
Parreira, J.G., Gallo, C.A., Costa, H.L. New advances on maskless electrochemical texturing (MECT) for
tribological purposes. Surf. Coat Technol. 2012, 212,1–13.
Qu, N.S., Chen, X.L., Li, H.S., Zeng, Y.B. Electrochemical micromachining of micro‐dimple arrays on
cylindrical inner surfaces using a dry‐film photoresist. Chin. J. Aeronaut. 2014, 27,1030–1036.
Qu, N.S.; Zhang, X.F.; Chen, X.L.; Li, H.S.; Zhu, D. Modified microscale pattern transfer without
photolithography of substrates. J. Mater. Process. Technol. 2015, 218, 71–79.
Zhang, X.F.; Qu, N.S.; Chen, X.L. Sandwich‐like electrochemical micromachining of micro‐dimples. Surf.
Coat Technol. 2016, 302, 438–447.
Zhu, D.; Qu, N.S.; Li, H.S.; Zeng, Y.B.; Li, D.L.; Qian, S.Q. Electrochemical micromachining of
microstructures of micro hole and dimple array. CIRP Ann. Manuf. Technol. 2009, 58, 177–180.
Qian, S.Q, Zhu, D, Qu, N.S, Li, H.S, Yan, D.S. Generating micro‐dimples array on the hard chrome‐coated
surface by modified through mask electrochemical micromachining. Int. J. Adv. Manuf. Technol. 2010, 47,
1121–1127.
Li, D.L, Zhu, D, Li, H.S, Liu, J.G. Effects of mask wall angle on matrix‐hole shape changes during
electrochemical machining by mask. J. Cent. South Univ. Technol. 2011, 18, 1115–1120.
Chen, X.L, Qu, N.S, Li, H.S, Zhu, D. The fabrication and application of a PDMS micro through‐holes mask
in electrochemical micromanufacturing. Adv. Mech. Eng. 2014, 6, 943092.
Qu, N.S, Chen, X.L, Li, H.S, Zhu, D. Fabrication of PDMS micro through‐holes for electrochemical
micromachining. Int. J. Adv. Manuf. Technol. 2014, 72, 487–494.
Chen, X.L, Qu, N.S, Li, H.S, Guo, Z. Removal of islands from micro‐dimple arrays prepared by through‐
mask electrochemical micromachining. Precis. Eng. 2015, 39, 204–211.
Chen, X.L, Qu, N.S, Li, H.S, Xu, Z.Y. Electrochemical micromachining of micro‐dimple arrays using a
polydimethylsiloxane (PDMS) mask. J. Mater. Process. Technol. 2016, 229, 102–110.
Ming, P.M.; Zhou, W.H.; Zhao, C.H.; Zhou H.M.; Qin, G.; Zhang, X.M. Development of a modified through‐
mask electrochemical micromachining for micropatterning nonplanar surface. Int. J. Adv. Manuf. Technol.
2017, 93, 2613–2623.
Ming, P.M.; Zhao, C.H.; Zhang, X.M.; Li, X.C.; Qin, G.; Yan, L. Investigation of foamed cathode through‐
mask electrochemical micromachining developed for uniform texturing on metallic cylindrical surface. Int.
J. Adv. Manuf. Technol. 2018, 96, 3043–3056.
Weston, M.C.; Gerner, M.D.; Fritsch, I. Magnetic Fields for Fluid Motion. Anal. Chem. 2010, 82, 3411–3418.
Lau, A.; Fahidy, T.Z. A flow visualization study of the cathode geometry effect in magnetoelectrolytic cells.
J. Electrochem. Soc. 1989, 136, 1401–1408.
Gu, Z.H; Fahidy, T.Z. The effect of magnetic fields on electrolytic convection generated at inclined
cylindrical cathodes. J. Electrochem. Soc. 1987, 134, 2241–2248.
Mohanta, S., Fahidy, T.Z. Hydrodynamic and mass transport phenomena in a multiple‐electrode
magnetoelectrolytic cell. J. Appl. Electrochem. 1978, 8, 5–10.
Pa, P.S. Super finishing with ultrasonic and magnetic assistance in electrochemical micro‐machining.
Electrochi. Acta 2009, 54, 6022–6027.
Fan, Z.J; Wang, T.C.; Zhong, L. The mechanism of improving machining accuracy of ECM by magnetic
field. J. Mater. Process. Technol. 2004, 149, 409–413.
Matsushima, H.; Ispas, A.; Bund, A.; Bozzini, B. Magnetic field effects on the initial stages of
electrodeposition processes. J. Electroanal. Chem. 2008, 615, 191–196.
Grant, K. M., Hemmert, J. W., White, H.S. Magnetic field‐controlled microfluidic transport. J. Am. Chem.
Soc. 2002, 124, 462–467.
Dou, H.S., Phan‐Thien, N. Negative wake in the uniform flow past a cylinder. Rheol. Acta. 2003, 42, 383–
409.
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

