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Abstract
Chisel edge thinning can effectively improve the drilling performance of austenitic stainless steel. Four kinds of helical point
micro-drills, each with a thinned chisel edge of a distinct length, are fabricated based on the mathematics models of themicro-drill
by using a six-axis computer numerical control tool grinder. Micro-drilling experiments on 304 stainless steel are conducted.
Drilling performance is evaluated according to the measured and observed micro-hole machining quality, chip morphology,
thrust force, and tool wear of the micro-drill tip. With a decrease in the chisel edge length, the micro-holes drilled using thinned
micro-drills have small entrance burrs, roundness errors, and regular shapes, which are attributed to an increase in self-centering
capability. Owing to increased equivalent chip thickness and different directions of chip flow, micro-drills with thinned chisel
edge can generate more small-size chips and improve chip breaking. In addition, the inner cutting edge with a positive rake angle
replaces the chisel edge with a negative rake angle to cut the workpiece, significantly reducing the chip curl, thrust force, and tool
wear of micro-drills. However, helical point micro-drills with critical chisel edge lengths by thinning exhibit less thrust force and
tool wear than do helical point micro-drills with no chisel edge because of the increase in the uncut chip width of the micro-drill.
Thus, with the selected parameter range, the optimal helical point micro-drill is the micro-drill with a specific chisel edge length
by thinning to improve drilling performance.

Keywords Chisel edge thinning . Stainless steel . Micro-drill . Drilling performance

1 Introduction

With the rapid development of science and technology, the
application of micro-holes has become increasingly wide-
spread. Micro-drilling is a predominant operation in micro-
hole machining and has been widely applied in various fields,
ranging from precision mechanics to advanced electronics [1].
These applications include the ejection nozzle of a diesel

engine, as well as high-temperature and high-pressure compo-
nents. These micro-hole components are often made of stain-
less steel because of the high strength, corrosion resistance,
and high-temperature resistance of the material [2, 3].
However, during micro-drilling process of stainless steel,
more than 50% of the drilling force produced by the chisel
edge accelerates its wear, fracture, and breakage, thereby re-
ducing its micro-drilling performance [4]. In addition, the
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poor self-centering capability of micro-drills with a small
point angle severely affects the roundness and hole-wall ma-
chining quality.

Chisel edge thinning of micro-drills can noticeably im-
prove self-centering capability and reduce drilling force. Pre-
thinned designs reported in the literature include the split drill
point [5], linear-notch design [6, 7], and circular-notch design
[8]. Development of pre-thinned designs is expected to con-
tinue as published results indicate that efficient pre-thinning
significantly improves drilling performance. Wang X et al. [9]
drilled printed circuit board (PCB) through-holes by regular
drill and thinned drill; the results indicated that appropriate
thinning of the chisel edge contributes to flank wear reduction,
but exerts no apparent effect on burr size reduction for PCB
through-hole drilling. During the drilling process of lead-free
brass, Kato H et al. [10] found that web thinning reduces thrust
force by using low-stiffness micro-drills with a diameter of
0.2 mm. Nanbu Y et al. [11, 12] revealed that thinning of
micro-drills with diameters of 0.1 mm and 0.2 mm led to a
reduction in thrust force. The optimal rank angle of the chisel
edge in tool life ranged from −10° to 0°. On the basis of the
position of the grinding wheel, Lin P. D et al. [13] proposed a
method for the accurate fabrication of two-flute twist drills by
thinning. The drilling experiment confirmed that thinning can
be a valuable method for improving drilling performance.

The helical point micro-drill can improve the drilling per-
formance compared with planar and conical drill points [14,
15]. However, studies have been rarely reported on the micro-
drilling performance of a helical point micro-drill with a
thinned chisel edge, particularly the helical point micro-drill
with a diameter of less than 0.5 mm. Chisel edge thinning of a
helical point micro-drill also involves complexity, with di-
mensional and shape accuracy requirements that are difficult
to meet.

Therefore, the current study analyzes the effect of the chisel
edge thinning of a helical point micro-drill on the drilling
performance of stainless steel. Based on the mathematical
models of the helical point micro-drill, the rake angle, lip
inclination angle, uncut chip thickness, uncut chip width,
and cutting edge shape are calculated with the MATLAB soft-
ware. Four kinds of helical point micro-drills, each with a

Fig. 2 Mathematical model of the flute

Fig. 1 Mathematical model of flank surface

Fig. 3 Mathematical model of the
thinned chisel edge of the helical
point drill
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thinned chisel edge of a distinct length, are fabricated using a
six-axis computer numerical control (CNC) grindingmachine.
Micro-drilling experiments on 304 stainless steel are conduct-
ed. The chip morphology, thrust force, tool wear, and quality
of micro-holes are measured and observed. The helical point
micro-drill with optimal chisel edge length by thinning is de-
termined from the results.

2 Mathematical model of the helical point
micro-drill

2.1 Mathematical model of the helical flank
of the helical point micro-drill

Based on the mathematical model proposed by Liang [16], the
mathematical model of the helical flank surface of the micro-
drill is shown in Fig. 1. The OH-XHYHZH system and Ow-
XwYwZw system are the coordinate frame of the helical surface
and grinding wheel, respectively. TheOd-XdYdZd system is the
micro-drill coordinate system, where the coordinate origin Od

is located at the center of the micro-drill tip; the Zd-axis coin-
cides with the micro-drill axis; and the direction of the Xd-axis
and the Yd-axis enables the y-coordinate of the outer corner C
on the main cutting edge to satisfy the equation yc = − t (2 t is
web thickness). The equation of the helical flank in the Od-
XdYdZd system can be expressed as follows:

F1 : Zdcosϕ−B
sinϕ
tanθ

þ X asinϕ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X acosϕ−sinϕ Zd þ Bð Þ½ �2 þ Y a

2
q

tanθ

þ H
2π

arcsin
Y affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X acosϕ−sinϕ Za þ Bð Þ½ �2 þ Y a
2

q
0
B@

1
CA ¼ 0

ð1Þ

Fig. 4 Six-axis CNC grinding machine

Fig. 5 Geometry and
configuration of the grinding
wheels

Fig. 6 Structure of the micro-drill
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where Xa = Xd cos β − Yd sin β, Ya = Yd cos β + Xd sin β, and θ,
β, ϕ, B, and H are the grinding parameters of the helical flank.

Substituting X′d = − Xd, Y′d = − Yd, and Z′d = Zd into Eq. (1),
the mathematical model of the helical flank F2(X′d, Y′d, Z′d) =
0 can be accordingly obtained. In addition, the relationship
between drill geometry parameters (ρ, ψ, αfc, α

r h,-60°) and
grinding parameters (θ, β, ϕ, B, H) is derived as follows
[17]:

ρ ¼ g1 θ; β; ϕ; B; Hð Þ
ψ ¼ g2 θ; β; ϕ; B; Hð Þ
αfc ¼ g3 θ; β; ϕ; B; Hð Þ
αr
h;−60∘ ¼ g4 θ; β; ϕ; B; Hð Þ

8>><
>>:

ð2Þ

where 2ρ is the point angle, ψ is the chisel edge angle, αfc is
the lip clearance angle, and αr h,-60° is the heel clearance
angle.

2.2 Mathematical model of the micro-drill flute
of the helical point micro-drill

Based on the micro-drill flute mathematical model pro-
posed by Zhang [18], the grinding process of the micro-
drill flute is illustrated in Fig. 2. The micro-drill flute is
generated by the relative spiral motion between the
grinding wheel and the micro-drill. The rotational move-
ment of the grinding wheel around its axis constitutes a

main cutting movement, and the micro-drill rotates and
moves around its axis at Ωd and Vd to constitute a spiral
movement. The cutting path can be derived as follows:

Rm u; δð Þ ¼ X Pm u; δð Þ
Y Pm u; δð Þ

� �
¼ X Pf cos −ZPf tan β0ð Þ=rð Þ−Y Pf sin −ZPf tan β0ð Þ=rð Þ

X Pf sin −ZPf tan β0ð Þ=rð Þ þ Y Pf cos −ZPf tan β0ð Þ=rð Þ
� �

ð3Þ
where X Pf½ Y Pf ZPf � ¼ R uð Þcosδ þ ax½ R uð Þsinδcosλ−u
sinλ R uð Þsinδsinλþ ucosλ�, u and δ are the parameters
of the wheel profile, ax and λ are the parameters of the
wheel position, r is the micro-drill radius, and β0 is the
helix angle.

The coordinate points of the flute profile are proc-
essed by cubic spline interpolation, and the equation
of the cross-section profile of the drill flute is expressed
as yd = fH(xd). The spiral groove surface is formed by
the helical motion of the cross-section profile; thus,
the mathematical model of the drill flute in the Od-
XdYdZd system is expressed as follows:

F3 :
X d ¼ wcosv− f H wð Þsinv
Y d ¼ wsinvþ f H wð Þcosv
Zd ¼ zc þ rv=tanβ0

8<
: ð4Þ

where w and v are the variable parameters to generate
the flute surface, and zc is the z-coordinate value of the
outer corner C in the Od-XdYdZd system.

Table 1 Geometric parameters of
the helical point micro-drill No. 1 2 3 4

Chisel edge length l1 (μm) 0 42 84 140

Length of the main cutting edge l2 (μm) 196 196 196 207

Drill diameter d (mm) 0.5 Axial rank angle δ (°) 0 Flute length l (mm) 1.5

Drill whole length ls (mm) 50 Web thickness 2t (μm) 125 Helix angle β0 (°) 30

Drill shank diameter ds (mm) 3 Drill neck angle αn (°) 10 Point angle 2ρ (°) 118

(a) Tool 1(l1=0 μm) (b) Tool 2(l1=42 μm) (c) Tool 3(l1=84 μm)  (d) Tool 4(l1=140 μm)
Fig. 7 Grinding experiment results for the helical point micro-drills. a Tool 1 (l1 = 0 μm). b Tool 2 (l1 = 42 μm). c Tool 3 (l1 = 84 μm). d Tool 4 (l1 =
140 μm)
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2.3 Mathematical model of the thinned chisel edge
of the helical point micro-drill

The mathematical model of the chisel edge L0(Xd, Yd, Zd) = 0
obtained using the simultaneous flank equations Eqs. (1)–(2)
is derived as follows:

L0 : 2X asinϕþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X acosϕ−sinϕ Zd þ Bð Þ½ �2 þ Y a

2
q

−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X acosϕþ sinϕ Zd þ Bð Þ½ �2 þ Y a

2
q

tanθ

þ H
2π

arcsin
Y affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X acosϕ−sinϕ Zd þ Bð Þ½ �2 þ Y a
2

q
0
B@

1
CAþ arcsin

Y affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X acosϕþ sinϕ Zd þ Bð Þ½ �2 þ Y a

2
q

0
B@

1
CA

8><
>:

9>=
>; ¼ 0

ð5Þ

In the Od-XdYdZd system, the mathematical model of the
thinned chisel edge is presented in Fig. 3. The rake face F4 is a
plane, intersecting the chisel edge at point P (xp, yp, zp) and the
main cutting edge at point Q (xq, yq, zq). Thus, the line PQ is
the inner cutting edge. The length of the chisel edge is denoted
by l1, and the length of the main cutting edge is denoted by l2.
The axial rake angle is δ. The mathematical model of the rank
face F4(Xd, Yd, Zd) = 0 obtained using the chisel edge equation
Eq. (5) is derived as follows:

F4 : aX d þ bY d þ cZd þ d ¼ 0 ð6Þ
where a, b, c, and d are determined by L1, L2, and δ.

3 Grinding experiment of helical point
micro-drills with thinned chisel edge

Based on mathematical models of the helical point
micro-drill with a thinned chisel edge, helical point
micro-drills are fabricated using a six-axis CNC grind-
ing machine (CNS7d; Makino Seiki Co., Ltd.), as
shown in Fig. 4. During the grinding process of mi-
cro-drills, its shank is clamped on the A-axis; the
micro-drill can also move along the U-axis and Y-axis,
as well as rotate about the W-axis. The grinding wheel
can move along the X-axis and Z-axis. The grinding
process of the helical point micro-drill with a thinned
chisel edge includes helical flank grinding, drill flute
grinding, and chisel edge thinning; it also uses two
types of grinding wheels. The geometry parameters of
the configuration of the grinding wheels are shown in
Fig. 5. The helical flank is ground by cylindrical grind-
ing wheel with Dw1 = 80 mm, and u0 = 3 mm. The

micro-drill flute and thinned chisel edge are ground by
a dish grinding wheel with Dw2 = 135 mm, u1 = 4 mm,
and η = 45°.

To analyze the influence of chisel edge length by
thinning on micro-drilling performance, four kinds of
helical point micro-drills—each with a thinned chisel
edge of a distinct length—are fabricated. The structure
of the micro-drill is presented in Fig. 6, and the geo-
metric parameters are listed in Table 1. The results for
the fabricated micro-drills are shown in Fig. 7.

4 Drilling experiment using helical point
micro-drill with thinned chisel edge

Micro-drilling experiments using different helical point
micro-drills are conducted on a DMG machining center

Fig. 8 Drilling experiment setup on the DMG machining center
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(DMU80monoBLOCK; DMGMORI Co., Ltd.), as shown in
Fig. 8. The workpiece material is 304 austenitic stainless steel.
The drilling force is measured using a Kistler piezoelectric
dynamometer model 9257B. The tool wear, hole quality, and
chip morphology are measured using a 3D laser scanning
microscope (VK-X100; Keyence Co., Ltd.) and a zoom-
stereo microscope (V12; Zeiss Co., Ltd.).

4.1 Chip morphology of helical point micro-drills
with thinned chisel edge

The chip morphology of helical point micro-drills with
thinned chisel edge under rotational speed n = 14,000 r/min
and feed per tooth fz = 14 mm/min is shown in Fig. 9. Chip
curl occurs and becomes more apparent from tool 1 (l1 =

(a) Tool 1(l1=0μm)

(b) Tool 2(l1=42μm)

(c) Tool 3(l1=84μm)

(d) Tool 4(l1=140μm)

Fig. 9 Chip morphology of the
micro-drills with thinned chisel
edge. a Tool 1 (l1 = 0 μm) b Tool
2 (l1 = 42 μm). c Tool 3(l1 =
84 μm). d Tool 4 (l1 = 140 μm)
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0 μm) to tool 4 (l1 = 140 μm).Moreover, the chipmorphology
of tool 4 (l1 = 140 μm) is basically a long and continuous chip,
which easily wraps around the micro-drill body, thus hinder-
ing chip removal. The chips produced by thinned micro-drills
are segmented to a shorter length and even to small pieces.

Tool 1 (l1 = 0 μm), tool 2 (l1 = 42 μm), and tool 3 (l1 = 84 μm)
generate a large number of small-size chips, and a small num-
ber of continuous chips, resulting in an increase in chip re-
moval. The proportion of small-size chips increases with an
increase in chisel edge length.

Chip curl depends on the working angle along the cutting
lip, with the lip inclination angle λse and rake angle γoe as the
main influencing factors. The lip inclination angle λse along
the cutting edge affects chip curl and flow, whereas the lip
inclination angle λse along the chisel edge has almost no effect
on the same. The rake angle γoe influences the degree of chip
deformation. The chip compression ratio Λh can be expressed
as Λh = cos(ϕ − γoe)/ sin ϕ, where ϕ = π/4 − (βf − γoe), ϕ is the
shear angle, and βf is the frictional angle. Thus, the rake angle
γoe significantly affects the chip compression ratio Λh.

According to the calculation method proposed by Zhang
[18], the calculated result of the dynamic rake angle γoe along
the drill tips of micro-drills with fz = 14 mm/min is shown in
Fig. 10; and the dynamic lip inclination angle λse along the
inner cutting edge of tool 1 (l1 = 0 μm), tool 2 (l1 = 42 μm),
and tool 3 (l1 = 84 μm) with fz = 14 mm/min is shown in
Fig. 11. With a gradual increase in chisel edge lengths, the
chisel edge with a negative rake angle replaces the inner cut-
ting edge with a positive rake angle to squeeze the workpiece,

Fig. 10 Dynamic rake angle

Fig. 11 Dynamic lip inclination angle

(a) Normal micro-drill (b) Micro-drill with thinned chisel edge

Fig. 12 Equivalent cutting
thickness of the micro-drills. a
Normal micro-drill. b Micro-drill
with thinned chisel edge

Fig. 13 Dynamic rank angle along the main cutting lip
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thereby increasing the degree of chip deformation. Moreover,
the increase in the negative value of the lip inclination angle
from tool 1 (l1 = 0μm) to tool 3 (l1 = 84μm) further intensifies
the chip curl.

The equivalent cutting thickness of the helical point
micro-drill is shown in Fig. 12. The original section of
a chip produced using a regular micro-drill (tool 4) is a
rectangle, and the equivalent chip thickness hch is rela-
tively small, resulting in the relative difficulty of chip
breaking. The profiles of the chips produced using tool
1 (l1 = 0 μm), tool 2 (l1 = 42 μm), and tool 3 (l1 =
84 μm) generate an arc. The equivalent chip thickness
hch and the bending moment are increased, which con-
tribute to chip breaking. The calculated result of the
dynamic rake angle γoe along the main cutting edge is
shown in Fig. 13. The rake angle between the main
cutting edge and the inner cutting edge has a larger
difference; thus, the direction of the chip flow is differ-
ent. The internal stress between two pieces of chips
causes additional strain on the chip, which also contrib-
utes to chip breaking. Thus, the chips of tool 1 (l1 =
0 μm), tool 2 (l1 = 42 μm), and tool 3 (l1 = 84 μm) have
numerous small-size chips compared with tool 4 (l1 =
140 μm). Owing to the decrease in the inner cutting
edge, the proportion of small-size chips increases from
tool 1 (l1 = 0 μm) to tool 3 (l1 = 84 μm).

4.2 Drilling force of helical point micro-drill
with thinned chisel edge

Drilling experiments are conducted under rotational
speed n = 14,000 r/min and feed per tooth fz = 3.5, 7,
10.5, 14 mm/min. The average thrust force of the helical

Fig. 14 Average thrust force of two micro-holes with feed per tooth

Fig. 15 Thrust force with holes’ number under feed per tooth fz = 14mm/
min

(a) Uncut chip thickness (b) Uncut chip width
Fig. 16 Uncut chip thickness and uncut chip width along the inner cutting edge of tools 1, 2, and 3 with fz = 14mm/min. aUncut chip thickness. bUncut
chip width
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point micro-drill with thinned chisel edge is shown in
Fig. 14. The thrust force is basically proportional to the
feed per tooth. Compared with tool 4 (l1 = 140 μm), the
thrust force of tool 1 (l1 = 0 μm), tool 2 (l1 = 42 μm), and
tool 3 (l1 = 84 μm) are significantly reduced. When the
feed per tooth fz is 14 mm/min, tool 1 (l1 = 0 μm), tool 2
(l1 = 42 μm), tool 3 (l1 = 84 μm), and tool 4 (l1 =
140 μm) each has a thrust force of 10.91, 10.81, 11.68,

and 14.22 N, respectively. Compared with that of tool 4
(l1 = 140 μm), the thrust force of each of tool 1 (l1 =
0 μm), tool 2 (l1 = 42 μm), and tool 3 (l1 = 84 μm) is
reduced by 23.28%, 23.98%, and 17.86%, respectively.
The average thrust force of the micro-drill with varying
number of holes and under rotational speed n = 14,000 r/
min and feed per tooth fz = 14 mm/min is shown in
Fig. 15. The thrust force rises linearly as the number of

(a) Tool 1(l1=0 μm)

(b) Tool 2(l1=42 μm)

(c) Tool 3(l1=84 μm)

(4) Tool 4(l1=140 μm)

Fig. 17 Microscope photograph
of drill tip wear of helical point
micro-drills with thinned chisel
edge. a Tool 1 (l1 = 0 μm). b Tool
2 (l1 = 42 μm). c Tool 3 (l1 =
84 μm). d Tool 4 (l1 = 140 μm)
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holes increases. The thrust force is reduced significantly
from tool 4 (l1 = 140 μm) to tool 2 (l1 = 42 μm); howev-
er, the thrust force of tool 1 (l1 = 0 μm) is slightly greater
than that of tool 2 (l1 = 42 μm).

The length of the thinned chisel edge considerably affects
the rake angle, uncut chip thickness, and uncut chip width,
which finally has also an effect on the drilling force. The uncut
chip thickness and uncut chip width along the inner cutting
edge of tool 1 (l1 = 0 μm), tool 2 (l1 = 42 μm), and tool 3 (l1 =
84 μm) are shown in Fig. 16. With a gradual increase in chisel
edge lengths, the chisel edge with negative rake angle is con-
sidered to squeeze workpiece, instead of the inner cutting edge
with positive rake angle. Consequently, the thrust force from
tool 2 (l1 = 42μm) to tool 4 (l1 = 140 μm) increases. However,
for the helical point micro-drills with no chisel edge, the uncut
chip width of the inner cutting edge is increased, resulting in a
slight increment in thrust force relative to the thrust force of
tool 2 (l1 = 42 μm).

4.3 Wear of helical point micro-drills with thinned
chisel edge

Under rotational speed n = 14,000 r/min and feed per tooth
fz = 14 mm/min, four kinds of helical point micro-drills with
thinned chisel edge are used to perform the micro-drilling
tests. Drill wear is measured and analyzed using a 3D laser
scanning microscope (VK-X100 by Keyence Co., Ltd.). After
drilling 30 holes, a microscope photograph showing the wear
of helical point micro-drills with a thinned chisel edge and the
magnification of drill tip wear are presented in Fig. 17. Drill
tip wear is apparent for the four kinds of micro-drills. The
outer corner of the inner cutting edge exhibits the most wear,
and the wear width gradually decreases from the outer corner
to the center of the drill tip. Moreover, the drill tip wear of tool
1 (l1 = 0 μm), tool 2 (l1 = 42 μm), and tool 3 (l1 = 84 μm) is
less than that of tool 4 (l1 = 140 μm), and the workpiece ma-
terial sticks to the flank of tool 4 (l1 = 140 μm).

To quantificationally analyze the degree of wear of the
micro-drill tip, the wear width of the inner cutting edge Cmax

is measured, and the method of wear measurement is shown in
Fig. 18. The Cmax value of the inner cutting edge wear is
shown in Fig. 19. The inner cutting edge wear of tool 4
(l1 = 140 μm) is greater than those of other micro-drills.
Thrust force plays an important role in micro-drill wear; thus,
tool 2 (l1 = 42 μm) has the least inner cutting edge wear Cmax

because of less drilling force which is also influenced by tool
wear.

4.4 Holemachining quality of helical pointmicro-drills
with thinned chisel edge

Themorphology of micro-hole entrance produced using tool 1
(l1 = 0 μm), tool 2 (l1 = 42 μm), tool 3 (l1 = 84 μm), and tool 4

(l1 = 140 μm) is presented in Fig. 20. As the number of micro-
holes increases, the shape accuracy at the micro-hole entrance
gradually decreases. The micro-holes produced using tool 1
(l1 = 0 μm), tool 2 (l1 = 42 μm), and tool 3 (l1 = 84 μm) have
small entrance burrs and regular shapes, and the 30 micro-
holes produced using tool 4 (l1 = 140 μm) have more entrance
burrs. The roundness of the micro-holes is measured using a
3D laser scanning microscope (Keyence VK-X100). The
method of roundness measurement is illustrated in Fig. 21.
Roundness is the error between the incircle radius R1 and the
circumcircle radius R2. Figure 22 shows the roundness value
of the micro-holes drilled using tool 1 (l1 = 0 μm), tool 2 (l1 =
42 μm), tool 3 (l1 = 84 μm), and tool 4 (l1 = 140 μm). The
roundness value increases with an increase in the number of
micro-holes, and the roundness of micro-holes from tool 1
(l1 = 0 μm) to tool 4 (l1 = 140 μm) gradually increases.

The morphology of the micro-hole entrance depends on the
self-centering ability. The shape of micro-drill tip is shown in
Fig. 23. The self-centering capability of the micro-drills from
tool 1 (l1 = 0 μm) to tool 4 (l1 = 140 μm) gradually decreases
owing to an increase in the point angle of the micro-drill tip,
resulting in a gradual increase in the roundness error of the
micro-holes from tool 1 (l1 = 0 μm) to tool 4 (l1 = 140 μm).
The cutting edge wear discussed in Section 4.3 plays an

Fig. 18 Schematic of wear measurement

Fig. 19 Wear of the inner cutting edge
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(a) The 1st, 10th, 20th, and 30th micro-holes drilled using Tool 1(l1=0 μm)

(b) The 1st, 10th, 20th, and 30th micro-holes drilled using Tool 2(l1=42 μm)

(c) The 1st, 10th, 20th, and 30th micro-holes drilled using Tool 3(l1=84 μm)

(d) The 1st, 10th, 20th, and 30th micro-holes drilled using Tool 4(l1=140 μm)

Fig. 20 Micro-holes produced
using the micro-drill with thinned
chisel edge. a The 1st, 10th, 20th,
and 30th micro-holes drilled
using tool 1 (l1 = 0 μm). b The
1st, 10th, 20th, and 30th micro-
holes drilled using tool 2 (l1 =
42 μm). c The 1st, 10th, 20th, and
30th micro-holes drilled using
tool 3 (l1 = 84 μm). d The 1st,
10th, 20th, and 30th micro-holes
drilled using tool 4 (l1 = 140 μm)

Fig. 22 Roundness of micro-holesFig. 21 Schematic of roundness measurement
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important role in the roundness of micro-holes. As the number
of micro-holes increases, chisel edge and cutting edge wear
become severe, leading to a larger roundness value.

With respect to hole quality, tool 1 (l1 = 0μm) is considered
as the optimal helical point micro-drill with a thinned chisel
edge. However, with respect to thrust force and tool wear, tool
2 (l1 = 42 μm) is regarded as the optimal helical point micro-
drill with a thinned chisel edge. The apparent chip curl and
greater number of small-size chips produced using tool 2 (l1 =
42 μm) facilitate chip movement. Thus, with the selected pa-
rameter range, the optimal micro-drill is tool 2 with a thinned
chisel edge length of 42 μm.

5 Conclusions

This study evaluates the effect of chisel edge thinning in heli-
cal point micro-drills on the micro-drilling performance of
stainless steel. Based on the mathematical models of the heli-
cal point micro-drill, the rake angle, lip inclination angle, un-
cut chip thickness, uncut chip width, and cutting edge shape of
micro-drills with thinned chisel edge are calculated with the
MATLAB software. Four kinds of helical point micro-drills,
each with a thinned chisel edge of a distinct length, are fabri-
cated using a six-axis computer numerical control (CNC)
grinding machine. Micro-drilling experiments on 304 austen-
itic stainless steel are conducted. By discussing chip morphol-
ogy, thrust force, drill wear, and micro-hole quality, several
conclusions are summarized as follows:

1. During the drilling process, chip curl occurs and becomes
more noticeable with an increase in chisel edge length;
micro-drills with thinned chisel edges can improve chip
breaking, causing more small-size chips generated than
that of regular micro-drill.

2. The thrust force grows linearly with an increase in feed
per tooth and number of holes. Also, it increases signifi-
cantly with an increase in the chisel edge length. The

reason is that the chisel edge with a negative rake angle
replaces the inner cutting edge with a positive rake angle
to squeeze the workpiece. However, the thrust force of
tool 1 (l1 = 0 μm) is slightly greater than that of tool 2
(l1 = 42 μm), which is attributed to the increase in uncut
chip width.

3. Drill tip wear is apparent for the four types of micro-drills.
Moreover, the drill tip wear of tool 1 (l1 = 0 μm), tool 2
(l1 = 42 μm), and tool 3 (l1 = 84 μm) is less than that of
tool 4 (l1 = 140 μm), and the workpiece material sticks to
the chisel edge of tool 4 (l1 = 140 μm). The inner cutting
edge wear of tool 2 (l1 = 42 μm) has the least area because
of a smaller thrust force.

4. As the number of micro-holes increases, the shape accu-
racy at the micro-hole entrance gradually decreases.
Comparedwith tool 4 (l1 = 140 μm)which produces more
entrance burrs, tool 1 (l1 = 0 μm), tool 2 (l1 = 42 μm), and
tool 3 (l1 = 84 μm) produce micro-holes with small en-
trance burrs and regular shapes. The roundness of the
micro-holes gradually increases with an increase in the
chisel edge length.
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