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Abstract Helical drill point is characterized by a continuous
helical flank surface and an S-shape chisel edge, and its spe-
cial geometry contributes to a superior drilling performance
and a better grinding efficiency. However, the existing grind-
ing processes are complicated and hard to be reproduced in
practice, and it is difficult to meet the accuracy requirements
as the drill diameter becomes smaller. Thus, it is crucial to
research further grinding method of helical micro-drill and
its drilling performance. In this paper, a grinding method of
helical drill flank using a six-axis CNC grinding machine is
proposed based on the mathematical model of generatrix of
the helical surface. Then, this grinding process is simulated
using the 3D CAD software and is validated by experimental-
ly fabricating the helical micro-drill. The results show that this
method is feasible for obtaining the micro-drill with high

dimensional accuracy. For the comparison with helical mi-
cro-drill, the planar and conical micro-drills with the same
geometry parameters are produced as well. The drilling exper-
iments on 1Cr18Ni9Ti austenitic stainless steel with the pla-
nar, conical, and helical micro-drills are conducted, and the
drilling force, tool wear, and hole quality are measured and
analyzed. The experiment results show that the increasing rate
of the radial force of helical micro-drills at the beginning of the
drilling process is smaller than those of planar and conical
micro-drills, the thrust force and wear of helical drill point
are also smaller, and the quality of micro-holes by helical drill
point is better as well. It is confirmed that the proposed grind-
ing process is effective to fabricate the helical micro-drill with
good drilling performance.
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1 Introduction

Micro-hole drilling is a predominant operation in hole
manufacturing industry and has been widely applied in various
fields ranging from precision mechanics to advanced electron-
ics, such as the production of automotive fuel injection nozzles,
thick multi-layer printed circuit boards, air bearings, watches,
and camera parts. [1]. There are many factors that influence the
drilling performance including drill point geometry and drilling
processing parameters. The drill point geometry is the most
significant element in the micro-drilling process. Small varia-
tions in drill point geometry exert significant influence on the
performance of the drill [2]. Therefore, many studies have been
conducted to develop a better drill geometry to improve the
drilling performance, such as conical [3], cylindrical [4], hyper-
bolic and ellipsoidal [5], and spiral, multi-facet drill point [6].
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However, these conventional drill point geometries cannot be
reproduced accurately on micro-drills due to its small physical
size and the difficulty of fabrication process.

Nowadays, micro-drills with planar point geometry are wide-
ly used in the commercial markets, as its drill point grinding
method is simple, effective, and economically applicable. Lin
et al. [7] developed the general mathematical model and the
grinding method for planar micro-drill points and investigated
the characteristics of the drill. Then, this drill point model was
further expanded by Lee et al. [8] in order to reduce the cutting
force. However, this drill has a straight chisel edge shape and a
low heel clearance angle distribution, which often lead to a high
thrust force, high temperature, and fast tool wear. Furthermore, it
is difficult to adjust the four flank surfaces to accurately intersect
at one point, particularly when the drill diameter becomes small-
er. To solve this problem, helical drill point for micro-drill was
proposed and developed as an alternative [9, 10]. Its point char-
acterized by a continuous helical surface and an S-shape chisel
led to a superior drilling performance and a better grinding effi-
ciency. In order to grind helical drill points, experimental grind-
ing device with an assistant fixture was designed and assembled
[11]. With this grinding machine, Ganglani and Ehmann [12]
proved the feasibility of manufacturing helical drill points accu-
rately with a computer-controlled servo system and controller.
For the curved cutting edge of helicoid surface drill, Fetecau
et al. [13] presented a toroidal grinding procedure and verified
the feasibility of the method by grinding experiment. In order to
improve the drilling quality and efficiency, Hsieh [14] proposed
a mathematical model of the helical drill point which can be
combined with the Denavit-Hartenberg notation, and then, the
NC data for grinding the helical drill using a six-axis grinding
machine was obtained by Hsieh [15] according to the ability
matrix of the grinding machine and the configuration matrices
of the grinding wheel.

The researches of drilling performance of helical drill point
focused on the drilling force, tool wear, and geometry optimi-
zation, etc. In order to identify the best drill point geometry,
Kang et al. [11, 16] compared the drilling performance of
planar, conical, and helical drill points with diameter
7.45 mm in terms of cutting angle distribution, drilling torque
and thrust, and skidding and wandering motion. The drill ge-
ometry affected burr formation greatly. Donfeld et al. [17]
found that helical point drill produced much smaller burr than
split point drill in Ti6Al4V drilling process. Jurko et al. [18]
concerned on the tool wear and tool wear mechanisms by
drilling of austenitic stainless steel with helical point drill.
For the visualization design and optimization of helical drill,
a numerical modeling and simulation CAD system was pre-
sented by Yan and Jiang [19] based on the helical drill model,
and the geometric parameters could be modified reasonably
according to different drilling requirements. Paul et al. [20]
investigated the optimization of the shape of the drill point in
order to minimize thrust and torque, and the point geometry

was parameterized on the grinding parameters to ensure man-
ufacturability of the optimized geometry.

However, the helical micro-drill is not widely appreciated
and exploited, and its detailed investigation on the drilling
performance is scanty, especially the helical point micro-drill
with diameter less than 0.5 mm. Furthermore, the existing
grinding processes are complicated and hard to be reproduced
in practice, and it is difficult tomeet the accuracy requirements
as the drill diameter becomes smaller.

In this paper, the arbitrary position of the generatrix of
helical surface is obtained firstly, and the generatrix mathe-
matical model in the drill coordinate frame is developed.
Then, the point coordinates and the direction of the generatrix
in the machine coordinate system are determined, and a

Fig. 1 The mathematical model of flank surface of helical drill point

Fig. 2 The motion of Makino CNC grinding machine
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practical and efficient grinding method of helical drill flank
using a six-axis CNC grinding machine is presented. Further,
the grinding process is simulated using the 3D CAD software
and is validated by fabricating the helical micro-drill with
diameter 0.5 mm. For the comparison with helical micro-drill,
the planar and conical micro-drills with the same geometry
parameters are produced as well. For the fuel spray nozzle
material 1Cr18Ni9Ti austenitic stainless, drilling experiments
with planar, conical, and helical micro-drills are conducted,
and the drilling force, the tool wear, and hole quality are mea-
sured and analyzed in order to investigate the helical micro-
drill drilling performance.

2 Mathematical model of helical drill flank

Based on the mathematical model proposed by Lin et al. [9],
the mathematical model of flank surface of helical drill point is
shown in Fig. 1. The flank F1 is made by part of the helical
surface generated by the helical motion of generatrix OHM
along ZH-axis. XHYHZH is the coordinate frame of the helical
surface. XdYdZd is the coordinate frame built in the drill, with
Od locating at the drill tip, Zd-axis coinciding with the drill
axis, and the direction of Xd-axis positioning y-coordinate of

the outer corner C (yc=−t, 2 t is web thickness). Rotating the
O-XdYdZd coordinate system around Zd-axis by angle β, coor-
dinate transformation system O-XtYtZt is attained. Translating
Ot to OH by coordinate (x0, y0, z0) and rotating the O-XtYtZt

(a)

(b) (c)

Fig. 3 Schematic diagram of the
helical flank grinding process. a
Relative position between drill
and grinding wheel during
grinding process. b Relative
position in view M. c The motion
of generatrix in view N

Fig. 4 The schematic illustration of the grinding operation
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coordinate system around Yt-axis by an angle of ϕ, helical
coordinate frame O-XHYHZH is attained. Apart from ϕ and β,
there are three other parameters for grinding the helical flank,
θ, H, and B, where B is the distance between the drill tip Od

and the intersection point D of ZH-axis and Zd-axis, H is the
pitch of helical flank, and θ is the angle between grinding
wheel surface and the ZH-axis. The equation of the helical
surface in XHYHZH system can be expressed as follows:

F1 : ZH þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X 2

H þ Y 2
H

q
tanθ

þ H
2π

sin−1
YHffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X 2
H þ Y 2

H

q
0
B@

1
CA ¼ 0 ð1Þ

By coordinate transformation, Trans(x0, y0, z0), Rot(YH,
−ϕ), and Rot(Zt, β), the equation can be transformed into the
drill system XdYdZd.

XH YH ZH½ �T

¼ Rot YH ;−ϕð Þ Rot Zt;βð Þ Xd Yd Zd½ �T

þ Trans x0 y0 z0ð Þ ð2Þ

where

Rot YH ; ‐ϕð Þ ¼
cosϕ 0 −sinϕ
0 1 0

sinϕ 0 cosϕ

2
4

3
5

Rot Zt; βð Þ ¼
cosβ ‐sinβ 0
sinβ cosβ 0
0 0 1

2
4

3
5

Trans x0 y0 z0ð Þ ¼
−Bsinϕ

0

−
Bsinϕ
tanθ

2
64

3
75

Then, the equation of helical flank in the system XdYdZd
can be expressed as follows:

F1 : Zdcosϕ−B
sinϕ

tanθ
þ sinϕ X dcosβ−Ydsinβð Þ

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cosϕ Xdcosβ−Ydsinβð Þ−sinϕ Zd þ Bð Þ½ �2 þ Ydcosβ þ X dsinβð Þ2

q
tanθ

þ H
2π

sin−1
Ydcosβ þ X dsinβffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cosϕ X dcosβ−Ydsinβð Þ−sinϕ Zd þ Bð Þ½ �2 þ Ydcosβ þ X dsinβð Þ2
q

0
B@

1
CA

¼ 0

ð3Þ

By rotating the grinding wheel around the ZH-axis and
simultaneously moving down along the ZH-axis while drill is
fixed, a helical surface is generated by the movement of the
wheel [19]. However, the helical motion of the grinding wheel
cannot be applied directly on a six-axis CNC tool grinder.
Hence, the space composite motion of one object should be
broken up into several planar motions of one or more objects.
In order to achieve this, the arbitrary position of the generatrix
during the helical motion will be obtained firstly, and then, the
generatrix mathematical model of helical drill flank in the drill
coordinate frame can be developed.

Assuming that line AN is the generatrix at one point, point
N is on the intersecting line L1 of the flank F1 and the cylin-
drical surface of drill. The coordinate of point N in system
XdYdZd, which is on the cylindrical surface of drill, can be
described as Nd(xd, yd, zd) = [rcosαd, rsinαd, zd] = [gx(αd),
gy(αd), gz(αd)], where r is the radius of drill, αd is the angle
between the line OdN and Xd-axis, and zd can be obtained by
the Eq. 3 with variable αd.

In the coordinate frame of the helical surface XHYHZH,
suppose that the generatrix OHM rotates angle αH around
ZH-axis and simultaneously moves down along ZH-axis to
position AN, so the coordinate of point A in the system
XHYHZH is AH ¼ 0; 0; − H

2π αH
� �

. By coordinate transfor-
mation Eq. 2, point A in the system XdYdZd can be expressed
as follows:

Ad ¼
xa
ya
za

2
4

3
5 ¼

px αHð Þ
py αHð Þ
pz αHð Þ

2
4

3
5

¼

cosβsinϕ Bcosϕ−
H
2π

αH þ B
sinϕ
tanθ

� �

−sinβsinϕ Bcosϕ−
H
2π

αH þ B
sinϕ
tanθ

� �

−Bsin2ϕþ cosϕ −
H
2π

αH þ B
sinϕ
tanθ

� �

2
6666664

3
7777775

ð4Þ

Table 1 The geometric parameters of the micro-drill

Geometric
parameters

Drill
diameter (mm)

Web
thickness
ratio

Helical angle
of groove (°)

Semi-
point
angle ρ (°)

Chisel edge
angle ψ (°)

Lip clearance
angle αfc (°)

Heel clearance
angle αR

h;−60� (°)

Value 0.5 0.25 30 59 55 12 15

Table 2 The grinding parameters of helical drill flank

Grinding parameters B (mm) H (mm) β (°) θ (°) ϕ (°)

Value 0.4964 0.9977 −3.1913 29.4869 30
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Furthermore, the coordinate of point N in system XdYdZd is
Nd(rcosαd, rsinαd, zd). By coordinate transformation Eq. 2,
the coordinate NH(xH, yH, zH) in system XHYHZH is as follows:
NH(xH, yH, zH) = [rcosϕcos(αd+β)-(zd+B)sinϕ, rsin(αd+β),
zH]. So, αH can be expressed by αd as follows:

αH ¼ f αdð Þ ¼ tan−1
yH
xH

¼ tan−1
rsin αd þ βð Þ

rcos αd þ βð Þcosϕ− Bþ zdð Þsinϕ ð5Þ

Therefore, the coordinate of point A in system XdYdZd can
be expressed as Ad(xa, ya, za) = [px(f(αd)), py(f(αd)),
pz(f(αd))] = [fx(αd), fy(αd), fz(αd)] with variable αd.

Thus, for arbitrary angle αd, there is a certain generatrix
AN, and the flank of helical drill can be expressed as a series of

line determined by αd. The function of line AN in the system
XdYdZd is as follows:

LAN :
x−gx αdð Þ

f x αdð Þ−gx αdð Þ ¼
y−gy αdð Þ

f y αdð Þ−gy αdð Þ

¼ z−gz αdð Þ
f z αdð Þ−gz αdð Þ ð6Þ

3 Grinding process of helical drill flank

Helical point micro-drill is fabricated using a six-axis CNC
grinding machine (CNS7d, by Makino Seiki Co., Ltd.). The
configuration of the machine is shown in Fig. 2. During the

(a) (b) (c) 

Fig. 5 The simulation results of
the drills. a Helical drill point. b
Planar drill point. c Conical drill
point

(a) (b) (c) 

Fig. 6 The grinding experiment
results of the micro-drills. a
Helical drill point. b Planar drill
point. c Conical drill point
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grinding process, the drill shank is clamped to make the drill
axis coincide with A-axis, and the drill can move along U-axis
and Y-axis, rotate about W-axis, while the grinding wheel can
move along X-axis and Z-axis.

The relative position between the drill and the grinding
wheel is shown in Fig. 3a during the generating of the helical
flank, the cylinder surface of grinding wheel is used in this
procedure, and the relation between grinding wheel and the
drill can be seen as a line contact. To achieve the composite
helical motion on the grinding machine, the arbitrary position
of the generatrix LAN in system XdYdZd has been obtained in
Sect. 2. Then, to ensure the contact line between grinding
wheel and the drill is the certain generatrix AN, x, y, z coordi-
nate of point N, and the direction of line AN in the machine
coordinate system XYZ should be determined.

The direction of line AN in system XdYdZd can be expressed
as AN= (fx(αd)−gx(αd), fy(αd)−gy(αd), fz(αd)−gz(αd)). In the
machine system XYZ, it is determined by the machine move-
ment shown in the viewM and N. In the viewM (Fig. 3b), the
angle γ between the drill axis and the contact line LAN can be
derived from Eq. 6 as follows:

γ ¼ cos−1
f z αdð Þ−gz αdð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

f x αdð Þ−gx αdð Þð Þ2 þ f y αdð Þ−gy αdð Þ
� �2

þ f z αdð Þ−gz αdð Þ	 
2r

ð7Þ

In the view N (Fig. 3c), blue lines represents the generatri-
ces. Assuming that OHM is the starting position of the gener-
atrix, to arrive the next position AN, OHM should rotate angle
αA around Zd-axis and move distance OdT along Z-axis.
According Eqs. 4 and 5, the distance between point A and
the drill tip Od in the view N is as follows:

OdA
��� ��� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f x αdð Þ2 þ f y αdð Þ2

q

¼ sinφ Bcosφ−
H
2π

tan−1
rsin αd þ βð Þ

rcos αd þ βð Þcosϕ− Bþ zdð Þsinϕ
� �

þ B
sinφ
tanθ

� �����
����

ð8Þ

In the triangle, AOdN ; OdA
�� ��=sin α1−αAð Þ ¼ r=sinαA.

Based on sine theorem, αA and OdT
�� �� can be expressed as

follows:

αA ¼ tan−1 sinα1

.
cosα1 þ OdA

��� ���.r
� �� �

;¼ OdA
��� ���⋅sinαA ð9Þ

Fig. 7 The drilling experiment setup on DMG machining center

Fig. 8 Drilling force results of helical micro-drill with v= 22 m/min and
f= 0.002 mm/r

Fig. 9 Drilling force results of planar micro-drill

Fig. 10 Drilling force results of conical micro-drill
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where α1 =π ‐β ‐αd.
In order to make sure the direction of line AN, the

rotation angle of W-axis is γ+ 90°. For certain angle αd,
A-axis rotates angle αA at the same time. Furthermore,

Z-axis moves the distance OdT
�� �� to make sure the z

coordinate of point N.
In the grinding process, U-axis moves distance B to make

the rotation center of W-axis to be point D (shown in Fig. 1).
Furthermore, in order to determine x, y coordinates of point N,
the relative position (x0, y0) between point D and N is as
follows:

x0 ¼ Bþ zdð Þsinγ þ DQ
��� ���cosγ; y0 ¼ Bþ zdð Þcosγ− DQ

��� ���sinγ

where DQ
�� �� ¼ TN

�� ��; TN
�� �� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
OdT
�� ��2 þ r2

q
ð10Þ

4 Grinding simulation and experiment of helical
micro-drills

To validate the proposed mathematical model and the corre-
sponding grinding method, the simulation software MSPS of
Makino Seiki grinding machine is used to simulate the motion
of grinding procedure, and the schematic illustration of the
grinding operation is shown in Fig. 4.

Based on the motion of this grinding machine, A-axis
should rotate angle αA, W-axis should rotate angle γ+90°,
and the grinding wheel should move along Z-axis by OdT

�� ��.
The drill should move along Y-axis, while the grinding wheel
moves along the X-axis, to ensure the position of point N in
the proper position. With the motion above, the helical drill
flank can be generated accurately.

The geometric parameters of the helical drill point are listed
in Table 1. The grinding parameter (θ, β, ϕ, B, H) of helical
drill flank cannot be obtained uniquely according to the drill

geometric parameters ρ;ψ;αfc;αR
h;−60�

� �
due to grinding pa-

rameter redundancy [21]. The way to remove grinding param-
eter redundancy is to fix one of the grinding parameters. For
the grinding method proposed in this paper, every grinding
parameter is controllable. By considering the sensitivity of
the grinding parameters, the most sensitive grinding parameter
is identified as parameters ϕ. In this experiment, ϕ is set as
30°. To obtain the other grinding parameters, the least square
method is used to solve the numerical results [21], and the
grinding parameters of helical drill flank are listed in Table 2.

Based on these grinding parameters and grinding method
above, the simulation software MSPS of Makino Seiki grind-
ing machine is used to simulate the motion of grinding proce-
dure and the simulation result is shown in Fig. 5a. Besides, the
grinding experiment is carried out on the Makino Seiki six-
axis CNC grinding machine, and the micro-drill is tungsten
carbide tool. Then, the micro-drill is examined by 3D laser
scanning microscope (VK-100 by Keyence Co., Ltd.), and the
microscope photograph is shown in Fig. 6a. Meanwhile, the
planar and conical micro-drills are fabricated on the six-axis
CNC grinding machine with the same geometry parameters,
and the simulation and experiment results are shown in
Figs. 5b, c and 6b, c.

5 Drilling experiment of helical, planar, and conical
micro-drills

To compare the drilling performances of the three kinds of
drill points, drilling experiments are carried out on DMG

Fig. 11 The radial drilling force results at the beginning of the drilling
process

(a) (b) 

Fig. 12 Chisel edge shapes of
helical, conical, and planar drill
points. a Chisel edge shapes in
Xd-Zd plane. b Chisel edge shapes
in Xd-Yd plane
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machining center (DMU80 monoBLOCK by DMG MORI
Co., Ltd.), shown in Fig. 7. The workpiece material is
1Cr18Ni9Ti austenitic stainless steel. The drilling force is
measured using a Kistler piezoelectric dynamometer model
9257B connected to a charge amplifier and data acquisition
board, and the DynoWare (Kistler) is employed to collect the
data.

5.1 Drilling force of helical, planar, and conical
micro-drills

With rotational speed n = 14000 r/min and feed rate
f=0.002 mm/r, the drilling experiments of helical, planar,
and conical micro-drills are carried out. Typical records ob-
tained are shown in Figs. 8, 9, and 10, and the thrust force
results clearly reveal the penetration phases.

In Fig. 8, in phase A, the micro-drill starts piercing
into the workpiece, and the thrust force rapidly increases
until the chisel edge has fully drilled into the workpiece.
The thrust force increases continually during phase B,
which is the cutting lip penetration period. After the
chisel edge and the cutting lip have completely drilled
into the workpiece, the thrust force is basically stable
during phase C. When the chisel edge is close to the

bottom of the stainless steel plate, the support rigidity
for drill reduces. The thrust force decreases in phase D.
In phase E, the drill point unthreads from the stainless
steel plate and penetrates into the base plate. The drilling
force variation tendency in Figs. 9 and 10 is in confor-
mity with that in Fig. 8. However, the vibration of radial
force Fx, Fy is serious in phases A and B for planar and
conical micro-drills.

The amplitude of radial force at the beginning of the
drilling process (phases A and B) is shown in Fig. 11. The
chisel edge shapes in Xd-Yd plane and Xd-Zd plane are
illustrated in Fig. 12 according to the coordinate defini-
tions in Fig. 1, and they are calculated by the intersection
of flank F1 and its symmetrical flank with respect to Zd-
axis [9]. In Fig. 11, it shows that the radial force increases
with the accruing of the hole number, and the growth
trend for helical micro-drill is the slowest. At the begin-
ning, the helical drill point may result in worse self-
centering capability due to its larger chisel edge point
angle (see Fig. 12a), the drill skidding and wandering
motion is obvious, and the radial force of helical micro-
drill is larger than the other. As the hole number increases,
the chisel edge wear is gradually serious and it leads to
more initial skidding and wandering; then, the radial dril-
ling force increases. Furthermore, the sharp chisel edge
for planar point micro-drill will be rapidly dulled after a
few hits, and the radial drilling force increases faster due
to the more serious wear phenomenon. However, the S-
shape chisel edge of helical drill point (see Fig. 12b) will
lead to better self-centering capability, and the radial dril-
ling force increases slowly.

Under working conditions of n = 14000 r/min and
f = 0.001, 0.0015, and 0.002 mm/r, the drilling experi-
ments are carried out. The average drilling force in phase
C of helical, planar, and conical micro-drills is shown in
Fig. 13. The thrust force grows linearly with the increase
of feed rate. Compared with the planar drill points, the
helical and conical micro-drills produce a lower thrust
force. The chisel edge plays an important role in the

Fig. 13 The drilling force results of the helical, planar, and conical
micro-drills

(a) (b) 

Fig. 14 Dynamic clearance angle
comparisons along cutting lip and
chisel edge with f= 0.002 mm/r. a
The cutting lip. b The chisel edge
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drilling performance; it is an S-shaped curve for helical
drill point which will lead to the reduced thrust force.
Moreover, the clearance angle is an important factor dur-
ing the drilling process, and its value should be larger
near the center of the drill than at the outer corner to
prevent the flank from rubbing. The dynamic clearance
angle along the cutting lip and chisel edge and dynamic
heel clearance angle distribution over the flank surface are
shown in Figs. 14 and 15, and the calculation method was
presented by Kang et al. [16]. For the helical micro-drill,
the dynamic clearance angle is larger than the other, and it
increases from the outer corner to the center of the drill.
The dynamic heel clearance angle of helical micro-drill
also keeps larger value over the flank surface, which re-
sults in smaller thrust force.

5.2 The wear of helical, planar, and conical micro-drills

Under the drilling condition that rotational speed n= 14,
000 r/min and feed rate f= 0.002 mm/r, three drills of
each type of drill points are taken to perform the drilling
tests. Drill wear is measured using a 3D laser scanning
microscope, and the method of wear measurement is
shown in Fig. 16. After drilling 30 holes, microscope
photograph of wear of planar, conical, and helical drill
points and the magnification of flank and chisel edge
wear are shown in Fig. 17. It can be seen that the wear

of flank and chisel edge are obvious for the three types
of micro-drills. Moreover, the flank wear of helical and
conical micro-drills is less than that of planar micro-drill,
and helical micro-drills have the least wear on chisel
edge.

Figure 18 shows the value of chisel edge and flank
wear. It is observed that the planar flank wear is the most
serious, and the value of VBmax and Cmax is larger than
the other drill points. For the conical and helical drill
points, the value of flank wear is basically equal to each
other, but the wear phenomenon of chisel edge for con-
ical drill point is severer than that of helical drill. It is
clear that the chisel edge wear of helical drill point is

(a) (b) 

(c) 

Fig. 15 Dynamic heel clearance
angle distribution over the flank
surface with f= 0.002 mm/r. a
Planar drill point. b Conical drill
point. c Helical drill point

Fig. 16 Schematic diagram of wear measurement
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slight due to its smooth shape (see Fig. 12a), and the
dynamic clearance angle distributions along the cutting
lip and chisel edge for helical drill point are larger to
prevent the f lank from rubbing (see Fig. 14) .
Furthermore, for planar drill point, the very low heel
clearance angle values are evident around the intersection
line between the primary and secondary flank surfaces
(Fig. 15a); these will cause a high thrust force, high
temperature, and fast wear during the drilling process.
As the drilling force plays an important role on the drill
wear, the wear is slight for helical drill point due to the
smaller drilling force, and then, the wear influences the
drilling force as well.

5.3 Hole quality by helical, planar, conical andmicro-drills

The micro-hole entrance morphology by planar, conical,
and helical micro-drills is shown in Fig. 19. The

roundness of micro-holes is measured using a 3D laser
scanning microscope, and the method of roundness mea-
surement is shown in Fig. 20. The roundness is the
error between incircle radius R1 and circumcircle radius
R2. Figure 21 shows the roundness value of micro-holes

(a)

(b)

(c)

Fig. 17 Microscope photograph
of wear of planar, conical, and
helical micro-drills. a Planar
micro-drill point. b Conical
micro-drill point. c Helical micro-
drill point

Fig. 18 Wear of chisel edge and flank of planar, conical, and helical
micro-drills
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by planar, conical, and helical drill points. It is observed
that as the hole number increases, the micro-holes by
planar drill point tend to be polygon, and the entrance
morphology of micro-holes by helical drill point still
keeps good quality. The roundness value becomes larger
with the increased hole number, and the roundness of
micro-holes by helical and conical drill points is better
than that by planar drill point. It can be attributed to the
radial force variation and chisel edge wear discussed in
Sects. 5.1 and 5.2. As the hole number increases, the
chisel edge wear is serious and the radial force in-
creases. The increased radial force may lead to the larg-
er roundness value. For the helical and conical micro-
drills, the radial forces are smaller than those of planar
micro-drill discussed in Sect. 5.1, resulting in better
roundness of micro-holes.

The section morphology by planar, conical, and helical
micro-drills is shown in Fig. 22. For the tenth micro-holes,
the material spalling and scratch phenomenon appear by pla-
nar and conical drill points, and the phenomenon is more
serious for the 20thmicro-holes. Meanwhile, the slight scratch

phenomenon appears by helical drill point for the 20th drilling
holes. With the hole number increases, for the section mor-
phology by the planar drill point, the burn happens due to the
high temperature caused by the interference between the drill
flank and the surface of the hole in the drilling process. In
general, the surface quality of micro-holes by helical drill
point is better than the others due to the smaller drilling force
and drill wear.

6 Conclusions

This paper proposes a mathematical model of generatrix of the
helical surface, and presents a practical and efficient grinding
method for fabricating helical drill flank using a six-axis CNC
grindingmachine. The helical micro-drills are fabricated using

(a) 

(b)

(c)

Fig. 19 The micro-holes by the
planar, conical, and helical drill
points. a The 6th, 12th, 18th,
24th, and 30th micro-holes by the
planar drill point. b The 6th, 12th,
18th, 24th, and 30th micro-holes
by the conical drill point. c The
6th, 12th, 18th, 24th, and 30th
micro-holes by the helical drill
point

Fig. 20 Schematic diagram of roundness measurement Fig. 21 The roundness of micro-holes
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this grinding method, the planar and conical point micro-
drills with the same geometry parameters are also pro-
duced. The 1Cr18Ni9Ti austenitic stainless steel drilling
experiments with the three types of micro-drills are con-
ducted, and the drilling force, the wear, and the hole
quality are measured and analyzed. Some conclusions
can be summarized as follows:

1. The grinding process is simulated using a 3D CAD soft-
ware and is validated by experimentally fabricating the
helical micro-drill, and the results show that this process
is feasible for obtaining the micro-drill with high dimen-
sional accuracy.

2. The increasing rate of the radial force of helical micro-
drills at the beginning of the drilling process is smaller
than those of planar and conical micro-drills, and this
results in better entrance morphology of micro-holes.

3. The drilling thrust force and the wear of helical drill point
are smaller due to the better chisel chip shape and dynam-
ic clearance angle distribution, and the section morpholo-
gy of micro-holes is better than those by planar and con-
ical micro-drills.

This research validates that this grinding process is suitable
to produce the helical micro-drill with less thrust force, less
tool wear, and higher hole quality during the drilling process.
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