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Abstract Micro end mills made of hard or ultra-hard
materials are mainly fabricated by grinding or by wire
electrical discharge machining (WEDM). However, with the
advances of new tool materials from ultra-hard to super-hard
together with lower or no electrical conductivity such as the
material of nano-polycrystalline diamond, the grinding or
the WEDM method cannot be used for machining due to
their ultra-low process efficiencies for such materials. Laser
machining has been tested an effective method. According-
ly, multi-axis laser machines need to be designed for micro
tool fabrications. In the paper, a typical micro ball end mill
with relatively complex features has been analyzed by the
generative design method to generate the number and
properties of needed motion axes. Based on the analysis, a
novel five-axis laser machine has been designed. Aiming at
high-quality micro tool fabrications, the kinematics model
has been derived for this five-axis laser machine and error
budge has been studied for the subsequently optimum
selection of key motion components.

Keywords Micro tool . Generative design method . Error
budget . Laser machine

1 Introduction

Mechanical micro/nano machining is gaining more and
more importance due to the miniaturization tendency of
products throughout the world. However, micro/nano
machining process is performed under lower feed rates and
smaller depths of cut comparing with conventional machin-
ing, which results in comparatively longer micromachining
time. Consequently, longer tool life is needed. Ultra-hard
materials such as cubic boron nitride (CBN) and polycrys-
talline diamond (PCD) are usually selected as tool materials
to fulfill this requirement. To fabricate micro tools made of
CBN or PCD, the grinding method is usually applied
commercially and the wire electrical discharge machining
(WEDM) method is also successfully applied in custom
micro tooling [1, 2].

With the advances of new technologies, NPD is a new
material made directly from graphite by direct conversion
under high temperature and high pressure. It has the Knoop
hardness of 120–145 GPa, which is higher than those of
natural single crystal diamond [3, 4]. Therefore, it is an
ideal material for micro tooling. Recently, micro ball end
mills have been created [4]. However, by the grinding
method using the soft materials to grind the hard materials,
the machining efficiency is very low.

The WEDM uses a thin single-strand metal wire as the
electrode to cut through the workpiece, which is one of the
most favorable variants owing to its ability to machine
conductive, exotic, and high-strength and temperature-
resistive (HSTR) materials with the scope of generating
intricate shapes and profiles [5]. Also, spools of wire are
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typically very long. For example, a 5-kg spool of 0.1-mm-
diameter wire is just over 20 km long and it can cut for
about 60 h, which makes the batch production possible. An
appropriate manufacturing process to cover the growing
need for accurate small tools is EDM with thin wires [6].
WEDM has been gaining wide acceptance in the machining
of the various materials used in modern tooling applications
[7]. However, the ultra-hard nano-polycrystalline diamond
is electrically nonconductive, which makes it impossible or
very difficult to machine the material by WEDM method.

According to literature [8], laser machining techniques
seems a good choice. Consequently, laser machine tools are
needed for the fabrication of micro tools. There is limited
research on the special purpose laser machines made for the
fabrication of micro/nano milling tools. Also such kind of
special purpose laser machine does not exist in the market
yet. Furthermore, desktop or mesoscale machine tools are
getting more and more importance for their inherent
attributes [9, 10]. This paper attempts to give a basic study
from the functional design point of view for a desktop
machine tool.

Like any design, it is critical that the best concept is
chosen in the early stage of the design process because 80%
of the final cost and quality of a product are designed at this
phase [11], which can also be applied to machine tool
design. A generative design method was introduced in [12]
and used for a lathe design, which gave reasonable and
intuitionistic answers to machine tool designs. By this
method, a six-axis WEDM machine has been functionally
analyzed and developed [13, 14].

In this paper, the generative design method is studied
and expanded to the function design of the multi-axis laser
machine for the fabrication of micro tools. First, the
geometry features, namely the generating line and guide
line, of the typical ball end mill are defined. Second, the
mathematical model to describe the interrelation between
the tool blank geometry and the laser focal point is derived.
Based on the mathematical model, the required number of
the axes and axis motions are obtained. According to the
characteristics of specialized laser machine, the schematic
three dimensional CAD models are created. In order to
acquire a high-accuracy laser machine, the kinematics
model is built and consequent error budget has been made
to guide the optimum selection of the motion components
in the future.

2 Generative kinematics design

2.1 Typical geometric analysis

In mechanical micro/nano machining, micro tools used in
micro/nano milling is comparatively more complicated in

geometry than that used in micro/nano turning, shaping,
etc. Therefore, in this paper, a micro ball end mill is
selected for analysis as it has the near freeform geometries.
The selected micro ball end mill pictures and CAD models
are shown in Fig. 1.

The geometric model of the selected ball end mill is
shown in Fig. 2, where the most important geometrical
features, namely the cutting edge and rake and clearance
faces, are depicted. O is the center of the ball shape, circle
ACA is the cross section of the ball at the middle with the
center O, arc ABC is the cutting edge, P is an arbitrary
point on the cutting edge with the central angle of β, R is
the radius of the ball shape, the half circle A1B1C1 is
auxiliary for the following analysis, the plane A1B1C1 is
parallel to the cutting edge plane ABC with the distance of
L, O1 is the center of arc A1B1C1, P1 is the corresponding
point on arc A1B1C1 to point P with the same central angle
of β, α is the absolute value of the rake angle. To form the
cutting edge and the rake and clearance faces, line AA1

moves along the arc ABC and the arc A1B1C1 respectively,
which overlaps PP1 while the central angel is β, overlaps
BB1 while β equals 90°and overlaps CC1 while β equals
180°. The other half rake and clearance faces can be created
with the same principle.

2.2 Generative design analysis

The coordinates are built as shown in Fig. 2, where ∑O has
the X-axis pointing from O to O1, Y-axis pointing from O to
A, and Z-axis is at the center line of the rotational axis of
the ball end mill. ∑P has the X-axis pointing from P to P1,
Y-axis pointing from O to P, and Z-axis is tangent to arc
ABC at point P. Based on the generative design method as
discussed in [13], line PP1 is selected as the generating line,
and arc ABC is selected as the guide line. Point P1
represents the arbitrary point on the ball end mill geometry
to be machined and overlaps P while L equals 0. According
to the coordinates built above, the transformation matrix for
the generating line can be written as,

OTP1 ¼
1 0 0 0
0 Cb �Sb 0
0 Sb Cb 0
0 0 0 1

2
664

3
775

1 0 0 0
0 1 0 R
0 0 1 0
0 0 0 1

2
664

3
775

1 0 0 L
Sa

0 1 0 0
0 0 1 0
0 0 0 1

2
664

3
775

ð1Þ
namely,

OTP1 ¼
1 0 0 L

Sa
0 Cb �Sb RCb

0 Sb Cb RSb
0 0 0 1

2
664

3
775

where, C and S means the cosine function and sine
function, respectively.
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The transformation matrix for the guide line can be
written as,

OTP ¼
1 0 0 0
0 Cb �Sb R
0 Sb Cb 0
0 0 0 1

2
664

3
775 ð2Þ

The laser beam and its coordinate definition are shown
in Fig. 3, where ∑Q is the laser coordinate. Assume the
focal point of the laser beam is a point for the convenience
of analysis, P3 is the focal point working as the cutter
during micro tool fabrications and overlap P1 on the micro
tool. In practice, the focal radius will be taken into
consideration as offset value. The transformation matrix
for P3 can be written as,

QTP3 ¼
1 0 0 0
0 1 0 0
0 0 1 d
0 0 0 1

2
664

3
775 ð3Þ

From ∑O to ∑Q along the generating line and the guide
line, the transformation matrices are Eqs. 4 and 5,
respectively.

OTQ1 ¼
1 0 0 L

Sa
0 Cb �Sb RCb þ dSb
0 Sb Cb RSb � dCb

0 0 0 1

2
664

3
775 ð4Þ

OTQ2 ¼
1 0 0 0
0 Cb �Sb Rþ dSb
0 Sb Cb �dCb

0 0 0 1

2
664

3
775 ð5Þ

Based on the generative method, OTQ1 can be decomposed
by TTX, TTY, TTZ, and TRZ, where TTX and TRX is the single-
axis translational transformation matrix and rotational trans-
formation matrix of axis X, respectively. Correspondingly,
the kinematics representation of the motion axes can be
written as W/X Y Z θZ/T, where W and T represents the
workpiece (micro tool) and tool (laser), respectively, the
motions in the middle between the two “/” represents the
single-axis motion combination to generate the generating
line between the micro tool and laser. By the same method,
OTQ2 can be decomposed by TTY, TTZ, and TRX. The
kinematics representation of the motion axes for generating
the guide line can be written as W/Y Z θX/T.

From above analysis, the total axes needed for the laser
machine are five, namely, W/X Y Z θX θZ/T. From a safety
point of view, the laser system is orientation fixed and the
two rotational motions θX and θZ are assigned to the micro
tool blank side. The micro tools have smaller geometrical
sizes such as the diameter for micro milling tools is usually

OQ YQXQ

ZQ
Laser beam

Focal point P3

d

OC
YC

XC

ZC
Fig. 3 Coordinate of the laser
beam
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Fig. 2 Geometric model of the selected micro ball

Fig. 1 Typical micro ball end mill [1, 2]
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less than 1 mm. Therefore, the micro tool fabrication
system by laser is to be designed as a desktop type as
shown in Fig. 4. Considering the high accuracy needed for
micro tool fabrications, granite material is used for the bed
and main supporter. The laser system is fixed orientation
pointing from top to the bed with Z-axis linear motion. The
micro tool blank has two linear X- and Y-axis motions and
two rotary A and C-axis motions.

3 Kinematics modeling

3.1 Forward kinematics

The coordinates are defined as shown in Fig. 5. To avoid
confusions, coordinates other than the machine tool
coordinate ΣO are marked only the origin points and they
have the same orientations as that of the machine tool
coordinate at their original state. ΣO1, ΣO2, ΣO3, ΣO4, and
ΣO5 represents the X-, Y-, Z-, A-, and C-axis coordinates,
respectively.

The forward kinematics is to calculate the position and
orientation of the micro tool blank and the focal point of the
laser by given the motion variables of all motion axes.
Assume the point being machined on the micro tool blank is
PW and focal point of the laser is PL, the forward kinematics
can be written as,

OTPW ¼ OTO1
O1TO2

O2TO4
O4TO5

O5TPW ð6Þ

OTPL ¼ OTO3
O3TPW ð7Þ

where RTS denotes the transformation matrix from coordi-
nate ΣR to ΣS. For translational axes, the transformation
matrix is relatively simple. Therefore, OTO4 can be derived
directly as,

OTO4 ¼
1 0 0 DX1 þ X þ DX2 þ DX4

0 1 0 DY1 þ DY2 þ Y þ DY4

0 0 1 DZ1 þ DZ2 þ DZ4

0 0 0 1

2
664

3
775 ð8Þ

where, DX1, DX2, DX4, DY1, DY2, DY4, DZ1, DZ2, and DZ4 are
the fixed structural parameters and can be calibrated after
the machine is built. X and Y are X-axis and Y-axis linear
motion variables, respectively.

O4TO5 ¼
1 0 0 0
0 CqX �SqX 0
0 SqX CqX 0
0 0 0 1

2
664

3
775

1 0 0 DX5

0 1 0 DY5

0 0 1 DZ5

0 0 0 1

2
664

3
775 ð9Þ

O5TPW ¼
CqZ �SqZ 0 0
SqZ CqZ 0 0
0 0 1 0
0 0 0 1

2
664

3
775

1 0 0 DXW

0 1 0 DYW

0 0 1 DZW

0 0 0 1

2
664

3
775 ð10Þ
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Fig. 5 Coordinates definition for the machine
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Fig. 4 Five-axis desktop laser machine
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where, DX5, DY5, and DZ5 are the fixed structural
parameters and can be calibrated after the machine is
built. DXW, DYW, and DZW are micro tool geometrical
parameters and can be calculated when the micro tool

geometry is fixed. θX and θZ are A-axis and C-axis
rotational motion variables, respectively.

Correspondingly, the transformation matrix from ΣO to
ΣOPW is obtained as,

OTPW ¼
CqZ �SqZ 0 D1 þ DXWCqZ � DYWSqZ þ X

CqX SqZ CqXCqZ �SqX D2 þ DY5CqX þ DYWCqXCqZ � D3SqX þ DXWCqX SqZ þ Y
SqX SqZ CqZSqX CqX D4 þ D3CqX þ DY5SqX þ DYWSqXCqZ þ DXWSqX SqZ

0 0 0 1

2
664

3
775 ð11Þ

where, D1=DX1+DX2+DX4+DX5, D2=DY1+DY2+DY4, D3=
DZ5+DZW, D4=DZ1+DZ2+DZ4.

Transformation matrix from ΣO to ΣOPL only includes
linear motions, therefore OTPL can be obtained directly as,

OTPL ¼
1 0 0 DX3

0 1 0 DY3

0 0 1 DZ3 þ DFL þ Z
0 0 0 1

2
664

3
775 ð12Þ

where, DX3, DY3, and DZ3 are the fixed parameters and can
be calibrated after the machine is built. DFL is the focal
length of the laser and known when the laser source and
lens are fixed. Z is the Z-axis linear motion variable.

3.2 Reverse kinematics

Reverse kinematics is to calculate the motion variables
needed for motion axes by given the position and
orientation requirements of the micro tool blank. Reverse
kinematics model will be applied to the post processing
process for generating CNC programs in a CAM system.
Given the transformation matrix of OTPW as,

OTPW ¼
A11 A12 A13 A14

A21 A22 A23 A24

A31 A32 A33 A34

0 0 0 1

2
664

3
775 ð13Þ

From Eqs. 11 and 13, the five motion variables X, Y, Z,
θX, and θZ can be solved for the purpose of control and post
processing by CAM software.

4 Error budget analysis

Error budget analysis is to analyze the possible positioning
errors each axis may contribute and to identify the optimum
combinations of motion components with different accura-
cies to fulfill the given accuracy requirement. Based on the
error budget, motion components can be selected conve-
niently at the design stage.

4.1 Error contribution analysis

For single motion axis, there are totally six errors. For
example, the linear axis X has the straightness error in Y-
axis and in Z-axis, roll error around X-axis, yaw error
around Y-axis, pitch error around the Z-axis, and the
positioning error in X-axis. The rotational C-axis has the
radial error in X- and Y-axis, axial error in Z-axis, tilt error
around X- and Y-axis, and the positioning error around Z-
axis. The error budget will become ultra complicated if all
these errors are considered. Furthermore, errors other than
the positioning error for a single motion axis can be
calibrated and compensated if they are repeatable. There-
fore, in the paper, only the positioning errors for each axis
are considered in order to simplify the analysis and to guide
the motion component selection in the design stage.

Based on the forward kinematics, considering single-axis
positioning errors, the positioning errors introduced from
the motion axes are deduced [15].

ΔXPW

ΔYPW
ΔZPW

2
4

3
5 ¼

ΔX þ DXW ðCqZþΔqZ � CqZ Þ þ DYW ðSqZþΔqZ � SqZ Þ
ΔY þ 1

2 B1 þ B2 þ B3 þ B4 þ B5ð Þ
1
2 B6 þ B7 þ B8 þ B9 þ B10ð Þ

2
4

3
5

ð14Þ

ΔXPL

ΔYPL
ΔZPL

2
4

3
5 ¼

0
0
ΔZ

2
4

3
5 ð15Þ

where,

B1 ¼ 2DY5 CqXþΔqX � CqXð Þ
B2 ¼ DYW CqXþΔqX�qZ�ΔqZ þ CqXþΔqXþqZþΔqZ � CqXþqZ � CqX�qZð Þ
B3 ¼ 2DZ5 SqX � SqXþΔqXð Þ
B4 ¼ 2DZW SqX � SqXþΔqXð Þ
B5 ¼ DXW SqXþΔqXþqZþΔqZ � SqXþΔqX�qZ�ΔqZ � SqXþqZ þ SqX�qZð Þ
B6 ¼ 2DZ5 CqXþΔqX � CqXð Þ
B7 ¼ 2DZW CqXþΔqX � CqXð Þ
B8 ¼ DXW CqXþΔqX�qZ�ΔqZ � CqXþΔqXþqZþΔqZ þ CqXþqZ � CqX�qZð Þ
B9 ¼ 2DY5 SqXþΔqX � SqXð Þ
B10 ¼ DYW SqXþΔqX�qZ�ΔqZ þ SqXþΔqXþqZþΔqZ � SqXþqZ � SqX�qZð Þ

ΔN is the N-axis positioning error.
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From the above equations, the key parameters are needed
for the following analysis. The cutting edge diameter of micro
tools is approximately smaller than 1 mm and the cutting edge
length of the micro tools is smaller than 1 mm. Therefore, it is
reasonable to set the following parameters as: DXW=0.5 mm,
DYW=0.5 mm, DZW=5 mm. According the laser machine
design, coordinates ΣO4 and ΣO5 have the same origin point
in Y and Z axes. Correspondingly, DZ5=DY5=0 mm. The
stroke for A and C axes are 90° and 360°, respectively.

From Eqs. 14 and 15, the error contributions of three linear
axes are only their positioning errors, while the positioning
errors contributed by the two rotary axes are the functions
combining the angular positions and angular positioning errors.

4.2 Error budget analysis

Error budget is to assign the positioning accuracy of each
axis for selecting the motion components in the design
stage. The error budget process for the designed laser
machine is shown in Fig. 6. First, according to the laser
polishing process characteristics, the targeted positioning
accuracy are assigned. Based on the error contributions

Targeted positioning accuracy

Accuracy allocation to motion axes

Calculate and assign C-axis positioning 
accuracy AC needed by X-axis accuracy

Calculate the A-axis 
positioning 

accuracy AA1 by Y-
axis accuracy

Calculate the A-axis 
positioning 

Accuracy AA2 by Z-
axis accuracy

AA1 ≥ AA2 ?

Assign AA2 to A-
axis accuracy

Assign AA1 to A-
axis accuracy

Y N

Fig. 6 Flow chart for the error budget

Given the required accuracy AR

Set the C-axis (θZ) accuracy AC

θZ =0º

θZ >360º ?

Y
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θZ =θZ+1º

Positioning 
accuracy > AR ?

Y

N

Obtain the required AC

Set the A-axis (θA) accuracy AA

θZ =0º

θZ > 360º ?
Y

N

θZ =θZ+1º

Positioning 
accuracy > AR ?

Y

N

Obtain the required AA

θA =0º

θA > 90º ?

N

θA =θA+1º

Y

Positioning 
accuracy > AR ?

Positioning 
accuracy > AR ?

Y

N

Positioning 
accuracy > AR ?

N

Y

Fig. 7 Flow chart for A and C-
axis accuracy identification
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analyzed above, the accuracy needed by linear axes and
rotary axes are assigned respectively. Referring to the X-
axis positioning accuracy in Eq. 14, the positioning

accuracy of C-axis can be calculated conveniently. For A-
axis accuracy, it is decided by both Y- and Z-axis
positioning accuracy. At last, by comparing the A-axis
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(a) X-axis positioning errors (Ac=20")
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(b) X-axis positioning errors (Ac=5")

(c) Y-axis positioning errors
(Ac=20", AA=0.01")

(d) Z-axis positioning errors
(Ac=20", AA=0.01")

(e) Y-axis positioning errors

(Ac=5", AA=1")

(f) Z-axis positioning errors

(Ac=5", AA=1")

Fig. 8 Positioning error distribution in the workspace. a X-axis
positioning errors (Ac=20″). b X-axis positioning errors (Ac=5″). c Y-
axis positioning errors (Ac=20″, AA=0.01″). d Z-axis positioning

errors (Ac=20″, AA=0.01″). e Y-axis positioning errors (Ac=5″, AA=
1″). f Z-axis positioning errors (Ac=5″, AA=1″)
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accuracy needed by Y and Z axes, the smaller one is
allocated to the A-axis.

Laser polishing techniques are used for the finish machining
process [16]. It is possible to achieve the higher surface
roughness than that by mechanical method. The surface
roughness of Ra=0.12 μm can be achieved by ArF excimer
laser polishing diamond films [17]. Therefore, it is reasonable
to assign the positioning accuracy of 0.1 μm to the laser
machine. To simplify the process, half of the total positioning
accuracy is assigned to the linear axes and half of that is
assigned to the rotary axes respectively. Namely, the position-
ing accuracy of 0.05 μm is needed by each linear axis and
another 0.05 μm is fulfilled by the combination accuracy of
both rotary axes.

By Eq. 14, the positioning accuracy needed for the two
rotary axes are identified through searching the whole
workspace. Figure 7 shows the flow chart for the searching
process. First, the positioning accuracy for C-axis is calculated
as shown in the left side in Fig. 7. Then, the required accuracy
and C-axis accuracy work as the input to calculate the
required A-axis positioning accuracy.

The positioning errors only caused by the rotary axes are
shown in Fig. 8. X-axis positioning errors of 0.05 μm can be
fulfilled when the positioning accuracy of A-axis is 20″ as
shown in Fig. 8a. However, in order to satisfy the assigned Y-
axis and Z-axis positioning accuracy, the A-axis positioning
accuracy should be very high as shown in Fig. 8c and d. To
balance the positioning accuracy of the two rotary axes,
positioning accuracy of C-axis has been increased to 5″.
Finally, the reasonable positioning accuracy of A-axis has been
identified as 1″. Figure 8b, e, and f shows the final positioning
accuracy all has been fulfilled in the whole workspace.

5 Conclusions

Micro tools are made of ultra or super-hard materials in order
to achieve a longer tool life. Laser machining is one possible
fabrication method for micro tools made of super-hard,
nonconductive or very weak conductive materials. By
analyzing the typical micro milling tool with comparatively
complicated tool geometries, a laser tool fabrication machine
with five axes has been designed based on the generative
design method. Then, the kinematics of the designed laser
machine has been deduced. Error budget analysis of the five-
axis laser machine shows that the positioning accuracy of
rotary axes has large effects on the final positioning accuracy
of the workpiece. Finally, the positioning accuracy for each
axis has been identified and assigned, which form a solid basis
for the motion components selection on the design stage.
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