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Abstract: Titanium is widely used in biomedical components. As a promising advanced manufactur-
ing process, electropolishing (EP) has advantages in polishing the machined surfaces of material that
is hard and difficult to cut. This paper presents the fabrication of a titanium microchannel using the
EP process. The Taguchi method was adopted to determine the optimal process parameters by which
to obtain high surface quality using an Lg orthogonal array. The Pareto analysis of variance was
utilized to analyze the three machining process parameters: applied voltage, concentration of ethanol
in an electrolyte solution, and machining gap. In vitro experiments were conducted to investigate
the fouling effect of blood on the microchannel. The result shows that an applied voltage of 20 V,
an ethanol concentration of 20 vol.%, and a machining gap of 10 mm are the optimum machining
parameters by which to enhance the surface quality of a titanium microchannel. Under the optimized
machining parameters, the surface quality improved from 1.46 to 0.22 pm. Moreover, the adhesion of
blood on the surface during the fouling experiment was significantly decreased, thus confirming the
effectiveness of the proposed method.

Keywords: electropolishing; Taguchi; titanium; microfluidic; surface roughness; environmentally
sound technologies

1. Introduction

Electropolishing (EP) is a finishing process that removes material from a metal based
on an anodic dissolution process, which was invented by M. Faraday in the 19th century [1].
EP is commonly used as a non-conventional final machining process and is commercially
applied in the medical, automobile, and petroleum industries [2,3]. EP has many merits
compared to other non-conventional machining techniques, such as negligible tool wear, a
higher material removal rate, and the ability to fabricate complex shapes [4-6]. During the
EP process, DC voltage is applied in between the tool (cathode) and the workpiece (anode).
An electrolyte solution is supplied and fills the machining gap to finish the flow current
and dissolve the workpiece [7]. In EP, the material removal rate is determined by electrical
properties, electrolyte properties, and material properties [8,9].

EP is not only intended for the final machining process but can also be used to fabricate
complex shapes on hard materials, considering its nature of non-physical contact between
the tool and the workpiece. EP is considered superior amongst other mechanical polishing
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techniques, especially for the polishing of material that is hard and difficult to machine,
such as titanium and its alloys [10].

Titanium has been widely used in numerous biomedical applications due to its chem-
ical inertness and biocompatibility [11]. Owing to titanium’s particular mechanical and
thermal properties, non-conventional machining methods such as the wire electrical dis-
charge machine (Wire EDM) are required for the roughing operation of titanium [12].
However, the wire EDM machining process is based on an electrothermal erosion method
to remove the materials; therefore, the occurrence of thermal stress and micro-cracks on
the machined surface is inevitable [13]. Khosrozadeh et al. [14] found that a high thermal
gradient in the EDM process produces significant changes in surface integrity, such as
the appearance of a recast layer, residual stress, and the reduction of corrosion resistance
on the machined workpiece. Chalisgaonkar et al. [15] presented the feed-forward back
propagation using neural network modeling technique to predict the surface quality of
pure titanium workpieces machined by WEDM. The microstructure analysis showed that
more craters are formed with an increase in discharge energy.

Thus, EP is further selected as a finishing operation for the advanced manufacturing
process owing to its non-thermal machining characteristics. However, EP also deals with
many challenges in micromachining, especially microfabrication with high surface quality.

Mitchell-Smith et al. [16] developed an electrochemical machining technique by ad-
justing the angle between the nozzle and the workpiece surface to achieve a mirror-like
finish of a microstructure. Zou et al. [17] worked on producing a high machining quality of
microholes in electrochemical micromachining by using a non-conductive material as a
mask on the machined surface. The result showed that the non-conductive mask was able
to decrease the stray corrosion by reducing the stray current, resulting in the improvement
of machining quality.

Zhan et al. [18] fabricated a low-surface-roughness microstructure (Ra 53.6 nm) using
gas-assisted electrochemical micromachining. This method was performed by utilizing a
gas-shielding electrode tool and evoking a local electrolyte flow at the gap between the tool
and the workpiece for better flushing, resulting in higher surface quality. Sharma et al. [19]
investigated the effect of pulse voltage waveforms in the microfabrication of kerf profiles
in wire electrochemical micromachining. The experimental results showed that the surface
roughness of the machined kerf was improved from 1.43 to 0.44 um by changing the
frequency of the voltage pulse from 100 to 200 kHz. Bi et al. [20] investigated the fabrication
of pure nickel microstructures, concentrating on different types of machining indicators.
Based on the experimental result, a rounded edge with high surface quality was obtained
by increasing the pulse period and feed rate.

In EP, the electrolyte properties should be closely controlled so as to produce a good
quality machined surface [21-23]. Deng et al. [24] used NaCl-ethylene glycol as an elec-
trolyte solution to print out a circuit heat exchanger fluid channel on titanium plates. The
result noted that the etched titanium channels gave lower average surface roughness than
the conventional methods. NaCl containing ethylene glycol solution was also used as
an electrolyte to improve the performance of electrochemical machining in fabricating
microfeatures on titanium [25].

Ao et al. [26] used a water-free electrolyte in the electrochemical micromachining
process by adding ethanol into a glycol-NaCl electrolyte solution to improve the machining
quality. The introduction of 20 vol.% of ethanol successfully improved the surface quality
without affecting the machining accuracy. Electrolyte chemistry can also be utilized to
meet the desired specific purpose. A 40 ethylene glycol:1 TiCly electrolyte was used in
single-step anodic dissolution to transform a bright-finish titanium surface into a patterned
matte surface [27].

However, it is impossible to obtain an optimal surface quality through those few
combinations of machining parameters. Therefore, in this work, an attempt has been
made to optimize the EP parameters to improve the surface roughness of the machined
surface. EP was used to polish a complex design of a microfluidic channel, as shown in



Machines 2021, 9, 325

30f15

Figure 1. Previously, we developed a microfluidic channel for a microdialysis device [28].
The microdialysis device consisted of a microfluidic channel and a polymeric membrane
that works as a separation membrane during the blood filtration process. Microdialysis
works within the range of human blood pressure, exempting the dialysis fluid and pump,
thus leading to the miniaturization and simplicity of the dialysis system. This device has
the potential to be used in hemofiltration systems for fully implantable dialysis therapy.
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Figure 1. Microfluidic channel. (a) Design of microfluidic channel; (b) microfluidic channel fabricated
using wire EDM (rough machining).

The main machining parameters were: applied voltage, concentration of ethanol in
the electrolyte solution, and machining gap, which were used and optimized using the
Taguchi statistical method. An in vitro test using bovine blood was conducted to determine
the effect of surface quality on fouling and blood coagulation.

2. Experimental Design

Conventional experimental design methods are difficult to use. If there are many
machining parameters, a large number of experiments need to be conducted. The Taguchi
method proposes a reduction in experimental trials in order to optimize and analyze the pa-
rameter that is responsible for quality outputs, such as surface roughness [29-31]. Taguchi
used a design of orthogonal arrays to investigate the whole of the main parameter by only
carrying out a small number of experimental trials. To minimize the variations in the quality
of output, Taguchi processed the repetition results into another value that consisted of the
calculation of the signal-to-noise (S/N) ratio that integrates several repetitions into one per-
formance measure that represents the amount of variation that occurs [29,32]. The highest
S/N ratio simultaneously reduces the effect of noise and optimizes the response [33,34].

In this study, Taguchi’s orthogonal array was employed to ensure the optimum
EP process for the three main parameters: applied voltage, ethanol concentration, and
machining gap. In the EP process, lower values of surface roughness are preferable for
maintaining a high polish quality; therefore, the smaller-the-better S/N ratio was selected,
which can be calculated as follows (Equation (1)):

The S/N for the smaller-the-better ratio is calculated using the following equation [31]:

S/Ng = —10 log1 [(Zyiz /n)] )

where y; is the observations of quality characteristics under different noises, and # is the
number of experiments.



Machines 2021, 9, 325

40f15

2.1. Material and Methods

Pure titanium (99.5%) and 316L stainless steel (SS 316L) sheets (Nilaco Corp., Tokyo,
Japan), with a size of 150 x 70 x 0.2 mm, were used as a workpiece (anode) and tool
electrode (cathode), respectively. Tables 1-3 present the mechanical properties of pure
titanium and SS 316L and the chemical properties of SS 316L, respectively. A DC power
supply (GPS-3030D, GWInstek, New Taipei, Taiwan) was used to deliver the applied
voltage and current at a maximum rating of 30 V and 3 A, respectively. For the electrolyte
solution, NaCl powder (Merck) was dissolved in ethylene glycol (Merck & Co., Inc.,
Kenilworth, NJ, United States) to form a 1 M electrolyte solution. In addition, ethanol
(Merck & Co., Inc., New Jersey, United States) was introduced to the electrolyte solution at
different concentrations. Commercial polyethersulfone (PES) membranes with a molecular
weight cut-off of 10 kDa were used as a separation membrane for the in vitro test. A
digital microscope (AM4515T, Dino-lite, New Taipei, Taiwan) at a magnification rate of
500x-550x was used to capture the surface textures of the sidewall of the microfluidic
channel. The machined surface was measured using a Surfcom 120A stylus profilometer
that has a 5 um stylus tip radius. The parameters used in the measurement for the stylus
technique were: a cut-off wavelength of 0.80 mm, a measurement length of 1.5 mm,
and a vertical and horizontal magnification of 5000 and 50, respectively. The surface
quality characteristics, arithmetic average (Ra), and peak to valley depth (Rz) [29,35] were
examined with reference to the contribution of the machining parameters. Each experiment
was repeated three times to ensure valid results, and the surface roughness value was
acquired from the average of three measurement readings.

Table 1. Mechanical properties of pure titanium.

Mechanical Properties Ti (99.5%)
Hardness, Brinell 70
Hardness, Vickers 60

Tensile Strength, Ultimate 220 MPa

Tensile Strength, Yield 140 MPa

Elongation at Break 54%
Modulus of Elasticity 116 GPa

Poisson’s Ratio 0.34
Shear Modulus 43.0 GPa

Table 2. Mechanical properties of SS 316L.

Mechanical Properties SS 316L
Hardness, Rockwell B 79
Tensile Strength, Ultimate 560 MPa
Tensile Strength, Yield 290 MPa
Elongation at Break 50%
Tensile Modulus 193 GPa

Table 3. Chemical properties of SS 316L.

Component Elements SS 316L
Carbon, C <0.030%
Chromium, Cr 16-18%
Iron, Fe 61.9-72%
Manganese, Mn <2.0%
Molybdenum, Mo 2.0-3.0%
Nickel, Ni 10-14%
Phosphorus, P <0.045%
Silicon, Si <1.0%
Sulfur, S <0.030%

Carbon, C <0.030%
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The fabrication of the microfluidic channel was divided into two steps. First, we
prepared the design of the microfluidic channels (Figure 1a) and rough-machined them
using a wire EDM machine (Figure 1b). In the second step, we finished the machining of the
microfluidic channels, utilizing the EP process with different combinations of machining
parameters.

Figure 2 illustrates a schematic diagram of the experimental setup. A titanium sheet
as a workpiece was placed in between SS 316L sheets. Experiments were conducted
under an electrolyte solution, and the machining process was fixed to 5 min. Based on
the preliminary experiments, a machining time of 5 min was enough to fully polish the
titanium microchannel.

58 316L
(cathode)
I
- +
DC Power Titanium
Supply (anode)

solution

Magnetic stirrer
Figure 2. Experimental setup for the EP process.

Prior to the EP process, the microchannel on the titanium was fabricated by means of
the wire EDM machine. By utilizing the machining parameters given in Table 4, the surface
roughness (Ra) of the microchannel produced was 1.46 pm.

Table 4. Machining parameters (wire EDM).

Machining Parameters

Pulse on-time (us) 4
Pulse off-time (us) 4
Voltage (V) 50
Flushing pressure (bar) 8

2.2. Configuration of Experimental Factors and Their Levels

The optimal polishing process parameters for fabricating a microchannel on a titanium
sheet were determined using the Taguchi method. The three main factors were: applied
voltage, machining gap, and concentrations of ethanol in the electrolyte solution, which
were selected in this study and designated as factors A, B, and C for the process parameters.
The factors and their levels are specified in Table 5.

Table 5. Factors and levels of the EP machining parameters.

Level
Control Factor evers
1 2 3
A Applied voltage (V) 15 20 25
B Ethanol concentration (vol.%) 15 20 25
C Machining gap (mm) 10 20 30
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In this research, the appropriate levels for each factor were configured to cover a range
of interests. The levels of the factors for the experiments were determined based on the
preliminary study results. An Lg orthogonal array was selected to conduct the matrix
experiment for the three-level factors of EP process, as presented in Table 6.

Table 6. Configuration of EP machining parameters.

Configuration of Machining Parameters

Exp. No Surface Roughness (R,)
A B C
1 Al Bl C1 Ry
2 Al B2 2 Ru
3 Al B3 C3 Ra
4 A2 Bl 2 Ru
5 A2 B2 C3 Ry
6 A2 B3 C1 R
7 A3 Bl C3 Ry
8 A3 B2 C1 Rug
9 A3 B3 2 Ry

Applied voltage is considered a qualitative parameter, and it has three levels: 15, 20,
and 25 V. The concentration of ethanol in the electrolyte solution consisted of three levels,
with 15 vol.% as the first level, 20 vol.% as the second, and 25 vol.% as the third. For the
machining gap, which is the distance between the cathode and anode, the first, second,
and third levels were a machining gap of 15, 20, and 25 mm, respectively.

2.3. Pareto ANOVA

This study utilized the Pareto analysis of variance (ANOVA), which is a simplified
ANOVA method, to analyze the results of the parameter design. This analysis method
does not require an ANOVA table and does not use an F-test. It is a quick and easy method
by which to analyze the results of the parameter design. The Pareto ANOVA technique of
analysis is suitable for engineers and industrial practitioners.

3. Results and Discussion

Table 7 summarizes the results of surface roughness from three repetitions and the
S/N ratio of each Ly orthogonal array after the matrix of nine experiments had been
executed. Figure 3 shows the surface textures of the microfluidic channel sidewall that
were electropolished using nine different machining combinations of the EP process. The
average S/N ratio level for each factor, as shown in Table 8, can be obtained by the
numerical values listed in Table 7. The average S/N ratio for each level and the separate
effects of each factor, commonly called main effects, are shown as a graph in Figure 4.

Table 7. Surface roughness and S/N ratio.

Control Factor Ra (um)
Exp. No Noise Factor Mean S/N Ratio (dB)
A B C NO N1 N2
1 15 15 10 0.44 0.42 0.40 0.42 7.53
2 15 20 20 0.32 0.36 0.40 0.36 8.84
3 15 25 30 0.40 0.32 0.38 0.37 8.68
4 20 15 20 0.32 0.34 0.36 0.34 9.36
5 20 20 30 0.28 0.34 0.32 0.31 10.05
6 20 25 10 0.30 0.32 0.26 0.29 10.62
7 25 15 30 0.34 0.42 0.52 0.43 7.27
8 25 20 10 0.36 0.22 0.20 0.26 11.39
9 25 25 20 0.44 0.36 0.46 0.42 7.49
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(a) (b) ©)

Figure 3. Surface texture of the sidewall of the microfluidic channel EP process with (a) 15V, 15 vol.%,
10 mm; (b) 15V, 20 vol.%, 20 mm; (c) 15V, 25 vol.%, 30 mm; (d) 20 V, 15 vol.%, 20 mm; (e) 20 V,
20 vol.%, 30 mm; (f) 20 V, 25 vol.%, 10 mm; (g) 25 V, 15 vol.%, 30 mm; (h) 25V, 20 vol.%, 10 mm;
(i) 25V, 25 vol.%, 20 mm.

Table 8. Average S/N ratio by factor levels (dB).

Factor
A B C
Level 1 8.35 8.05 9.85
Level 2 10.01 10.09 8.56
Level 3 8.72 8.93 8.67
Max-Min 1.67 2.04 1.28

Average 9.02 9.03 9.03
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Control Factor

Figure 4. The optimal levels based on the results of surface roughness produced by EP.

The average S/N ratio of the levels (1, 2, and 3) for each factor (A, B, and C), as shown
in Table 8 and Figure 4, was obtained based on the calculation below:
Average S/N ratio Al:

YAl (7.53+8.84+8.68)

Al =
3 3

=8.35

Similarly, A2 through C3 were calculated using the values in Table 7.

3.1. Combination of Optimal Levels for Each Factor and Verification Test

The aim of this study is to reduce surface roughness by determining the optimal level
for each factor, which can be determined by the level that has the highest S/N ratio value.
Figure 4 shows that the optimum combination of each factor is A2B2C1. This means that the
optimal levels are A2 (applied voltage of 20 V), B2 (ethanol concentration of 20 vol.%), and
C1 (machining gap of 10 mm). The three values permit a significant effect on improving
the surface quality.

Figure 5 shows the result of the Pareto ANOVA for the surface roughness of the
EP process.

The sum of factors A, B, and C for levels 1, 2, and 3, as presented in Figure 5, was
acquired from the calculation below:

Sum of factor level Al:

Al =753+ 8.84 4 8.68 = 25.04

Similarly, A2 through C3 are also the summation of the respective S/N ratios in
Table 7.

In the Pareto ANOVA analysis, the significant factors are chosen from the left-hand
side diagram, and the summation value should exceed 90%. However, the sum of the first
and second factors, which were ethanol concentration and applied voltage, respectively,
was only 78.1%. Consequently, it was necessary to consider the last factor, the machining
gap, as a significant machining parameter in the EP process. Thus, the machining conditions
were set as: applied voltage at 20 V, ethanol concentration of 20 vol.%, and machining gap
of 10 mm.
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Factor A B C Total
Sum of factor level 1 25.04 | 2416 | 2954
2 30.03 | 30.28 | 25.69 81.23
3 26.15 | 26.79 | 26.01
Square of difference (3) 41.23 | 3631 | 2741 123.13
Degrees of Freedom (@) 2 2 2
Sig 20,61 | 28.25 | 13.70 62,58
Contribution ratio (%) 3294 | 4515 | 21.90 100
120
100
100 ¥ ]
:z:? //--/
Y 78.10 -
-E 80 ___/
5 A Applied voltage
__'g &0 B: Ethanol concentration
“é C: Machining gap
o]
40
20
0
B A C
Contribution ratio (%)
Factor 45.15 32.94 21.9
Percent 45.15 3294 219
Cumulative (%) 4515 TE. 10 100

Optimum combination of significant factor

levels

A2-B2-C1

The optimal level of each significant factor is the level

which maximizes the sum of 5/ ratios

Remarks on optimum combinations

The significant factors are chosen from the left-hand-

side in the above Parete diagram which cumulatively

contribute about 90%

Figure 5. Pareto ANOVA analysis for surface roughness produced by EP.

Verification experiments were conducted to determine the repeatability of the utiliza-
tion of the optimal combination of machining parameters. Using the optimum machining
parameters to fabricate microfluidic channels (Table 9), the average surface roughness value
obtained was 0.22 um, the lowest amongst the results presented in Table 7. It could then
be determined that the combination of the levels for each factor is valid and arranged as
the optimal machining parameters for EP in fabricating microchannels on titanium sheets.
By utilizing the optimum parameters in EP, the surface roughness of microfluidic chan-
nels was improved by up to 85% compared to that produced by the wire EDM machine.
Figure 6 summarizes the surface roughness produced by wire EDM and EP with different

machining parameters.

Table 9. Optimal conditions for the EP process.

Factor Level
A. Applied voltage 20 Volt
B. Ethanol concentration 20 vol.%
C. Machining gap 10 mm
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Figure 6. The surface roughness of the sidewall on a microfluidic channel of different machining
methods and parameters. (a) Wire EDM; (b) 15 V, 15 vol.%, 10 mm; (c) 15 V, 20 vol.%, 20 mm;
(d) 15V, 25 vol.%, 30 mm; (e) 20 V, 15 vol.%, 20 mm; (f) 20 V, 20 vol.%, 30 mm; (g) 20 V, 25 vol.%, 10 mm;
(h) 25V, 15 vol.%, 30 mm; (i) 25 V, 20 vol.%, 10 mm; (j) 25V, 25 vol.%, 20 mm; (k) 20 V, 20 vol.%,
10 mm (optimum parameters).

Apart from the measurement of the average parameter (Ra), the average maximum
height of the profile (Rz) of the sidewall surface was also measured. Figure 7 presents the
Rz value of the sidewall surface. As presented in Figure 7, the optimum parameter of EP
provides the lowest Rz value compared to the other machining parameters. The average
value of the peak-to-valley height on the surface machined by EP at optimum parameters
was decreased up to 83% compared to the surface machined by wire EDM.

3.2. Effect of Ethanol Concentration on Surface Roughness

Figure 5 shows that the concentration of ethanol in the ethylene glycol-NaCl solution
is a significant factor (45.15%) in improving surface quality. During the EP of titanium,
when utilizing ethylene glycol-NaCl without the presence of an electrolyte solution, the
process generated titanium oxide, resulting in poor surface roughness and color changing
on the surface [36]. According to Equation (2), during the EP process, Ti** ions react with
Cl™ to create titanium tetrachloride (TiCly) in the electrolyte solution [37].

Ti*" + 4Cl — TiCl, 2)

TiCly comes in the form of a sticky yellow liquid attached to the titanium surface.
It is difficult to remove and dissolve in high-viscosity ethylene glycol. Therefore, the
introduction of ethanol decreases the viscosity of the electrolyte solution. On the other
hand, the polarity of ethanol is lower than that of the ethylene glycol molecules that
benefit from removing the deposited TiCly from the titanium surface. However, a high
concentration of ethanol in the electrolyte solution entirely removes the TiCly layer, leading
to dissolution reactions on the surface, resulting in a poor surface finish [38]. This result
is in accordance with Wang et al.’s finding [27], where TiCly (99%) in ethylene glycol
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induced a major change in the anodic dissolution reaction of titanium by converting a
bright fine-finish surface into a dimple pattern surface.

Surface roughness (um)
=

(]

0
a b c d e f g h i j k

Machining method

Figure 7. Rz value of the sidewall on a microfluidic channel of different machining methods and
parameters. (a) Wire EDM; (b) 15V, 15 vol.%, 10 mm; (c) 15V, 20 vol.%, 20 mm; (d) 15V, 25 vol.%,
30 mm; (e) 20 V, 15 vol.%, 20 mm; (f) 20 V, 20 vol.%, 30 mm; (g) 20 V, 25 vol.%, 10 mm; (h) 25V, 15
vol.%, 30 mm; (i) 25 V, 20 vol.%, 10 mm; (j) 25 V, 25 vol.%, 20 mm; (k) 20 V, 20 vol.%, 10 mm (optimum
parameters).

3.3. Effect of Applied Voltage on Surface Roughness

Figure 5 shows that the applied voltage is a significant factor (35.95%) in improving
surface quality. In the EP process, as shown in Figure 8, the etching reaction initially started
at a low voltage (A to B area); as the voltage and current density linearly increased, the
pitting reactions (range D to E) were activated. The region between points C to D is the area
where the EP occurred and where the current density was relatively stable even when the
voltage increased; therefore, the region at points C to D (20 V) is the optimal applied voltage
for the EP process. In region D to E (above 20 V), higher voltages will further increase the
current density. As a result, it produces a defect on the titanium surface. Therefore, in
order to achieve low surface roughness, EP should be performed in the region at points C
to D [39].

3.4. Effect of Machining Gap on Surface Roughness

From Figure 5, it can be seen that the machining gap is the least significant factor
(21.9%) in improving the surface quality of titanium. In general, surface quality improves
as the machining gap becomes smaller. However, this statement also depends on the
applied density of the current. At a high current density, narrowing the machining gap will
create an electro-discharge mark on the surface. However, at low current density, widening
the machining gap will induce a melting—fusion process during EP and further generate
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bumps on the workpiece surface [40]. A suitable machining gap must be carefully chosen
when running EP on titanium.

Current Density

0 12 16 20 34
Voltage

Figure 8. Polarization curve of current density and voltage in the EP process.

3.5. Microfluidic Fouling Experiments

For the fouling experiment, a microfluidic device (Figure 9a) was assembled from
one sheet of commercial PES membrane and clamped between two sheets of a titanium
layer, as illustrated in Figure 9b. Polydimethylsiloxane (PDMS) layers and acrylic plates
were used as a sealer and cover for the microfluidic device. The microfluidic channel of
titanium layers for this fouling experiment was fabricated using wire EDM and EP. For the
EP, the optimum parameters that were validated in the verification experiments were used
to polish the microchannel. A micropump was used to introduce bovine blood into the
microfluidic channel. The fouling experiments were conducted for 7 days.

Blood out
Blood out Blood in
./ g Xh § - PES o =, \
/ Q} 3 ;"JT.’-‘I | membrane > == Titanium
% = - T . layer

() (k)

Figure 9. Fouling experiment. (a) Microfluidic channel; (b) structure of the microfluidic channel.

Figure 10 shows the surface of the microfluidic channel before and after the fouling
experiments using wire EDM and EP. As can be seen from Figure 10b, a bloodstain ap-
peared on the microfluidic surface machined by wire EDM. In contrast, the surface of the
microfluidic channel processed by EP using the optimum machining parameters showed a
bloodstain-free appearance. The microscale structures and topological surfaces influence
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the adhesion behaviors of cells and platelets [41]. Thus, surface roughness plays a signifi-
cant role in determining the biological environment response to unknown material [42]. In
addition, discharge energy in the wire EDM process caused a rough surface and porous
structure on the microfluidic channel that allowed the establishment of contact of the blood,
resulting in a bloodstain on the surface [43,44].

100 pm
_

100 pm
L

() (d)

Figure 10. Surface texture of the machined surface. (a) Wire EDM before the fouling experiment,
(b) wire EDM after the fouling experiment, (c) EP before the fouling experiment, (d) EP after the
fouling experiment.

4. Conclusions

The EP of a microfluidic channel on a titanium sheet has been systematically in-
vestigated. The Taguchi method was applied on an Lg orthogonal array, in which nine
experiments were conducted at different combinations of machining parameters. The S/N
ratio of the quality characteristics of arithmetic average roughness (Ra) was analyzed using
the ‘smaller-the-better” criteria. The optimum polishing parameter level that correlates
with the level of the maximum S/N ratio was determined. The following conclusions from
the experimental work are drawn:

1.  Through the Pareto ANOVA and from the percentages of the contribution of the
microfluidic channel produced to surface roughness, the ethanol concentration in
the electrolyte solution was proved to be the most significant EP process parameter,
followed by applied voltage and machining gap.

2. The optimum factor level combinations by which to achieve high surface quality of
the microfluidic channel were an applied voltage of 20 V, the addition of ethanol at a
concentration of 20 vol.%, and a machining gap of 10 mm.

3.  Utilizing the optimum factor level combinations for the verification test, the percent-
age improvement of surface roughness of the microfluidic channel was 85%.

4.  Invitro experiments confirmed that surface machined by the optimum machining pa-
rameters significantly lessened the biofouling on the sidewall of the microfluidic channel.
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