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Abstract The profile of drill flute has a great influence on the
drilling performance of micro-drill. It is promising to obtain a
desired flute profile with a standard wheel by adjusting the
wheel position parameters during the grinding process. To in-
vestigate the flute profile characteristics under different wheel
position parameters and its effect on the drilling performance,
this paper presents a method for modeling and optimization of
the micro-drill flute considering the wheel installation angle
and the offset distance from the wheel origin to the drill blank
origin. Based on this model, the flute profile of micro-drill is
numerically simulated by MATLAB software firstly, and then,
the 3D model of micro-drill with different flute profiles is
established by UG software. Finally, the micro-drilling process
on 304 austenitic stainless steel is simulated by DEFORM
software, and the chip morphology and the drilling force are
analyzed and discussed. The results show that the wheel instal-
lation angle has an obvious effect on the flute profile and its

radial rake angle and flute width, and the wheel offset distance
only influences the flute width evidently. The micro-drill with
flute ground by smaller wheel installation angle owns
straighter cutting lip shape and larger chip evacuation capacity,
and its thrust force and torque are smaller than those of other
micro-drills. Moreover, spiral chip is generated due to the in-
tense side curl and up curl of the chip, resulting in the easiness
of the chip removal. However, for the micro-drills with flute
ground by larger wheel installation angle, the chip morphology
is string and the drilling force is larger. At last, the mathemat-
ical model of the drill flute and its numerical simulation result
are validated by experimentally fabricating the micro-drill
flute. Then, the optimized micro-drill is manufactured by a
six-axis computer numerical control (CNC) grinding machine,
and its flute profile is fabricated using a standard conical grind-
ing wheel with a smaller wheel installation angle.

Keywords Flute profile . Micro-drill . Wheel position
parameters . Drilling performance

1 Introduction

The helical flute, as an essential component of micro-drill, has
a great influence on the drilling performance. It defines the
cutting lip and rake angle, provides the space for chip evacu-
ation, and influences the strength and stability of the drill [1,
2]. The design and optimization of drill flute profile are close-
ly bound up with the grinding process. During the flute grind-
ing process, the helical flute is generated by the relative helical
motion of the wheel and cylindrical blank, and the grinding
parameters including the wheel profile and wheel position
determine the flute profile and its performance [3].

Over the past decades, many researches have been focused
on the modeling and machining of the drill flutes, and they can
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be divided into two methods: the direct and the indirect
methods. The indirect method is to determine the wheel pro-
file based on the wheel position and the desired flute profile
[4–7]. However, the calculated wheel shapes are often com-
plicated and not practical in industry. On the other hand, the
direct method is to calculate the cross-sectional profile of the
helical flute according to the given wheel profile and its posi-
tion during the grinding process. Considering the wheel as a
series of thin disks, the flute profile is developed as the enve-
lope of the superimposed cutting paths of the individual disks
[8, 9]. With this approach, Zhang et al. [10] proposed a prac-
tical modeling method of drill flute with a standard straight
wheel. A desired flute profile can be generated by a standard
wheel with a proper wheel position. Therefore, some re-
searches have been carried out to obtain the wheel position
parameters on the basis of the flute and wheel profile.
Karpuschewski [11] presented an algorithm for the automatic
search of the wheel position in flute grinding. By calculating
the wheel position, Tang et al. [12] proposed a grinding meth-
od of the drill with a desired rake angle and core radius. Ren
et al. [13] presented a novel five-axis grinding method of flute
using standard 1V1/1A1 wheels to ensure the accuracy of the

desired rake angle, core radius, and flute width. Beju et al. [14]
presented a method for generating desired drill flute with con-
ical grinding wheel and verified the validity of the presented
method by grinding experiment.

Furthermore, some researchers investigated the effect of
flute profile on the drilling or milling performance. By
adjusting the wheel position parameters, Kim et al. [15] de-
signed and manufactured a series of end mill flutes with dif-
ferent rake angles and clearance angles and analyzed the cor-
responding milling performance to obtain the optimal flute
profile. Xiao et al. [16] investigated the influence of wheel
geometry and positional parameters on the flute profile and
found that the wheel setup angle and radius shape have a
significant impact on the rake angle and flute width.

Fig. 1 Schematic illustration of the flute grinding operation

Fig. 2 Illustration of grinding wheel geometry

Fig. 3 The mathematical model of the flank surface of helical drill point

Fig. 4 The schematic diagram of the geometric parameters of micro-
drills
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However, the current researches on the design and optimi-
zation of the flute profile mainly focus on the majorization of
the radial rake angle and flute width. But the optimization ob-
jects (the radial rake angle and flute width) cannot directly and
effectively reflect the drilling performance. Therefore, the effect
of the geometry characteristics of micro-drills with different
flute profiles on the drilling performance should be analyzed
and discussed, and a desired drill flute should be given by
comprehensive evaluation on the micro-drilling performance.

In this paper, a method for modeling and optimization of the
micro-drill flute is presented. Firstly, considering the wheel in-
stallation angle and the offset distance from the wheel origin to
the drill blank origin, the flute profile of micro-drill is simulated
by MATLAB software and the effect of wheel position param-
eters on the radial rake angle and flute width is investigated.
Then, based on the numerical results, the 3D model of micro-
drill with different flute profiles is established by UG software.
Finally, a finite element model is generated by DEFORM soft-
ware to simulate the micro-drilling process on 304 austenitic
stainless steel, and the chip morphology and drilling force are
analyzed and discussed to determine the optimal flute profile.

2 Mathematical model of the micro-drill

2.1 Mathematical model of the grinding drill flute

In the drill flute grinding process, the relative helical motion of
the wheel and the cylindrical blank generates the helical flute.
Figure 1 shows the schematic illustration of the flute grinding
operation. The cylindrical blank rotates and moves along its
own axis at a speed Ωf and Vf enabling the formation of the
helical flute. The coordinate system OwXwYwZw is established
on the grinding wheel; the origin Ow is at the center of the
larger lateral face; Zw-axis is coinciding with the wheel axis;
Xw and Yw axes are on the lateral face and perpendicular to
each other. The coordinate system OfXfYfZf is attached to the

initial position of the cylindrical blank; Zf-axis is along with
the blank axis, and Xf-axis is parallel with Xw-axis. The co-
ordinate system OmXmYmZm is established on the cylin-
drical blank, and it is dynamically changed with the
helical motion of the cylindrical blank. Therefore, the
wheel position in the blank coordinate system can be
determined by the coordinates (ax, ay, az) of point Ow

and the angle λ between OwZw and OfZf (namely the
wheel installation angle).

The geometry of the grinding wheel is illustrated in Fig. 2,
and it is defined with four parameters; the wheel radius R0, the
wheel thickness u1, the conical angle η, and the width u2. In
the wheel coordinate system, the coordinate of an arbitrary
point P on the wheel surface can be derived as

Rw u; δð Þ ¼ X Pw; Y Pw; ZPw½ �T

¼ R uð Þcosδ; R uð Þsinδ; u½ �T ð1Þ

where R uð Þ ¼ R0 0≤u≤u2
R0− u−u2ð Þcotη u2 < u≤u1

�
and u and δ

are the parameters of point P on the wheel surface.
In this study, the modeling approach is based on the direct

method. Assuming that the wheel is composed of finite thin
disks, the disks generate different cutting paths; then, the flute
profile is formed by the envelope of the superimposed cutting
paths.

After rotating OwXwYwZw coordinate system around Xw-
axis by angle λ and translating Ow to Of by coordinate (ax,
ay, az), the coordinate frame OfXfYfZf is attained. Therefore,
the transformation matrix between OwXwYwZw system and
OfXfYfZf system is

R f ¼ Rot Xw;−λð Þ⋅ Rw þ Trans ax; ay; az
� �

¼
1 0 0
0 cosλ −sinλ
0 sinλ cosλ

2
4

3
5⋅Rw þ

ax
ay
az

2
4

3
5 ð2Þ

Table 1 The geometric parameters of the micro-drill

Geometric parameters Drill radius
r (mm)

Web thickness
2t (mm)

Helical angle of the flute
β0 β(°)

Clearance radius
r1 (mm)

Margin width
L0 (mm)

Value 0.25 0.125 30 0.2125 0.075
Geometric parameters Semi-point angle ρ (°) Chisel edge angle ψ (°) Lip clearance angle αfc (°) Heel clearance angle (°)
Value 59 55 12 15

Table 2 The wheel profile and position parameters

Parameters Installation angle λ (°) Distance ax (mm) Distance ay (mm) Distance az (mm)

Value 40-60 67.5625 0-21 0

Parameters Wheel radius R0 (mm) Wheel thickness u1 (mm) Wheel thickness u2 (mm) Wheel conical angle η (°)

Value 67.5 4 0 45

Int J Adv Manuf Technol (2017) 92:2939–2952 2941



Substituting Eq. (1) into Eq. (2), the coordinate of point P
in OfXfYfZf system is derived as

R f u; δð Þ ¼
X Pf

Y Pf

ZPf

2
4

3
5 ¼

R uð Þcosδ þ ax
R uð Þsinδcosλ−usinλþ ay
R uð Þsinδsinλþ ucosλþ az

2
4

3
5 ð3Þ

According to the flute grinding operation, assuming that
the blank rotates at a certain angle φ around OfZf-axis and
moves by a specified distance rφ/tan (β0) along OfZf-axis,
where r is the drill radius, β0 is the helical angle of the drill
flute. So, the coordinate of point P in the coordinate system
OmXmYmZm can be expressed as

Rm u; δ;φð Þ ¼
X Pm

Y Pm

ZPm

2
4

3
5 ¼

X Pf cosφ−Y Pf sinφ
X Pf sinφþ Y Pf cosφ

ZPf þ rφ
.
tan β0ð Þ

2
64

3
75 ð4Þ

Assuming that ZPm = 0, the angle φ can be derived as
φ = −ZPftan (β0) / r, so the coordinate of point P in the trans-
verse plane ZPm = 0 can be derived as

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

� �

¼
X Pf cos −ZPf tan β0ð Þ

.
r

� �
−Y Pf sin −ZPf tan β0ð Þ

.
r

� �
X Pf sin −ZPf tan β0ð Þ

.
r

� �
þ Y Pf cos −ZPf tan β0ð Þ

.
r

� �
2
4

3
5

ð5Þ

In addition, the point should be enclosed in the cir-
cular area of the drill cross section, so XPm and YPm
coordinates are valid if (XPm

2 + YPm
2) ≤ r. Then, the

cutting path of one thin disk is generated with constant
u and variable δ. So, the flute cross-sectional profile can
be obtained by the envelope of the cutting paths gener-
ated with different parameters u and δ.

In order to describe the enveloped curve numerically, the
envelope condition is given by [10]

∂X Pm

∂δ
� ∂Y Pm

∂u
−
∂Y Pm

∂δ
� ∂X Pm

∂u
¼ 0 ð6Þ

Substituting Eq. (4) into Eq. (6), the envelop equation is
derived as

r
tan β0ð Þ

∂X Pf

∂δ
∂Y Pf

∂u
−
∂Y Pf

∂δ
∂X Pf

∂u

	 

þ Y Pf

∂ZPf

∂δ
∂Y Pf

∂u
−
∂Y Pf

∂δ
∂ZPf

∂u

	 


þ X Pf
∂ZPf

∂δ
∂X Pf

∂u
−
∂X Pf

∂δ
∂ZPf

∂u

	 

¼ 0

ð7Þ

Then, the coordinates of points on the non-enveloped curve
can be obtained by Eq. (5) with u = 0. By substituting different
u, the corresponding envelop angle δ is deduced via Eq. (7)
and the coordinates of the points on enveloped curve are cal-
culated by Eq. (5).

(a) λ=60° (b) λ=50° (c) λ=42.22° (d) λ=40°

Fig. 5 Influence of wheel installation angle λ on cross-sectional profile of drill flute with ax = 67.5625 mm, ay = 0. a λ = 60°. b λ = 50°. c λ = 42.22°. d
λ = 40°

(a) ay=0,ax=67.5625mm (b) ay=7mm,ax=67.2960mm (c) ay=14mm,ax=66.4912mm (d) ay=21mm,ax=65.1272mm

Fig. 6 Influence of wheel offset distance ay on cross-sectional profile of drill flute with parameter λ = 50°. a ay = 0, ax = 67.5625 mm. b ay = 7 mm,
ax = 67.2960 mm. c ay = 14 mm, ax = 66.4912 mm. d ay = 21 mm, ax = 65.1272 mm

2942 Int J Adv Manuf Technol (2017) 92:2939–2952



In order to obtain the mathematical model of the drill flute
in system OdXdYdZd (XdYdZd is the coordinate frame built in
the drill, with Od locating at the drill tip, Zd-axis coinciding
with the drill axis), the coordinate points of the flute profile are
processed by cubic-spline interpolation, and the equation of
cross-sectional profile of drill flute is expressed as yd = fH(xd).
The flute surface can be generated by the helical motion of the
cross-sectional profile, so the parameter equation of drill flute
is derived as

F0 :
X d ¼ wcosv− f H wð Þsinv
Y d ¼ wsinvþ f H wð Þcosv

Zd ¼ rv=tanβ0

8<
: ð8Þ

where w and v are variable parameters to generate the flute
surface.

2.2 Mathematical model of the helical drill flank

Based on the mathematical model proposed by Zhang et al. [17],
the mathematical model of helical drill flank is shown in Fig. 3.
The flank F1 is made by part of the helical surface generated by
the helical motion of generatrixOHM along ZH-axis.OHXHYHZH
is the coordinate frame of the helical surface. OdXdYdZd is the
coordinate frame built in the drill. Rotating OdXdYdZd system
around Zd-axis by angle β, OtXtYtZt system is attained.

(a) Wheel installation angle λ (b) Wheel offset distance ay

Fig. 7 The radial rake angle γ
and flute width α versus wheel
installation angle λ and wheel
offset distance ay. a Wheel
installation angle λ. b Wheel
offset distance ay

Fig. 8 Schematic diagram of micro-drill 3D modeling process

Int J Adv Manuf Technol (2017) 92:2939–2952 2943



Translating Ot to OH by coordinate (x0, y0, z0) and rotating
OtXtYtZt system around Yt-axis by angle ϕ, OHXHYHZH system
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 point Od and D, H is the pitch of helical flank, and θ is
the angle between wheel surface and ZH-axis. The equation of
the helical surface in OHXHYHZH system can be expressed as

F1 : ZH þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X 2

H þ Y 2
H

q
tanθ

þ H
2π

sin−1
YHffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X 2
H þ Y 2

H

q
0
B@

1
CA ¼ 0 ð9Þ

By coordinate transformation, the equation of helical flank
in the system XdYdZd can be expressed as

F1 : Zdcosϕ−B
sinϕ
tanθ

þ sinϕ X dcosβ−Y dsinβð Þ

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cosϕ X dcosβ−Y dsinβð Þ−sinϕ Zd þ Bð Þ½ �2 þ Y dcosβ þ X dsinβð Þ2

q
tanθ

þ H
2π

sin−1
Y dcosβ þ X dsinβffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

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

0
B@

1
CA ¼ 0

ð10Þ

(a) Tool 5

λ=50°, ay=0

(b) Tool 6

λ=50°, ay=7mm

(c) Tool 7

λ=50°, ay=14mm

(d) Tool 8

λ=50°, ay=21mm

Fig. 10 Micro-drills with different flute profiles. a Tool 5 λ = 50°, ay = 0. b Tool 6 λ = 50°, ay = 7 mm. c Tool 7 λ = 50°, ay = 14 mm. d Tool 8 λ = 50°,
ay = 21 mm

(a) Tool 1

λ=60°, ay=0

(b) Tool 2

λ=50°, ay=0

(c) Tool 3

λ=42.22°, ay=0

(d) Tool 4

λ=40°, ay=0

Fig. 9 Micro-drills with different flute profiles. a Tool 1 λ = 60°, ay = 0. b Tool 2 λ = 50°, ay = 0. c Tool 3 λ = 42.22°, ay = 0. d Tool 4 λ = 40°, ay = 0

Fig. 11 The finite element model of micro-drilling
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In addition, the relationship between drill geometry param-
eters and grinding parameters is [18]

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>><
>>:

ð11Þ

3 Numerical simulation and 3D modeling
of the micro-drill

3.1 Numerical simulation of the flute profile
of the micro-drill

In order to obtain the flute profile, a simulation program by
MATLAB software is used to calculate the numerical solution.
The geometric parameters of micro-drills are shown and listed
in Fig. 4 and Table 1, and the section A-A is the cylindrical
surface with the circle center Od and the radius r [19]. The
wheel profile and position parameters are listed in Table 2.
The distance az has no effect on the flute profile due to the
same cross-sectional shape along the drill axis, and the value
of distance ax (ax = R0 + t) is constant for the micro-drill flute
with the same core radius. So in this study, the influence of
wheel installation angle λ and offset distance ay on the flute
profile is analyzed and discussed.

The parameters listed in Tables 1 and 2 are substituted into
the simulation program, and the cross-sectional profiles of
micro-drill flutes are calculated. Figures 5 and 6 show the
simulation results with different parameters λ and ay. In addi-
tion, the radial rake angle γ and flute width α are used to
evaluate the flute profile, as shown in Fig. 5a. The calculation
method was presented by Ren et al. [13], and the calculation
results are shown in Fig. 7.

It can be observed that the flute profile becomes con-
ventional drill flute shape (Fig. 5c, d) with the decreased
wheel installation angle λ, and the flute profile becomes
parabolic flute shape (Fig. 6c, d) with the increased wheel
offset distance ay. Furthermore, Fig. 7 shows that the radial
rake angle increases rapidly with the increased wheel in-
stallation angle λ and decreases slightly with the increased
wheel offset distance ay. With the decreased wheel instal-
lation angle λ and increased wheel offset distance ay, the
flute width of drill flute increases causing the reduction of
micro-drill strength but improvement of the chip evacua-
tion capacity. Thus, the wheel installation angle has an
obvious effect on the flute profile and its radial rake angle
and flute width, and the wheel offset distance only influ-
ences the flute width evidently but has little effect on the
radial rake angle. Furthermore, although the radial rake
angles of both conventional flute shown in Fig. 5c and
parabolic flute shown in Fig. 6d are equal, their flute pro-
files are apparently different.

Table 3 The simulation parameters of the micro-drilling

Drilling parameters Materials Friction parameter Separation

Rotation speed N 14,000 r/min Drill Carbide (15% cobalt) Friction type Shear Cockcroft-Latham
Feed rate f 0.02 mm/r Workpiece AISI304 Friction value 0.7

Fig. 12 The schematic diagram of the chip morphology
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3.2 3D modeling of the micro-drills with different flute
profiles

The schematic diagram of micro-drill 3D modeling process is
shown in Fig. 8. Substituting drill geometry parameters (r, t, β0)
listed in Table 1 and wheel profile and position parameters listed

in Table 2 into Eqs. (5) and (7), the cross-sectional profile of drill
flute is obtained. Similarly, taking geometry parameters (r, r1, β0)
and wheel profile and position parameters into Eqs. (5) and (7),
the cross-sectional profile of drill heel is obtained. In this re-
search, the shape of drill heel is the same with constant wheel
position parameters. Then, the numerical solution of cross-

(a) Tool 1

λ=60°, ay=0

(b) Tool 2

λ=50°, ay=0

(c) Tool 3

λ=42.22°, ay=0

(d) Tool 4

λ=40°, ay=0

Fig. 13 Chip morphology of micro-drilling with tools 1, 2, 3, and 4 when drilling depth = 0.03 mm. a Tool 1 λ = 60°, ay = 0. b Tool 2 λ = 50°, ay = 0. c
Tool 3 λ = 42.22°, ay = 0. d Tool 4 λ = 40°, ay = 0

(a) Tool 1
λ=60°, ay=0

(b) Tool 2
λ=50°, ay=0

(c) Tool 3
λ=42.22°, ay=0

(d) Tool 4
λ=40°, ay=0

Fig. 14 Chip morphology of micro-drilling with tools 1, 2, 3, and 4 when drilling depth = 0.06 mm. a Tool 1 λ = 60°, ay = 0. b Tool 2 λ = 50°, ay = 0. c
Tool 3 λ = 42.22°, ay = 0. d Tool 4 λ = 40°, ay = 0

(a) Tool 1
λ=60°, ay=0

(b) Tool 2
λ=50°, ay=0

(c) Tool 3
λ=42.22°, ay=0

(d) Tool 4
λ=40°, ay=0

Fig. 15 Flow velocity of the chip along the cutting lip for differentmicro-drills when drilling depth = 0.03mm. a Tool 1 λ = 60°, ay = 0. bTool 2 λ = 50°,
ay = 0. c Tool 3 λ = 42.22°, ay = 0. d Tool 4 λ = 40°, ay = 0
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sectional shape of micro-drill is obtained byMATLAB software.
According to the equations of helical flank and drill flute and the
relationship listed in Eq. (11), the grinding parameters (θ, β, ϕ, B,
H) of helical flank are calculated with the drill geometry param-
eters listed in Table 1.

Based on the numerical results solved by MATLAB soft-
ware, the 3D model of micro-drills is established by UG soft-
ware. Firstly, the points on the cross-sectional profile of drill
flute are imported into the software, and the drill flute is gen-
erated by the sweep of cross-sectional profile along the drill
axis and helical curve. Secondly, based on the grinding
parameters of helical flank, the system XHYHZH is built,
and the helical flank is generated by the sweep of gen-
eratrix along ZH-axis and helical curve. Lastly, the drill

flute is pruned by helical flank, and the 3D model of
micro-drill is established. The micro-drills with different
flute profiles discussed in Sect. 2.1 are shown in Figs. 9
and 10.

4 Finite element simulation of the micro-drilling
process

In order to compare the drilling performance of micro-drills
with different flute profiles, the micro-drilling process is sim-
ulated by DEFORM software. The finite element model of
micro-drilling is shown in Fig. 11. In order to reduce the
simulation time, only drill point and a part of drill body are

(a) The dynamic inclination angle (b) The dynamic rake angle

Fig. 16 Dynamic inclination
angle and rake angle along cutting
lip of tools 1, 2, 3, and 4 with
f = 0.02 mm/r. a The dynamic
inclination angle. b The dynamic
rake angle

(a) Tool 5

λ=50°, ay=0

(b) Tool 6

λ=50°, ay=7mm

(c) Tool 7

λ=50°, ay=14mm

(d) Tool 8

λ=50°, ay=21mm

Fig. 17 Chipmorphology ofmicro-drilling with tools 5, 6, 7, and 8when drilling depth = 0.06mm. aTool 5 λ = 50°, ay = 0. bTool 6 λ = 50°, ay = 7mm.
c Tool 7 λ = 50°, ay = 14 mm. d Tool 8 λ = 50°, ay = 21 mm

(a) The dynamic inclination angle (b) The dynamic rake angle

Fig. 18 Dynamic inclination
angle and rake angle along cutting
lip of tools 5, 6, 7, and 8 with
f = 0.02 mm/r. a The dynamic
inclination angle. b The dynamic
rake angle
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set as the drill model, and a cylindrical workpiece with a
conical concave surface is modeled as the workpiece. Local
mesh refined method is used for the drill point due to its
important role in the chip formation process. The drill move-
ments including the feed and rotation are exerted on the drill
axis, and all the freedoms of outside cylindrical surface are
constrained. The micro-drilling parameters are listed in
Table 3.

4.1 Chip morphology of the micro-drilling process

The drilling process is a complex oblique cutting process;
workpiece material through plastic deformation tends to differ
in chip morphology due to the different chip compression
ratio. In general, the chip morphology is spiral. As shown in
Fig. 12a, the coordinate system of the chip is defined as oxyz
system, x-axis is coincident with the cutting lip, z-axis is along
the drill axis, and y-axis is perpendicular to x and z axes.
During the drilling process, the side curl phenomenon of the
chip firstly occurs, because of the large change rate of the rake
angle and cutting velocity along the cutting lip. The chip side
curl phenomenon shown in Fig. 12b is that the chip rotates
along y-axis and owns an angular velocity ωy. As the drilling
continues, due to the intense side curl, the chip is blocked by
the drill web, and it is forced to up curl. The chip up curl
phenomenon shown in Fig. 12c is that the chip rotates along
the x-axis and owns an angular velocity ωx. In addition, the
chip rotates along the z-axis and owns an angular velocity ωz

due to the helical rake face. Finally, the rotation vectorω of the
spiral chip is obtained by the composition of vectors ωx, ωy,
and ωz, as shown in Fig.12d.

When drilling depths are 0.03 and 0.06 mm, the simulation
results of the chip morphology drilled by tools 1, 2, 3, and 4

are shown in Figs. 13 and 14. It can be seen that the side curl
and up curl phenomena of the chip both occur, and they be-
come more obvious from tool 1 to tool 4. In addition, the chip
axis ω is gradually away from the drill axis from tool 1 to tool
4.

It should be noted that the chip side curl is related not only
to the chip flow direction but also to the gradient of the chip
flow velocity along the cutting lip (see Fig. 15), and the lip
inclination angle λse and rake angle γoe are the main influence
factors. The calculation equation of λse and γoe is expressed as
[20]

λse ¼ sin−1 b⋅rð Þ; γoe ¼ tan−1
gx gy gz
rx ry rz
ox oy oz

������
������
.

g� oð Þ⋅ r� oð Þ
0
@

1
A

ð12Þ

where g and h are the unit vectors normal to the rake and
clearance surface, g = (gx, gy, gz) = (∂F0/∂x, ∂F0/∂y, ∂F0/∂z),
h = (hx, hy, hz) = (∂F1/∂x, ∂F1/∂y, ∂F1/∂z). b is the unit vector
along the cutting lip, b = (g × h) / |g × h|. r, s, and o are the unit
vectors normal to working reference plane, cutting edge plane,
and orthogonal plane, r = Ve / |Ve|, s = (Ve × b) / |Ve × b|,
o = s × r, and Ve is the resultant cutting velocity of any point
(x, y, z) on the cutting lip, Ve = (−2πNy, 2πNx, Nf / 1000) (N is
the rotation speed; f is the feed rate).

The calculated result of the dynamic lip inclination angle
λse and dynamic rake angle γoe is shown in Fig. 16. It can be
seen that the lip inclination angle of Tool 4 with flute gener-
ated by smaller wheel installation angle is smaller than that of
tools 1, 2, and 3, and this will make the chip flow toward the
drill web direction other than the drill axis direction, so the
side curl phenomenon of the chip drilled by tool 4 is most
evident. In addition, the gradient of the chip flow velocity
along the cutting lip, which will affect the chip side curl, is
related not only to the cutting velocity but also to the chip
compression ratio. The chip flow velocity can be calculated
by the equation vchip = vcutting/Λh, where vcutting is the cutting
velocity and Λh is the chip compression ratio. Moreover, the
chip compression ratio Λh can be calculated using the equa-
tions Λh = cos (ϕ − γoe)/ sin ϕ and ϕ = π/4 − (βf − γoe), where
ϕ is the shear angle and βf is the frictional angle. Thus, the rake
angle has a great influence on the chip compression ratio. A
larger rake angle offers a smaller chip compression ratio

Table 4 The drilling force of
different micro-drills Micro-drills Thrust force (N) Torque (N mm) Micro-drills Thrust force (N) Torque (N mm)

Tool 1 30.2782 3.4125 Tool 5 10.5119 3.1041

Tool 2 10.5119 3.1041 Tool 6 9.8001 3.1840

Tool 3 7.4553 3.0400 Tool 7 8.6073 3.1455

Tool 4 7.2664 3.0149 Tool 8 7.4218 3.1011

Fig. 19 The simulation result of drilling force by tool 1
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resulting in a larger chip flow velocity. Figure 16b shows that
the gradient of the rake angle along the cutting lip increases
from tool 1 to 4, and this will enlarge the gradient of the chip
flow velocity. As can be seen from Fig. 15, the gradient of the
chip velocity along the cutting lip for tool 4 is larger than that
of other tools, so the side curl of the chip cut by tool 4 is most
significant. As the drilling continues, due to the intense side
curl, the chip is blocked by the drill web, and it is forced to up
curl. What is more, as the side curl of the chip is performed
obviously, the chip is blocked by the drill web, resulting in the
up curl tendency of the chip.

Therefore, not only the side curl phenomenon but
also the up curl phenomenon of the chip drilled by tool
4 are the most obvious, i.e., the rotation vectors ωx and
ωy of the chip drilled by tool 4 are both larger than that
drilled by other micro-drills. The rotation vector ωz is
commensurate for tools 1, 2, 3, and 4, and the chip axis
ω is composed by larger vectors ωx and ωy for tool 4,
so the angle between the drill axis ωz and the chip axis
ω for tool 4 is larger than that for other micro-drills.

Consequently, during the drilling process with tools 1 and
2, the side curl and up curl of the chip are light, and the chip
axis is close to the drill axis, so the chips slip a long distance
along the rake face and string chips are generated which are
easy to wrap around the drill. However, during the drilling
process with tools 3 and 4, the slip distance of the chips along
the rake face is smaller and spiral chips are generated resulting
in the easiness of the chip removal and the reduction of the
friction force between the chip and the drill.

When drilling depth is 0.06 mm, the simulation result of
chip morphology drilled by tools 5, 6, 7, and 8 is shown in
Fig. 17. The lip inclination angle and rake angle are shown in
Fig. 18. It can be seen that the side curl and up curl phenomena
of the chip are both obvious, and they enhance successively
from tools 5 to 8. This is mainly caused by the increase of the
negative value of the lip inclination angle from tools 5 to 8.
However, the lip rake angle has little effect on the chip curl
due to its inconspicuous change from tools 5 to 8. So, the
angle between the chip axis and the drill axis increases due
to the intense up curl and side curl of the chip. Finally, string
chip is generated during the drilling process with tools 5 and 6,
and spiral chips are generated during the drilling process with
tools 7 and 8.

4.2 Drilling force by micro-drills with different flute
profiles

The simulation result of drilling force by tool 1 is shown in
Fig. 19. It is observed that the drilling force rapidly increases
during the initial period and then becomes basically stable
after the chisel edge and the cutting lip have completely drilled
into the workpiece. Then, the average drilling force in stable
phase is calculated, and the simulation results by different
micro-drills are listed in Table 4 and shown in Fig. 20. It can
be seen that the thrust force and torque decrease from tool 1 to
tool 4 and from tool 5 to tool 8, and the drilling force of tool 4

(a) Thrust force         (b) Torque

Fig. 20 The simulation results of
drilling force by different micro-
drills. a Thrust force. b Torque

Fig. 21 The shape of the cutting lip Fig. 22 The uncut chip thickness along the cutting lip
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with flute generated by smaller wheel installation angle is the
smallest among the different micro-drills.

The flute profile has a great influence on the cutting lip
shape, affects the rake angle, inclination angle, uncut chip
thickness, and cut width, and finally affects the chip deforma-
tion and drilling force. The cutting lip shape and the corre-
sponding uncut chip thickness ac are shown in Figs. 21 and
22, and the calculation equation of the uncut chip thickness is
expressed as [20]

ac ¼ 1

2
f cos sin−1 k⋅rð Þ� �

⋅sinκre

¼ 1

2
f cos sin−1 k⋅rð Þ� �

⋅sin cos−1 o⋅
k− k⋅rð Þr
k− k⋅rð Þrj j

	 
	 
	 

; k

¼ 0; 0; 1ð Þ
ð13Þ

where r and o are the unit vectors normal to working reference
plane and orthogonal plane.

It can be seen that the shape of the cutting lip becomes
straighter from tool 1 to 4, which leads to the decrease of
the uncut chip thickness and cut width. So, the shearing force
and shear energy rate decrease. In addition, as discussed in

Sect. 4.1, the slip length of the chip along the rake face and the
convolution of the chip along the drill body reduces from tool
1 to tool 4, and this results in the reduction of the friction force
and friction energy rate. So, the total cutting energy rate and
cutting force decrease, and the tool force components, i.e., the
thrust force and torque, become decreased from tool 1 to tool
4. Similarly, the drilling force decreases from tool 5 to tool 8
due to the decrease of shearing force and friction force.
Moreover, for tools 3 and 8, the shapes of the cutting lips
are basically coincident due to the same radial rake angle
discussed in Sect. 3.1, so the drilling forces of tools 3 and 8
are almost equal, even though one is conventional flute profile
and the other one is parabolic flute profile.

Therefore, for tool 4 with flute generated by smaller wheel
installation angle, the cutting lip is straighter than other micro-
drills, resulting in the smaller uncut chip thickness and cut
width, so the workpiece material plastic deformation and
shearing force by tool 4 are smaller. The spiral chip is gener-
ated during the drilling process, leading to the reduction of the
friction force between the chip and drill rake face. So, the total
cutting force and the tool force components, i.e., the thrust
force and torque, by tool 4 are smaller than those of other
micro-drills.

Furthermore, it should be pointed out that the radial rake
angle of tool 4 is smaller than that of other micro-drills, and

Fig. 23 The grinding experiment
setup

Fig. 24 Schematic illustration of
the flute grinding process
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the drilling force should be larger in theory. But the simulation
result of micro-drilling shows that the thrust force and torque
by tool 4 are smaller than those of other micro-drills, due to the
cutting lip shape, the uncut chip thickness and cut width, the
chip deformation, and the chip morphology. Hence, the result
illustrates that the radial rake angle cannot directly and effec-
tively reflect the merits of the drilling performance, and the
comprehensive analysis on the cutting process of micro-drills
with different flute profiles is essential and significant.

5 Grinding experiments of the micro-drills

To verify the validity of the mathematical model of drill flute
and the corresponding numerical simulation results, the opti-
mized drill flute is fabricated using a six-axis CNC grinding
machine (CNS7d, by Makino seiki Co., Ltd.). The configura-
tion of the machine is shown in Fig. 23. During the grinding
process, the drill shank is clamped to make the drill axis co-
incide 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 flute grinding process is shown in Fig. 24; LX, LY, and
LZ are the distance between drill point and grinding wheel
along X, Y, and Z axes in the initial position. Firstly, W-axis
should rotate angle 90°-λ; the drill should move along Y-axis
by y1 = LY, while the grinding wheel moves along the X-axis
and Z-axis by x1 = LX + ay / cosλ, z1 = LZ − ax, where, λ = 40°,
ax = 67.5625 mm, and ay = 0. Then, the flute is fabricated by
the coordinated motion of U-axis and A-axis, i.e., A-axis ro-
tates angle φ, whileU-axis moves distance rφ/tan (β0), where
r = 0.25 mm, β0 = 30°.

The ground drill flute profile and the corresponding numer-
ical simulation result are shown in Fig. 25. The result shows
that the practical result is in accordance with the theoretical
result and verifies the validity of the mathematical model of
drill flute and its numerical simulation result. At last, the op-
timized micro-drill is fabricated using the six-axis CNC grind-
ing machine, and the grinding experiment result of micro-drill
is shown in Fig. 26.

6 Conclusions

This paper presents a method for modeling and optimization
of the micro-drill flute. Considering the wheel installation an-
gle and the offset distance from wheel origin to the drill blank
origin, the flute profile of micro-drill is simulated by
MATLAB software firstly. Then based on the numerical sim-
ulation results, the 3D model of the micro-drill with different
flute profiles is established by UG software. Finally, the
micro-drilling process on 304 austenitic stainless steel is sim-
ulated by DEFORM software, and the chip morphology and
drilling force are analyzed and discussed. Some conclusions
can be summarized as follows:

1. The wheel installation angle has an obvious effect on the
flute profile and its radial rake angle and flute width, and
the wheel offset distance only influences the flute width
evidently. The radial rake angle increases rapidly with the
increased wheel installation angle and decreases slightly
with the increased wheel offset distance. The flute width
of drill flute increases obviously with the decreased wheel
installation angle and the increased wheel offset distance.

2. Compared with other tools, micro-drill with flute ground
by smaller wheel installation angle owns straighter cutting
lip shape and larger chip evacuation capacity, and its
thrust force and torque are smaller than those of other
micro-drills due to the smaller uncut chip thickness and
cut width. Moreover, spiral chip is generated caused by
the intense side curl and up curl of the chip, resulting in
the easiness of the chip removal.

3. The mathematical model of the drill flute and its numerical
simulation result are validated by experimentally fabricating
the micro-drill flute. At last, the optimized micro-drill is
manufactured by a six-axis CNC grinding machine, and its
flute profile is fabricated using a standard conical grinding
wheel with a smaller wheel installation angle.

Fig. 26 The grinding experiment result of the optimized micro-drill

Fig. 25 The numerical simulation and grinding experiment result of the
optimized drill flute
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