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Abstract

In this study, the electrochemical discharge machining (ECDM) process was used to fabricate a microchannel on polydi-
methylsiloxane (PDMS), which is able to fabricate channels on the non-conductive materials at low cost and acceptable
material removal rate (MRR). One of the main advantages of this method, in addition to much less time and cost, is the
possibility of achieving high depths (up to 1000 um). For this purpose, the effect of electrolyte concentration, rotational
speed, feed rate, and machining voltage on the surface quality and surface roughness was investigated in the PDMS
micromachining. It was found that the ECDM is capable of fabricating the channels with the surface quality similar to
lithography. Also, with increasing the machining voltage and electrolyte concentration, the MRR increases and the pos-
sibility of mechanical contact between tool and workpiece decreases. Increasing the machining voltage and also the
electrolyte concentration changes the machining regime from contact machining to electrochemical machining. Increas-
ing the machining voltage from 38 to 42V increases the channel cross-section by nearly 40%. Also, the surface roughness
increases by 36% with increasing the voltage from 38 to 42 V. Changing the rotational speed from 0 to 10,000 rpm, due
to the reduction in the thickness of gas film, reduces the side sparks and concentration of the sparks on the bottom of
the tool, which reduces the surface roughness. The Response Surface Method was used to achieve a mathematical model
between inputs and outputs. The model represented a Quadratic Equation to predict the outputs.

Article highlights

o The electrochemical discharge machining (ECDM) process was used to fabricate a microchannel on polydimethylsi-
loxane (PDMS) with the surface quality similar to lithography.

e Process is able to create the feature in much less time and cost, also achieving high depths (up to 1000 um) is possible.

o The effect of electrolyte concentration, rotational speed, feed rate, and machining voltage on the surface quality,
surface roughness and dimensional accuracy was investigated in the PDMS micromachining.
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1 Introduction

Glass, ceramics and polymers are among the materi-
als that have been widely used in recent decade in
the microfluidics industry. In this industry, there is an
increasing need to create complex geometries with small
dimensions and high quality [1-3]. The patterns created
in glass and ceramics are faced with the problems due to
the brittleness [4-6]. This caused that glass and ceram-
ics soon gave way to polydimethylsiloxane (PDMS) in
many applications. When PDMS is cured, it behaves like
an elastic solid and maintains its molded structure. The
use of PDMS in the microfluidic applications was first
proposed by Whitesides in the mid-1990s [7, 8]. To date,
several other polymer materials such as polyurethane
methacrylate (PUMA) and polymethyl methacrylate
(PMMA) have been used for the fabrication of micro-
channels, but PDMS remains the predominant polymer
used in the microfabrication of microfluidics. The PDMS
microchannels fabricated by the micromolding using the
remolding technique have a widespread use.

PDMS is able to limit the detection of short-wave-
length fluorescence (about 400 nm). Therefore, for the
laser-induced fluorescence (LIF), the PDMS sensitivity is
less than glass devices. The selection of PDMS as a short
channel material is due to its biocompatibility and sim-
ple fabrication using the remolding method [7]. Gelszin-
nis et al. reported the use of magnetophoresis in the
micro-systems using the PDMS-I structures, which are
made up of carbonyl iron micro-particles mixed in the
PDMS matrix. Zainal Abidin et al. proposed the fabrica-
tion and test of PDMS microfluidic channels to separate
magnetically-labelled biological cells [9].

Lithography is one of the most common techniques
to create a channel in the PDMS [10, 11]. However, this
process has some disadvantages, such as the high time
and cost of the process, sloped walls, or failure to access
the vertical wall. Also, the maximum depth of the chan-
nel created by this method is generally less than 200 um
[12, 13]. Microchannels refer to the channels with the
cross-section smaller than 1 mm and larger than 1 um.
At the cross-sectional dimensions greater than 1 mm, the
fluid flow in the channel will behave similar to the fluid
motion on the microscopic scale [14]. Microchannels
have many applications and advantages due to the high
surface-to-volume ratio and the small volume, some of
which were mentioned [15, 16].

The electrochemical discharge machining (ECDM)
process, whose schematic is shown in Fig. 1, is able of
machining non-conductive materials and first was first
used for drilling the them [17-19]. The diameter of the
created holes ranges from a few micrometers up to a
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Fig. 1 Schematic of machining operations with electrochemical
discharge process

few millimetres [20]. By moving the tool against the
workpiece surface, the two-dimensional (2D) and three-
dimensional (3D) structures can be created [21, 22]. The
first 3D geometries were created by Wiithrich et al. [23].
Furutani et al. then developed the 2D and 3D structures
[24]. Most research works in this area have been done by
Withrich et al. [23, 25].

In a group work, Wiithrich and Fascio created the first
3D structures with an electrochemical discharge process.
They used three types of glass with different compositions
as workpieces and examined the effect of parameters such
as tool distance to workpiece, applied voltage and material
of workpiece on the machining depth and channel sur-
face quality. The number of tests performed by the authors
were limited and more focused on the feasibility of the
machining process [23, 25].

If the tool is considered a source of thermal energy, its
movement against the workpiece determines the time
the workpiece is subjected to the thermal energy. There-
fore, the correct choice of the tool feeding parameter in
combination with the voltage level and form (as a repre-
sentative of the heat source), plays an important role in
the quality of the machined surface, dimensional accu-
racy and heat-affected area [26]. Mehrabi et al. and Sabahi
et al. performed experimental and numerical studies on
the channel depth in the ECDM process. Accordingly, the
best temperature as the material removal temperature was
obtained 700 °C [27, 28].

It is observed that it is necessary to achieve surface
quality and dimensional accuracy in the microchannels
created in the PDMS. Also, the ECDM is able to create
the desired geometries in microfluids in the PDMS com-
ponents. On the other hand, the surface integrity and
dimensional accuracy have not been investigated in the
ECDM of PDMS. Therefore, the aim of this study was to
investigate the ECDM of PDMS to achieve the required sur-
face integrity to be used in the manufacture of biological
laboratory equipment. In this study, the microchannels
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were fabricated by the ECDM process on PDMS and the
effect of various parameters such as voltage between the
two ends of electrodes, electrolyte concentration, and tool
feed rate on the channel surface roughness was investi-
gated. The research block diagram is shown in Fig. 2, which
illustrates that the research tries to find out that on the
PDMS machining using ECDM, how we can improve the
surface integrity and dimensional accuracy by controlling
the electrolyte concentration, rotational speed, feed rate,
and machining voltage.

In the next section, the research method and material
specifications is presented. Next, the results are shown and
discussed. Finally the main achievements of this research
are presented in the conclusion section.

2 Materials and methods

The electrochemical discharge creates the necessary
conditions for machining the non-conductive materials
by the chemical and electrochemical corrosion princi-
ples. Depending on the process, a device should be used
to perform the experiments that can provide small-scale
precise linear movements in different motion courses.
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To perform the experimental tests, the MF70 microma-
chining device equipped with a KT70 table is used. The
motion mechanism of the table operates in the two
X and Y directions by the linear movement of the ball
screw and stepper motor. The vertical Z axis is used to
provide the mechanism for the gravity feeding and to
adjust the distance between tool and workpiece.

The manufacturer recommends that the prepolymer
and cross-linker be mixed at a 10:1 weight ratio, respec-
tively. In this study, PDMS (Sylgard 184) prepolymer and
cross-linker were combined. The tool used in this process
is a simple cylindrical tool with a diameter of 0.5 mm.The
workpiece used for the ECDM process in this study is a
rectangular cube piece made of PDMS with the dimen-
sions of 75x 75 mm. The aqueous solution of sodium
hydroxide with the weight concentrations of 20, 25 and
30% was used as the electrolyte. After fabricating the
channel, the whole piece is cleaned for 15 min in an
ultrasonic bath using the distilled water solution, the
section is cut with a surgical knife and then examined
by an optical microscope. Care should be taken to cut
the cross-section so that there is no crushing or defor-
mation at the channel site to avoid the error in the test
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Fig. 3 Cutting cross-section of PDMS piece

results. The methods of cutting the parts and inspecting
the cross-section can be seen in Fig. 3.

According to Fig. 3, the piece is first cut with a surgical
knife on line D, and after creating section D, the piece is
cut in the A, B and C directions. The cross-section of the cut
pieces is observed by the Dino-lite digital camera model
ZT4113AM and the section dimensions are measured
after the camera calibration by the calibration ruler. Also,
to measure the roughness of the surface of the channels
created by the process on the samples, the digital rough-
ness measuring device (MarSurf PS10-Elcometer7062,
Germany) was used. The course length of the probe
movement is selected according to the standard based
on the roughness range expected from this process [29,
30]. According to the standard for measuring the rough-
ness, the roughness tests are repeated five times and the
reported values are the average of the measured values.
To avoid the test error and ensure the process repeatabil-
ity, the tests are repeated two to three times. Finally, the
surface of the created channels is examined by the laser
profilometer.

As is discussed in the literatures, electrolyte concentra-
tion, rotational speed and feed rate, and applied machin-
ing voltage are of the most effective ECDM process param-
eters. The range of input parameters are selected using
the literature suggested values or achievable values using
devices. In this study, the effect of the main input param-
eters (electrolyte concentration, rotational speed and
feed rate, and applied machining voltage) on the surface
roughness, surface quality and dimensional accuracy was
investigated. By reviewing the literatures and some initial
test, the condition which results in no material removal or
unstable material removal was determined as higher and
lower values of parameters along with an average value.
The tests were performed as the complete factorial (a total
of 54 experiments) and the levels of constant and variable
parameters are presented in Table 1.
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Table 1 Levels of input parameters of experimental tests

Parameter Value

Level 1 Level 2 Level 3
Voltage (V) 38 40 42
Electrolyte concentration 20% 25% 30%
Spindle speed (rpm) 0 5000 10,000
Feed rate speed (mm/min) 0.6 1.2 -
Electrolyte NaOH
Tool material and diameter Flat head HSS, 0.5 mm
Electrolyte volume 800 cc
Tool submerged depth 1.5-2 mm
Electrolyte temperature 25C

3 Results and discussion
3.1 Surface roughness

After the initial tests, the first voltage leading to the
complete channel on the sample was 38 V. The effect of
machining voltage on surface roughness (Ra) is shown in
Fig. 4 and Appendix Fig. 18. It was observed that using the
voltage of 38V, assuming that the other parameters are
kept constant, the surface roughness is obtained greater
than the two voltages of 40 and 42 V. The reason for this
increase in roughness is the predominance of the material
removal mechanism over the loading mechanism by the
electrochemical discharge.

In the study of Abou Ziki et al. [31], it was suggested
that machining in this area causes the effect of tool contact
on the bottom of machined channels. This effect, known
as the stick-jump effect, indicates that the tool length
increases due to the process nature and increase in tool
temperature, and proportional to the distance between
the tool and the workpiece and the horizontal speed of
the tool, the stick-jump effect on the channel surface is
shown in Fig. 5.

As shown in Fig. 5, the tool penetrates into the work-
piece due to the expansion. After the horizontal move-
ment of the tool, as the tool sticks to the soft polymer, the
tool makes an angle (a) and by continuing the horizontal
movement of the tool, it is separated from the workpiece
(). After the angle of the tool reaches a certain value, due
to the softness of the polymer, the tool jumps and moves
to another place and becomes horizontal and a new hole
is created (d and e) [31].

The mechanism of sticking and jumping the tool out
of the workpiece in this study is similar to the observa-
tions of Abou Ziki et al., except that in the case where the
tool rotates, a specific motion can be observed in the tool.
The low operating voltage and also the diluted electro-
lyte solution can lead to such effects. In other words, the
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Fig. 5 Mechanism of tool sticking and jumping out of workpiece
for creating channel with electrochemical discharge process: a
Expansion and penetration of tool into workpiece, b Sticking of

predominance of material removalover electrochemical
discharge leads to these effects, reducing the surface qual-
ity and increasing the roughness. 0 shows the effect of
voltage on the form and roughness of the surface. As can
be seen in 0, at 38 V, the predominant unloading mech-
anism is the mechanical contact of tool and workpiece.
However, at 40V, the two mechanisms of material remova-
land electrochemical discharge are balanced. Given that

tool to piece, ¢ Sticking and separation of tool from workpiece sur-
face, d Bending and jumping of piece to another place, e Forma-
tion of another hole

the channel dimensions are larger than the tool dimen-
sions at 42V, it can be concluded that the predominant
unloading mechanism at 42 V is the electrochemical dis-
charge mechanism.

Due to the higher spark energy at 42V than that at 40V
and 38V for each spark, the location of the spark effect
and the volume of the loaded material increase. For this
reason, the surface roughness in 42 V is higher than that
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Fig. 6 Effect of rotational
speed on tool movement at
38V, feed rate of 0.6 mm/
min, 25% concentration and .
rotational speeds of a zero and - %" e
b 5000 rpm

in 40V, and its use is not recommended due to the higher
surface roughness and the larger channel dimensions, as
described below.

0 shows the surface roughness profile at 38, 40 and
42 V for the zero rotational speed, 25% concentration
and 0.6 mm/min feed rate. The surface roughness at 38,
42 and 40V is in the ranges of 0.32-0.55, 0.18-0.54 and
0.03-0.18 um, respectively.

Figures 4 and 6 and Appendix Fig. 19 shows the effect
of rotational speed on tool movement at 38 V, 0.6 mm/
min feed rate, without spindle rotational speed, and 25%
concentration of electrolyte solution. Rotating the tool
at speeds above 25 rpm leads to the turbulence in the
gas film around the tool [31, 32]. Rotating faster than this
speed will reduce the thickness of the gas film around the
tool. By reducing the thickness of the gas film around the
tool, the flying sparks emitted from the tool wall and the
workpiece surface are reduced. Reducing the sparks along
with creating a more regular spark column than the case
without rotation leads to a channel with a lower surface
roughness. 0 shows the effect of rotational speed changes
on the surface roughness of the channels created in the
conditions of 38 V voltage, 25% solution of NaOH electro-
lyte and feed rate of 0.6 mm/min.

In this study, three electrolyte solutions with concentra-
tions of 20, 25 and 30% were used, and their effect on the
surface roughness is shown in Fig. 7 and Appendix Fig. 20.
In the electrolyte with lower concentration (20%), due to
the low power of this solution in chemical etching, the
surface texture is not well corroded, which leads to the
effect of tool movement on the surface of the channels. In
the electrolyte with higher concentration (30%), the high
energy of the sparks along with the high corrosive power
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of the electrolyte causes the damage to the channel sur-
face and increases the surface roughness.

The reason for the increase in the spark energy can be
attributed to the stability of the gas film. The stability of
the gas film in electrolyte also depends on the speed at
which the bubbles move in the solution, as the faster the
upward movement of bubbles, the more unstable the gas
film. According to Fig. 8, the forces applied to the bubble
are the two gravitational (capillary) and buoyancy forces.
The amount of gravitational force applied to this bubble
is a constant value, but the amount of buoyancy force (Fg)
can be calculated according to Eq. (1) [32]:
gﬂRiP = Fp, (1
where p is the electrolyte density and R, is the bubble
radius and Fg is buoyancy force. On the other hand, when
a bubble with the radius of R, moves inside a viscous fluid
with speed v and dynamic viscosity p, according to the
Stokes’ law, the frictional force (Fy) is applied to the bub-
ble according to Eq. (2). If dynamic viscosity is replaced by
kinematic viscosity, Eq. (2) is obtained:

F, = 6xRyu = 67Ryy, 2)

where y is the kinematic viscosity and p is the dynamic vis-
cosity. As the electrolyte concentration increases, the elec-
trolyte density and viscosity increase. According to Eq. (2),
the amount of Fy, increases, and it becomes more difficult
for the bubble to move within the electrolyte solution [32].

The more stable the gas film, the less time is devoted to
the formation of the gas film out of the entire machining
process, and the longer time is provided for the discharge
electricity, and consequently, the higher the spark energy
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[33]. As mentioned earlier, an increase in spark energy
leads to more unloading per spark, resulting in lower sur-
face quality. 0 shows the effect of changes in concentra-
tion on the surface roughness of the channels created in
the voltage conditions of 38V, feed rate of 0.6 mm/s and
rotational speed of zero.

In this study, two feed rates are considered for the tool
(0.6 and 1.2 mm/min) whose effect on the surface rough-
ness in different conditions is shown in Fig. 9 and Appen-
dix Fig. 21. According to previous research, there are two
common methods for creating the channels with ECDM
process on the workpiece [32]. In the first method, the tool
is placed at a certain close distance from the workpiece
surface, and then, without any contact between the tool
and the workpiece, the tool travels horizontally along the
workpiece surface and the channels are created due to
the electrochemical discharge process. In some of the

research work, Didar et al. considered the initial distance
between the tool and the workpiece to be equal or more
than 15 um and used this method to create a channel
[34]. In addition, some authors suggested that the ECDM
machining process is able to create a hole or channel on
the workpiece if the distance between the tool and the
workpiece is less than 25-20 pm [32]. In some references,
it was argued that with the start of the ECDM machining
process, a hole is first created in the piece and the tool
penetrates slightly into the piece (performing a vertical
feeding) and then, the horizontal feeding of the tool is per-
formed. In some experiments performed by Fascio et al,, it
was reported that the tool first penetrates 60 um into the
piece and then, the horizontal feeding is done to create a
channel [25].

In the cases where the initial distance of the tool from
the workpiece surface is very small (the tool is set on the
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Fig.8 Schematic of forces exerted on gas bubble immersed in
electrolyte solution; F, frictional force, F, gravitational force

workpiece surface with a small distance), in the initial
ECDM machining process, the tool can penetrate into the
workpiece proportional to the process parameters due to
the thermal expansion of the tool [25]. Considering the
mechanical contact between the tool and the workpiece,
it is necessary to adjust the horizontal feed rate of the tool
in a suitable way in the machining with ECDM process by
selecting other effective parameters in the process. If the
tool feed rate is higher than the unloading rate, the tool
and the workpiece come into contact with each other, and
as a result of this contact, a bending force is applied to the
tool which can reduce the surface quality and even lead to
the failure of the tool. Figure 10 schematically shows how
the tool and the workpiece come into contact during the
electrochemical discharge process. On the other hand, if
the feed rate of the tool is very low, the machining time
increases, which can extend the heat-affected area.

The amount of roughness measured by the roughness
measuring device at the feed rate of 10 um/s is less than
the roughness of the measured surface at the feed rate of
20 pum/s. The reason for this can be explained by the gas
film around the tool. At the slower feed rate, because the
tool moves in a halo of gas, the gas film around the tool
generates less energy sparks than that at a faster rate, and
the sparks with the less energy create a channel with bet-
ter surface roughness. 0 shows the effect of changes in
feed rate on the surface roughness of the channels created
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in the conditions of 38 V voltage, 25% solution of NaOH
electrolyte and zero rotational speed.

3.2 Channel dimensions

In the electrochemical discharge processes, as the channel
depth increases, the conditions become more difficult for
reaching the electrolyte to the machining site. When there
is fewer electrolytes in the machining area, the unloading
rate decreases. For this reason, the machining areas are
divided into two areas based on the depth of machining:
(1) machining operations at depths less than 250-300 pum:
This area is known as the machining area in the electric
discharge regime; (2) machining at depths more than
250-300 pm: is known as hydrodynamic machining area.
In this area, due to the difficulty of reaching the electro-
lyte to the tool, the unloading is done slowly, while in the
gravity feeding method, a downward force is applied to
the tool, which gently moves the tool into the workpiece.

At shallower depths, the electrolyte easily reaches the
machining area, and the removal of the corroded materials
and continued chemical etching are more easily done. Due
to the electric sparks striking the workpiece, which locally
increases the temperature and reduces the material vis-
cosity, the chemical corrosion occurs in a more favorable
environment.

In this area, the electric sparks are the main determinant
of the material removal rate (MRR) and thus, it is stated
that machining is underway in the electric discharge
regime. In the machining operation as performed in this
study, the conduction of electrolyte to the machining area
is easily done and, therefore, the machining operation is
performed in the electric discharge regime. According to
Eq. (3), the average amount of thermal energy of spark (g*)
can be calculated:

q* = Ul —RI", (3)

where U is the applied machining voltage, | is the average
current intensity, and R is the inter-electrode resistance.
In other words, the energy of each spark is the average
energy difference given to the system, part of which is
reduced by the inter-electrode resistance from the system.
The energy generated by the spark increases the tempera-
ture of the tool, workpiece and electrolyte [32]. In this sec-
tion, the effect of each of the process input parameters on
the dimensions of the created channels is examined.

As mentioned earlier, the first voltage that leads to
the formation of a complete channel with low or without
burr was 38 V. At this voltage, the gas film around the tool
grows so that it would produce the sparks at the bottom
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the presence of the sparks struck from the bottom of the
tool to the workpiece plays a major role in the channel
unloading and determines the channel depth. Increasing
the voltage amplifies the sparks and increases the depth
of the channel. The effect of machining voltage on channel
dimension is shown in Figs. 11 and 12.
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In order to facilitate the comparison of the amount of
unloading performed in the machining process using the
electrochemical discharge, a parameter as the unloaded
area is introduced according to Eq. (4). This value is actually
the unloaded volume, but due to the fixed length of the
channel in all experiments, the unloaded area (s) param-
eter is introduced by dividing the unloading volume by
the channel length. This is the section of channel which
can be calculated as:

s=wXxh, (4)

where h is the channel depth and w is the channel width.
Figure 13 shows an image taken by an optical micro-
scope from the channels created at zero rotational speed,
0.6 mm/min feed rate, NaOH electrolyte solution with 25%
concentration and voltages of 38,40 and 42 V.
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3.3 Comparison between lithography and ECDM
methods

As mentioned earlier, lithography is one of the most com-
mon ways to fabricate a channel in the PDMS. Therefore,
Fig. 14 compares the surface roughness of the channel
created by lithography with that of the channel created
by ECDM in the best case. It can be seen that the surface
roughness of the channel created by ECDM is less than
12% more than that in the lithography method, and due to
other advantages of ECDM method such as much less pro-
duction time and cost, it indicates that the ECDM method
can be a very suitable alternative to create the pattern is
in PDMS. The profiles of the channels created by the two
methods are also shown in Fig. 15. The SEM' micrograph of
fabricated channels using two methods (Lithography and

! Scanning Electron Microscope (SEM).
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ECDM) presented in the Fig. 16. It is clearly observed that
however the Lithography is able to fabricate more smoth
channels, the ECDM is able to create channels with higher
depth and higher aspect ratio.

3.4 Statistical analysis

The Response Surface Method (RSM) was used to achieve a
mathematical model between four inputs [V,, (Feed rate),
n, V, and p] and three outputs [surface roughness (Ra),
Cannel Width, Channel Depth]. The model represented a
Quadratic Equation to predict the outputs (Egs. 5, 6, 7). The
minimum value of R? (Table 2) was more than 0.81 which
confirms the accuracy of model. The diagram of effect of
inputs on the surface roughness (Ra) and channel dimen-
sion are shown in the Fig. 17.
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Ra = 65.33699 + 11.11295 % Vw — 0.294639 % p — 0.001797 * n
—2.8339 % V0.016912 * Vw % p — 0.000116 % Vw % n

—0.278353 s Vw  V + 0.00000167342 * p * n

+0.003565 s p * V + 0.000037 % n * V + 0434101 % Vw?

+0.002409 = p? + 0.0000000286433 s n? + 0.031719 = V2
(5)

Channel Width = —3.974170.029074 % Vw + 0.001581

% p — 0.000004125 % n + 0.12421 = V
(6)

Channel Depth = 0.552426 — 0.011667Vw + 0.0124 x* p

+0.000043 = n —0.018683 * V
@)
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Fig. 13 Effect of voltage changes on dimensions of channels cre-
ated in process in conditions of zero rotational speed, feed rate of
0.6 mm/min, NaOH electrolyte solution with 25% concentration
and voltages ofa38V,b40Vand c42V

Fig. 14 Comparison of surface

roughness of channel created 0.04
by lithography with channel ’
created by ECDM in best case

0.03

0.02

Ra(M)

0.01

4 Conclusion

In this study, the effect of machining and electrochemi-
cal discharge parameters such as the effect of electro-
lyte concentration, rotational speed and feed rate, and
applied machining voltage on the surface quality and
surface roughness was investigated. The results of this
study can be summarized as follows:

The ECDM method is capable of creating the channels
where the surface roughness of the created channel
differs from that of the channel created by lithog-
raphy by less than 12%. Therefore, considering the
other advantages of ECDM method such as much less
production time and cost and possibility of achieving
high microchannel depth, it can be concluded that the
ECDM method can be a very suitable alternative for cre-
ating the pattern in PDMS.

The more stable the gas film, the less the time out of
the whole machining process devoted to form the gas
film, and the more the time for the electric discharge,
resulting in more spark energy. Increasing the spark
energy leads to more unloading per spark, resulting in
lower surface quality.

The effect of increasing the machining voltage on
the average maximum feed rate is greater than the
effect of increasing the electrolyte concentration.
At the 38 V voltage, the predominant unloading

Optimum ECDM Lithography
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Fig. 15 Comparison of micro-
channel profile created by
lithography with that created
by ECDM in best case; a Lithog-
raphy, b ECDM

Amirkabir University

—_—-«-—.-1

Amirkabir University

AlS2300C_SEI _WD =14.7 10.0kV X 36 _1mm

Fig. 16 Comparison of SEM micrograph of microchannel fabricated
by lithography and ECDM in best case; A Lithography, B ECDM

0.50 mm

0.00 mm

mechanism is the mechanical contact between the
tool and the workpiece, but at 40V, the two material
removaland electrochemical discharge mechanisms
are balanced. Given that the channel dimensions are
larger than the tool dimensions at 42V, it can be con-
cluded that the predominant unloading mechanism
at 42 Vis the electrochemical discharge mechanism.
By increasing the machining voltage and electrolyte
concentration, the MRR increases and the possibility
of the mechanical contact between the tool and the
workpiece decreases.

e The concentration of the solution generally affects as
the both effects of chemical etching on the dimensions
of the channels created and concentration on the spark
energy, and the spark intensity affects the dimensions
of the channels created by the ECDM process.

e The unloading is mainly caused by the sparks created
from the bottom of the tool, and the flying sparks
essentially increase the channel width.

Table 2 The R? value for

Output R?
outputs
Ra 0.8716
Width 0.8126
Depth 0.8915
SN Applied Sciences
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Channel Width

Channel Depth

Fig. 17 3D diagram of effect of inputs on Ra and channel dimen-
sion

e The effect of ultrasonic vibration on the surface quality
of PDMS machined surface using ECDM was not inves-
tigated in this research.

SN Applied Sciences

A SPRINGERNATURE journal

¢ Investigating the effect of using an electromagnetic
field in the machining of PDMS using ECDM could
extend the application of ECDM in creating PDMS
microchanells.
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Fig. 18 Effect of voltage
changes in channels created
under conditions of zero rota-
tional speed, 25% concentra-
tion and feed rate of 0.6 mm/
min at voltagesa 38V, b 40V
andc42V

Fig. 19 Surface roughness
profile of channels created

in voltage conditions of 38V,
NaOH electrolyte solution
concentration of 25%, feed rate
of 0.6 mm/min and rotational
speeds of a zero, b 5000 rpm
and ¢ 10,000 rpm
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Fig.20 Surface roughness
profile of channels created 04
in conditions of V=0.6 mm/ pm
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Fig.21 Surface roughness profile of channels created in conditions of U=38 V, NaOH-25%, zero rotational speed and feed rates of a
V=0.6 mm/min and bV=1.2 mm/min
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