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Abstract: In microbiochips and microfluidic devices, microholes are a basic and important feature. The
microdrilling of glass materials without cracks is still challenging in the fabrication of glass-based mi-
crodevices. This paper investigates the characteristics of microdrilling fused silica using polycrystalline
diamond (PCD) tools fabricated by electrical discharge machining (EDM). In particular, peak forces, which
are observed at the beginning of drilling, are discussed because crack formations are related to peak forces.
To reduce peak forces and to minimize cracks, the effects of drilling conditions, such as tool shape, the
surface roughness of a tool, and axial feedrate, were therefore investigated. It was observed that D-shape
tools with high surface roughness was useful to reduce the peak force. In through-hole drilling, a sacrificial
layer was used to prevent exit cracks, and a variable feedrate was applied to increase drilling speeds.
Finally, a dressing process using EDM was conducted to recondition the worn tool’s surface.
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1. Introduction

In the field of microdevices, including microelectromechanical systems (MEMS), minia-
turized total analysis systems (µTAS), and microfluidic devices, glass substrates are needed
because of their excellent mechanical hardness, electrical insulation, optical transparency, and
chemical and thermal stability. However, the micromachining of glass is limited because glass is
very hard.

Microholes are an important and basic feature for microdevices. Many researchers investi-
gated the microdrilling of glass using various drilling techniques. Laser drilling, one of the most
widely used methods, is a fast and direct single-step process. Chung and Lin [1] used a CO2
laser to produce a microhole array in Pyrex glass. Huang et al. [2] used a femtosecond fiber laser
to produce microholes in soda-lime glass. Lee et al. [3] studied the machining characteristics of
femtosecond laser helical drilling for aluminosiligate glass and borosilicate glass. However, the
issue of a tapered hole with a heat-affected zone (HAZ) caused by thermal ablation remains a
major problem. Etching techniques as a batch process are used mainly to fabricate micropatterns
of glass materials. Li et al. [4] used deep reactive ion etching (DRIE) to fabricate microhole
patterns of Pyrex glass. Iliescu et al. [5] used wet etching to fabricate a microfluidic device made
of Pyrex glass. Nagarah and Wagenaar [6] used wet etching to produce microhole arrays in
fused silica. However, these etching techniques still suffer from defects caused by the masking
process, and an etchant such as hydrofluoric (HF) acid is hazardous to both the environment
and humans. Electrochemical discharge machining (ECDM) is used to machine nonconductive
materials. Zheng et al. [7] used ECDM to produce microholes in Pyrex glass. Nguyen et al. [8]
used ECDM to produce microholes in Pyrex glass and quartz. In using this technique, however,
gap control and the flushing of removed materials between the tool and the workpiece are
difficult, and the heat affected zone led to tapered sidewalls and an overcut. Ultrasonic drilling
is a suitable method for brittle materials. Egashira et al. [9] used ultrasonic drilling to produce
microholes in borosilicate glass. Schorderet et al. [10] investigated the ultrasonic microdrilling
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of glass to produce deep microholes. Jain et al. [11] used microrotary ultrasonic machining to
produce microholes in borosilicate. However, this technique has limitations, such as tool wear
and low feedrates.

This study presents a mechanical drilling process that is cost-effective, simple, and
well-suited for rapid prototyping with high-dimensional accuracy. However, since the
machinability of mechanical drilling is limited by crack formations at the entrance and exit
of holes, studies aimed at reducing and preventing crack formation have been conducted.
Park et al. [12] used a back-up glass plate in the microdrilling of soda-lime glass. They
proposed a method to attach soda-lime glass to a back-up plate with water in order to
more effectively prevent exit cracks. Quan et al. [13] used a sintered diamond abrasive
core tool and an electroplating diamond abrasive core tool in the drilling of soda-lime
glass. They investigated the effect of drilling parameters on edge collapse at hole exits.
Mizobuchi and Ogawa [14] used two kinds of electroplated tools to minimize crack sizes
in the through-hole drilling of soda-lime glass. Ohzeki and Arai [15] developed a drilling
system with feedback control based on cutting forces in order to prevent cracks in the
drilling of borosilicate glass. Chen et al. [16] used a diamond tool with negative back
rake angles to prevent crack formation at the entrance and a sacrificial pad to prevent exit
crack formation in the drilling of optical glass and quartz. Mizobuchi et al. [17] used a
back-tapered electroplated diamond tool when drilling soda-lime glass. The back-tapered
tool was effective in reducing crack sizes and improving chip discharge efficiency.

In order to improve surface quality and accuracy in micromechanical machining, harder
tools with high wear resistance are needed, because tool wear increases cutting force during
machining. For this reason, PCD as the hardest tool material (except for a single crystal diamond
tool) is suitable for the micromachining of hard, brittle materials[18]. Morgan et al. [19] used both
conical and cylindrical PCD tools to machine microgrooves in soda-lime glass and micropockets
in ultra-low expansion glass. They obtained smooth surfaces under ductile-regime machining
and evaluated the wear of PCD tools. Suzuki et al. [20] fabricated microaspheric molds and
dies in tungsten carbide using a PCD micromilling tool. Tungsten carbide was machined in the
ductile mode, and the surface roughness was Rz 15 nm. Cheng et al. [21] used a PCD straight
edge micromill to machine slots in tungsten carbide and silicon wafers. Katahira et al. [22] used
a square PCD end mill to machine silicon carbide. Na et al. [18] used a PCD grinding tool to
machine 3D microstructures in alumina and zirconia.

The research mentioned above mainly studied the mechanical drilling of general
glasses, such as soda-lime and borosilicate. In contrast, the microdrilling of harder glass,
such as fused silica, has yet been studied extensively. Fused silica has high hardness,
low thermal expansion, and high chemical resistance [23]. Therefore, in this paper, the
microdrilling of fused silica using PCD microtools was used to produce microholes with
good edge quality and to improve drilling efficiencies.

2. Experimental Setup

For our experiments, microtools were fabricated by wire electro-discharge grinding
(WEDG) [24,25]. Figure 1a shows a WEDG system and a schematic of region A. PCD rods
containing diamond grains of 10 µm were used. A PCD rod of ø 1 mm was clamped in a
spindle and connected to a cathode as a workpiece. A brass wire was supported on a guide
and connected to an anode as an electrode tool. The rod and wire were immersed in EDM
oil. One hundred volts was applied between the rod and wire, and the rod was slowly fed
in the z direction during drilling. The rod was shaped into a smaller rod of φ 300 µm by
means of a few operations, including rough and finishing cuts [18]. The EDM conditions
are summarized in Table 1.

The PCD rod was used as a microtool for microdrilling. The EDMed surface of the
tool is rough and covered with craters of several micrometers created by sparks, as shown
in Figure 1b. The rough surface serves as an abrasive in the grinding process; numerous
craters consisting of diamond grains act as cutting edges [22].
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Figure 1. Microtool fabrication: (a) WEDG system and (b) fabricated microtool.

Table 1. EDM conditions.

Tool Electrode Brass Wire

Workpiece PCD (φ 1 mm)
Grain size 10 µm

Voltage (V) 100

Capacitance (pF) 5600 ∼ 770,000

Dielectric fluid EDM oil

Figure 2 shows a schematic of the microdrilling experiment. A PCD tool is fixed in a
high-speed spindle mounted on the z-axis. The maximum rotational speed is 60,000 rpm.
The fused silica used as a workpiece was placed on the dynamometer (9256C2, Kistler
Instrumente AG, Winterthur, Switzerland), which was mounted on the x-y stage. Three
components of drilling force were measured by a dynamometer in order to analyze drilling
performances. The experiments were carried out with the drilling parameters of the
axial feedrate ranging from 2 µm/s to 30 µm/s at a rotational speed of 50,000 rpm. The
drilling conditions are summarized in Table 2. The machined holes and their surfaces were
observed by means of scanning electron microscopy (SEM).
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XY

Z

B
B

Rough 

surface

Figure 2. Schematic illustration of the microdrilling experiment.
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Table 2. Microdrilling conditions.

PCD tool φ 300 µm

Workpiece Fused silica
(0.5 mm thickness)

Feedrate 2∼30 µm/s

Rotational speed 50,000 rpm

Coolant Cutting oil

3. Microdrilling Fused Silica

Figure 3 shows the drilling force measured during the microdrilling of fused silica using
a PCD microtool. The PCD tool was cylindrical and flat, as shown in Figure 1b. The tool’s
diameter was 300 µm. The axial feedrate was 10 µm/s and the tool’s rotational speed was
50,000 rpm. At the beginning of drilling, the thrust force (Fz) increased to its peak value
(Fpeak), 8 N, and then decreased rapidly because of the contact stiffness between the tool and
workpiece. In the grinding process, Yamada et al. [26] reported that the actual depth of cut
is less than the applied depth of the cut because of the elastic deformation of the grinding
wheel, which is associated with the contact stiffness. For this reason, the material was not
removed until the thrust force reached Fpeak, at which time a crack occurred on the surface of
the workpiece, which then began to be removed with a lower thrust force. As the peak force
increases, the radial force (Fx and Fy) also increases to 1 N, leading to more edge chipping and
tool breakage caused by the tool’s wobble. In this paper, therefore, effects of tool shape, tool
surface roughness, and axial feedrate on peak force and hole quality were investigated.

Figure 3. Drilling force of microdrilling of fused silica using a micro-PCD tool.
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3.1. Effect of Tool Shape

The shape of the tool influences the cutting force and surface quality [23]. To investigate
the effect of tool shape on Fpeak, in this study, a cylindrical tool and D-shaped tools were
used. Figure 4a is a SEM image of the D-shaped tool, which was fabricated by WEDG.
Figure 4b shows the thrust forces in the drilling with a cylindrical tool and two D-shape
tools of different width. Compared to the result of cylindrical tool, the Fpeak of D-shaped
tools were lower, and thrust forces were more stable. This is because of the edge of the
tools. At the edge of the D-shape tool, the workpiece can more easily crack; consequently,
the force decreases. The D-shaped tool with a width of 180 µm showed lower Fpeak than
the case of 240 µm. This is because the smaller bottom area of the tool causes higher stress
and introduces cracks easily.
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Figure 4. (a) A SEM image of a D-shaped tool and (b) thrust forces according to tool shapes (drilling
conditions: axial feedrate 10 µm/s; rotational speed of 50,000 rpm).

Since chip adhesion on the tool leads to high drilling force and cracks, chip discharge
is important [27]. The D-shaped tool is effective not only for decreasing Fpeak but also for
flushing out chips. An experiment to verify the chip-discharge effect was conducted with
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a D-shaped tool possessing a cut length that is shorter than the drilling depth. Figure 5
shows the thrust force and the position of the tool during drilling. A is where the cut length
of the tool is longer than the drilling depth. Since the chip discharged effectively from the
drilling zone, the thrust force was low and stable. B is where the length of the tool is shorter
than the depth of hole. Therefore, the thrust force begins to increase because there is no
space for chip discharges between the tool and the workpiece.
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Figure 5. Thrust force and tool position during drilling (drilling conditions: axial feedrate 5 µm/s;
rotational speed of 50,000 rpm).

3.2. Effect of Tool Surface Roughness

To investigate the effect of the surface roughness of tool on drilling force, tools with
various surface roughnesses were used. The surface roughness of a tool fabricated by EDM
is related to the size of the craters and depends on the discharge energy. Jahan et al. [28]
reported that discharge energy can be controlled by changing the capacitance in the EDM
system using an RC circuit. Figure 6a shows the surface roughness of PCD tools in Ra and
Rt according to different capacitances. As capacitance increases, the surface roughness
increases. Rt was used for comparing how deep the craters are. The size of the craters is
important because the craters act similarly to abrasives of a grinding wheel. Figure 6b,c
show surfaces for 5600 pF and 770,000 pF. From these images, it is clearly seen that a high
capacitance generates larger craters on the surface.
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Figure 6. (a) Surface roughnesses according to different capacitances, and SEM images of surfaces for
(b) 5600 pF and (c) 770,000 pF.

With small abrasive grains, grinding forces increased, and with large grains, forces
decreased [29]. Figure 7 shows Fpeak according to the surface roughnesses of the tools.
Fpeak and its deviation show a tendency to decrease with increasing surface roughness.
Figure 8 shows the results of two conditions. Figure 8a,b show the thrust forces in detail
and drilled holes when the surface roughness is Rt 1.85 µm and Rt 6.84 µm, respectively.
In Figure 8a, the peak force was about 30 N, the thrust force seemed unstable, and a large
edge chipping of about 200 µm in length was observed. On the other hand, in Figure 8b,
the peak was much lower, the thrust force was more stable, and a clear edge was observed.
From these results, it was confirmed that the surface roughness of the tool is an important
factor affecting the drilling force and edge quality.
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Figure 7. Thrust force (Fpeak) according to different surface roughnesses.
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Figure 8. Comparison of thrust forces and drilled holes for different surface roughness of tools;
(a) Rt 1.85 µm and (b) Rt 6.84 µm (drilling conditions: axial feedrate 10 µm/s; rotational speed of
50,000 rpm).

3.3. Effect of Axial Feedrate

In the drilling process, the axial feedrate of tool is a main parameter that influences
productivity. Because an excessive axial feedrate leads to increased drilling force and more
edge chipping, a proper axial feedrate is required to increase the drilling speed with good
edge quality. In order to verify the effect of axial feedrate on thrust force and edge quality,
axial feedrates ranging from 2 µm/s to 30 µm/s were applied. Figure 9a shows a graph
of Fpeak according to different axial feedrates. Fpeak increased from 1 N to 9 N as the axial
feedrate increased. Figure 9b compares the SEM images of drilled holes with different
axial feedrates. Clear edges were observed in the results of 2 µm/s and 10 µm/s, and the
edge chippings in these were less than 10 µm in length. Larger edge chippings occurred at
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20 µm/s and 30 µm/s, with sizes of 50 µm and 100 µm, respectively. It was found that less
than 10 µm/s is needed to prevent large edge chipping.
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Figure 9. (a)Thrust force according to different axial feedrates and (b) SEM images of machined holes
with different tool feedrates (drilling condition: rotational speed of 50,000 rpm).

4. Through-Hole Drilling
4.1. Prevention of Exit Cracks

Even though low feedrate is applied, it is difficult to prevent exit cracks, because
tensile stress affects the exit side when a tool is passing through the workpiece. Therefore, a
sacrificial layer was used to reduce tensile stress and prevent exit cracks. A workpiece and
sacrificial layer were fixed, as shown in Figure 10a–c show SEM images of the exit sides
of drilled holes with and without a sacrificial layer. Large cracks occurred at the exit of
a drilled hole without a sacrificial layer. By contrast, the result using the sacrificial layer
shows much less edge chipping.
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Workpiece

Sacrificial layer

(a)

(b) (c)

Without sacrificial layer With sacrificial layer

Figure 10. (a) Microdrilling using a sacrificial layer, and (b,c) SEM images of the exit side of the
through hole (drilling conditions: axial feedrate 5 µm/s; rotational speed of 50,000 rpm).

4.2. Variable Feedrates

Crack formations could be reduced by applying a low feedrate, but that takes more
time. In this paper, variable feedrates were applied in order to increase drilling speeds
without deteriorating hole quality. The through-hole drilling of 500 µm in depth was
conducted. The total drilling depth was divided into three regions of 20 µm, 430 µm, and
50 µm, as shown in Figure 11a. In the first region of 20 µm, a feedrate of 10 µm/s, which is
associated with good edge quality, was applied. In the second region of 420 µm, a feedrate
of 100 µm/s was applied. Finally, a feedrate of 10 µm/s was applied to the third region.
Compared to the constant feedrate of 10 µm/s across all three regions, drilling times could
be reduced by 77%. Figure 11b shows a SEM image of a drilled hole. Edge chippings of
about 15 µm in length were observed.

(b)

100 �m

PCD

10 m/s

100 m/s

10 m/s

(20 m)

(430 m)

(50 m)

Workpiece

(a)

Figure 11. (a) Schematic diagram of microdrilling using variable feedrates and (b) SEM image of
drilled hole (drilling condition: rotational speed of 50,000 rpm).
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5. Tool Wear and Dressing

Since tool wear increases the cutting force and adversely affects the hole’s quality, the
evaluation of tool wear is necessary [30–32]. However, because PCD is an extremely hard
material, very little wear occurs at the bottom of the tool, so it is difficult to measure wear
length. In order to estimate the wear of PCD tools in this study, therefore, the drilling forces
and the surface roughnesses of PCD tools were measured. Figure 12 shows the surface
roughness of PCD tools according to the number of drillings. The surface roughnesses of
the tools tended to decrease as the number of drillings increased. After drilling 200 holes,
the surface roughnesses of the tools decreased from 0.66 µm to 0.51 µm in Ra. This means
that tool wear occurred during drilling.
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Figure 12. Surface roughnesses of tools according to the numbers of drilling (drilling conditions:
axial feedrate 10 µm/s; rotational speed pf 50,000 rpm; drilling depth of 200 µm).

Tool life and machining performance are affected by tool wear. Therefore, dressing is
required to improve tool life and to recover machining performances. In this study, EDM
was used to make rough surface again. Since a simple D-shaped tool having a flat bottom
was used, EDM dressing can be easily applied to the tool’s bottom.

Figure 13a shows average thrust forces according to the number of drillings. The
force increased from 0.3 N to 0.6 N while drilling 200 holes, after which the dressing was
applied, as shown in Figure 13b. Only the bottom surface of the tool was machined by
EDM. The dressing conditions were 100 V and 470,000 pF and the dressing took 5 min.
After dressing, thrust forces decreased from 0.6 N to 0.2 N. The tool performed again like a
new tool because of the removal of the worn surface.
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Figure 13. (a) Thrust force according to the number of drillings and (b) dressing process using WEDG
(drilling conditions: axial feedrate 10 µm/s; rotational speed of 50,000 rpm; dressing conditions:
100 V, 470,000 pF).

6. Discussions and Conclusions

The microdrilling of fused silica using D-shaped PCD tools was carried out in order
to produce microholes. In this study, it was found that the peak thrust force was related
to edge chipping. Therefore, we had to decrease the peak thrust force (Fpeak) in order to
achieve good edge quality. Compared to a cylindrical tool, a D-shaped tool was effective in
reducing peak force and improving chip-discharge efficiency. In addition to the tool’s shape,
the surface roughness of the tool was also an important factor for reducing peak force. As
the surface roughness of the tool increases, the peak thrust force decreases significantly.
A variable feedrate was used to improve drilling speeds. A low feedrate was applied at
the beginning of drilling to prevent edge chippings, and then a high feedrate was applied
to increase drilling speeds. Consequently, drilling times could be reduced by 77% with
maintaining edge quality. As the number of drillings increased, the surface of the tool
became smoother and the thrust force increased. To make a rough surface again, EDM
dressing was conducted. After dressing, the surface became as rough as that of a new tool,
and thrust forces decreased. Electroplated microdrills also can be used to drill microholes
in glass materials [14,17]. However, when electroplated abrasives are worn out, the tool
cannot be used any more. In this study, since the tool’s shape is very simple and has a
D shape, it is easy to regenerate the tool’s bottom surface by EDM dressing and this can
increase the tool’s life. In addition, D-shaped tools having a flat bottom can be used not
only in drilling but also in milling. It is expected that microholes and microchannels in
glass-based microfluidic devices can be produced with a single PCD tool.
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