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Abstract: Compared with traditional machine tools, the micro machine tools have advantages of
small volume, low cost, less energy consumption, high efficiency and high flexibility. Therefore, it
is regarded as an important equipment for micro-cutting machining which has been used widely
all over the world and. As a key component of the micro-cutting machine tools, the body structure
directly influences the machining performance. Thus, an integral column and base structure for
micro machining tools was proposed in this work, and the detailed structural parameters were
designed based on parameter analysis. Besides, the static and dynamic performance of the proposed
machine were analyzed and compared between the integral structure and the separated one. The
deformation and stress of the proposed structures under typical working conditions were studied by
numerical simulation, along with the natural frequencies, vibration modes and frequency response
peaks. Further, optimization was performed on the integral body structure, the prototype of the
micro-machine tool was trial-produced, and the positioning accuracy of each coordinate axis was
qualitatively analyzed. In addition, the micro-milling test was carried out with 6061 aluminum alloy to
show the performance of the novel cutting machine. The results revealed that the proposed integrated
micro-machine bed structure is superior to the separated structure in terms of static deformation
and harmonic response characteristics, with good comprehensive mechanical properties, greatly
improved static and dynamic performance of the machine tool, significantly improved structural
accuracy, improved processing quality of the specimen and good application value.

Keywords: micro-cutting; micro machine tool; machine tool design; simulation analysis; performance test

1. Introduction

In recent years, due to the large demand in aerospace, microelectronics, and modern
medicine [1], micro-miniature machinery has been widely used in the micro-sensorsin
aerospace field, the microelectronic components in consumer field, and the microscopic
surgical devices in medical field [2,3]. Nowadays, the micro-cutting is generally fabri-
cated by traditional ultra-precision machining equipment, with large size, high energy
consumption, low efficiency and high cost [4,5]. Since the lack of micro small cutting
machine tools, many micro-mechanical parts can only be manufactured by the traditional
cutting methods. Therefore, it is necessary to develop a novel micro-cutting technology
and its miniaturized machine tools with low energy consumption, low cost, high precision
and high efficiency [6,7], which has become a hot spot and frontier in the field of modern
manufacturing. At present, the challenges faced in manufacturing technology and micro-
machine equipment mainly locatein the wide range of materials, complex structures and
high machining precision required for the tiny parts.

There have been a lot of researches conducting on the structure of the micro cutting
machines. For example, in terms of high-speed and ultra-high-speed micro-machine tools,
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Li et al. [8] developed a micro-milling processing test platform, which has a maximum
speed of the pneumatic spindle about 500,000 rpm. But the machinable size is very small,
unable to fabricate large work-piece. A micro-machine tool table driven by a DC servo
motor was adopted by Axinten et al. [9]. The working stroke is 25 mm, the maximum feed
rate is 300 mm/s, the maximum acceleration is 10 m/s2, and the repeatability is ±0.1 µm.
Moreover, Zhang et al. [10] used permanent magnet linear motor with gas static pressure
guide to feed, with the feed stroke of 75 mm, and a sub-micron positioning accuracy was
presented. A number of processing experiments have been carried out with the developed
micro-machine prototypes by various countries. Some tiny parts of these works are shown
in Figure 1 [11,12], including the machines produced by Japan, Korea and UK. For the
material constructing milling machine, resin concrete and composite concrete are commonly
used in structural parts such as the bed of precision machine tools due to their good
vibration resistance, low thermal diffusivity and corrosion resistance [13]. Cho et al. [14]
applied resin concrete in small desktop machine tools, of which the basic structural parts
were made of stainless steel plates sandwiched with resin concrete. Simulation analysis
and experimental results showed that this type of structural parts not only improves the
rigidity and the damping of the machine tool, but also greatly reduces the mass of the whole
machine. Moreover, Xiao et al. [15] developed two prototypes of high-speed precision
micro-spindles and their micro-tools with a diameter of 3.175 mm. Since the micro-bearings
are directly supported, the performance of the micro-spindle under load can be improved
by the super-high rotational speed of the pneumatic pressure effect. Chang et al. [16]
presents development of a hybrid machine which combines micro milling, micro grinding,
micro turning with laser machining capacities for the fabrication of 3D micro products
and components.
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Figure 1. The prototype of the micro-cutting machine tool. (a) Micro milling machine(Japan) [11].
(b) Micro milling machine (Korea) [11]. (c) Micro milling machine (UK) [12].

In order to develop micro-machine tools for micro-cutting, this paper deeply studies
the design and calculation of servo driven transmission technology of micro-machine
tools, and establish the selection process and design calculation method of ball screw
unit, linear guide unit and servo drive unit. The static and dynamic performances of
the micro-machine tool are analyzed. Finally, a high-performance micro-machine tool
prototype is developed with verification by micro-cutting tests, which inspect and evaluate
the processing performance of the prototype.

2. Theoretical Design of Machine Tool Structure
2.1. Structural Scheme and Mechanical Properties

The scheme of micro-machine is shown in Figure 2, which is composed of precision-
grade rolling guide unit, precision-grade ball screw unit and servo motor, and the rapid
and large-stroke feed of the micro-machine is achieved by macro-moving mechanism. The
L-shaped bed structure is adopted, and accordingly the Z-direction vertical feed unit is
installed on the column part, and the X/Y-direction horizontal feed system is set at the
base part, with the X-axis mounted on the Y-axis. The Z-direction feed unit is supported
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by one fixed end and one free end, and the X/Y direction uses one fixed end and one
supported end.
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In order to achieve micro- or sub-micron-level micro-feed, a micro-feed mechanism
of piezoelectric ceramics and flexible hinges is adopted. According to the installation
space and use requirements of the micro-movement table, a one-dimensional micro-motion
mechanism is applied, which is installed on the X-axis horizontal worktable.

In the proposed bed structure in this paper, the deformation of base is mainly con-
trolled by gravity. Since the area of the force-bearing surface and the support surface
are relatively large, the deformation of base is extremely small, and the corresponding
structural parameters can be determined according to installation requirements. In the
bed structure, the column part is the main area producing deformation, and this structure
should be designed under the micro-milling condition. The micro-milling force FM

X , FM
Y , FM

Z
(Figure 3), and the weight of the main shaft, screw pair and other components are the main
factors that cause the deformation of the bed structure. Therefore, it is necessary to calculate
the column section parameters in combination with the stress conditions. In addition, the
micro-cutting force is small, thus the resulted structural shear deformation is extremely
small. Therefore, the column of the micro-machine is mainly designed based on deflection
and compression deformation. Based on the micro-milling force, the weight of the parts
and the corresponding bending moment, the force and deformation of the column can be
deduced by using the theory of material mechanics [17], as shown in Equations (1)–(3).

δX =
FM

X h2

6EIY
(3H − h) ≤ [δX] (1)

δY =
FM

Y h2

6EIX
(3H − h) +

FM
Z w1H2 + Gw2H2

2EIX
≤ [δY] (2)

δZ =

(
FM

Z + G
)
h

EA
≤ [δZ] (3){

IX = LW3

12 − (L−2t1)(W−2t2)
3

12

IY = WL3

12 − (W−2t2)(L−2t1)
3

12

(4)

A = LW − (L − 2t1)(W − 2t2) (5)

where, [δi] is the maximum allowable deformation at x, y and z directions respectively; IX
and IY represents the moment of inertia at the center of the section around the X and Y axes
of the column respectively; A represents the cross-sectional area of . . . . . . ; w1, w2, t1, t2, h,
L, W, and H are the length parameters. Among them, w1, w2 and H depend on the actual
installation needs of components such as micro-spindle and worktable, and they can be
regarded as known parameters. h is the position of spindle tool nose, which can also be
regarded as a known parameter. Therefore, the key parameters to be determined in the
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above formulas are t1, t2, L, and W. Besides, considering structural manufacturability, the
wall of column is designed to be equal thickness, that is, t1 is equal to t2. When calculating,
Equations (4) and (5) are substituted into Equations (1)–(3) respectively, and the following
Equations (6)–(8) can be obtained after simplification.

3Lt1W2 − 6LWt2
1 + 4Lt3

1 + t1W3 − 6W2t2
1 + 12Wt3

1

−8t4
1 ≥ 2FM

Y h2

E[δY]
(3H − h) + 6FM

Z w1 H2

E[δY]
+ 6Gw2 H2

E[δY]

(6)

3Wt1L2 − 6WLt2
1 + 4Wt3

1 + t1L3 − 6L2t2
1

+12Lt3
1 − 8t4

1 ≥ FM
X h2

E[δX]
(3H − h)

(7)

2t1(L + W)− 4t2
1 ≥

(
FM

Z + G
)
h

E[δZ]
(8)

W =

(
FM

Z + G
)
h

2t1E[δZ]
+2t1 − L (9)
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Figure 3. Mechanical analysis of the column structure.

According to the requirements of casting process, the minimum wall thickness of
HT300 should meet t1 ≥ 15 mm, and the length L should be larger than the installation
width of the guide rail. Therefore, based on work ability and economy, t1 should be
determined first, and Equation (8) is simplified to obtain Equation (9), then it is substituted
into Equations (6) and (7) to obtain the parameter L, and further W can be obtained. These
parameters should satisfy Equations (6)–(8) at the same time. The final overall size of the
column determined in this paper is 570 mm × 320 mm × 580 mm, and the wall thickness
t1 = 20 mm. In addition, in order to improve the overall rigidity of the column, horizontal
and vertical cross-shaped rib plates are arranged inside, as shown in Figure 4.
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2.2. Precision Linear Guide Unit

The rolling guide unit has small friction coefficient, similar dynamic and static friction
coefficients, and good interchangeability, thus it can meet the requirement of motion
occasions with high precision. When the micro machine tool is working, the worktables at
different coordinate axis must bear external loads in multiple directions, such as the cutting
loads FX, FY, FZ and the weight W. The above loads are transmitted to the guide rail slider
from the worktable, inducing the slider bears different direction loads, and these loads are
the basis for the design of the rail unit. In this section, a single slider is taken as an example
to show the calculation process of the force, as shown in Figure 5. The loads born by the
slider is defined as Fr, Fs, where Fr represents the load of the slider in the up and down
directions, Fs represents the load in the lateral direction, and MX, MY, MZ represent the
load around X, Y. Since the point of application of the external load is not at the geometric
center of the table, moment is generated at the Z three-axis. In actual work, the size and
direction of loads on the slider are not constant, and it would change with the size of the
external load or the point of action. But this phenomenon is not considered herein.
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Figure 5. Load diagram of linear guide unit.

Under the action of external load, corresponding force and moment are transmitted by
the worktable to the guide rail unit. Taking the load condition of each slider as the analysis
object, the loads in the up and down directions of the slider are shown in Figure 5. Based
on theoretical mechanics, the static equivalent equations of the slider in the up and down
direction and the X/Y axis rotation direction can be established by taking the O point as
geometric center, as shown below.

Fr1 + Fr2 + Fr3 + Fr4 = FZ + W

(Fr1 + Fr2) · L
2 − (Fr3 + Fr4) · L

2 = FY · ZY + FZ · YZ + W · YW

(Fr1 + Fr4) · l
2 − (Fr2 + Fr3) · l

2 = FX · ZX + FZ · XZ + W · XW

(10)

Fr1 + Fr3 = Fr2 + Fr4 (11)

By simultaneously solving the Equations (10) and (11), the loads Fr1~Fr4 in the vertical
direction of each slider of the guide rail pair can be obtained, as shown in Equation (12).

Fr1 = FZ+WX
4 + FY·ZY+FZ·YZ+W·YW

2L + FX·ZX+FZ·XZ+W·XW
2l

Fr2 = FZ+WX
4 + FY·ZY+FZ·YZ+W·YW

2L − FX·ZX+FZ·XZ+W·XW
2l

Fr3 = FZ+WX
4 − FY ·ZY+FZ ·YZ+W·YW

2L − FX ·ZX+FZ ·XZ+W·XW
2l

Fr4 = FZ+WX
4 − FY ·ZY+FZ ·YZ+W·YW

2L + FX ·ZX+FZ ·XZ+W·XW
2l

(12)
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The static equivalent equations of the slider in the lateral direction and the Z-axis
rotation direction are established, as shown in Equation (13).{

Fs1 + Fs2 + Fs3 + Fs4 = FX

(Fs1 + Fs4) · l
2 − (Fs2 + Fs3) · l

2 = FX · YX + FY · XY
(13)

It can be seen from Figure 6 that points 1 and 4 are always on the same straight
line, with their lengths remaining unchanged, and so as points 2 and 3. According to the
displacement coordination conditions [18], points 1~4 have a static relationship as shown
in Equation (5). {

Fr1 + Fr3 = Fr2 + Fr4
Fr1 + Fr2 = Fr3 + Fr4

(14)
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Finally, by combining Equations (13) and (14), the loads Fs1~Fs4 of each slider of the
guide rail pair in the lateral direction can be obtained, as shown in Equation (15).{

Fs1 = Fs4 = FY
4 + FX·YX+FY·XY

2l

Fs2 = Fs3 = FY
4 − FX·YX+FY·XY

2l

(15)

2.3. Ball Screw Unit

As a key transmission component, the ball screw shown in Figure 7 also bears the load
from the power end and the load end when transmitting motion and power. Therefore,
its basic safety performance must be checked, including the buckling stability, allowable
revolutions and rated life, according to the bearing form and use requirements. Since the
screw shaft is a slender structure and mainly bears the axial load, and, it should be ensured
that the screw has no buckling phenomenon at the largest compression load. Therefore,
the buckling stability is one of the main check contents of the screw shaft, and the specific
calculation formulas are shown in Equations (16) and(17).

F = α
η1π2EI

L2
1

= η2
d4

m

L2
1
× 104 ≥ Fmax (16)

and Equation (6) can be simplified as:

dm ≥
(

FmaxL2
1

η2
× 10−4

)1/4

(17)

where, F is the allowable buckling load of the screw (N); E is the elastic modulus,
2.06 las5 N/mm2; L1 is the installation distance, L1 = maximum stroke + 0.5 nut length + room
for shaft end; I is the minimum second moment of section of the screw shaft (mm),
I = πd4

1/64; dm is the groove valley diameter of the ball screw (mm); η1, η2 are the
coefficients related to installation method, and for fixed-free type, η1 = 0.25, η2 = 1.3; for
fixed-support type, η1 = 2, η2 = 10.
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Figure 7. The installation method of screw shaft.

Under various milling conditions, the required feed rates and the screw shaft speeds
are different. When the speed of the screw shaft is close to its natural frequency, it will
easily cause resonance phenomenon and affect the processing process. Therefore, it is
necessary to check its dangerous speed, and the specific calculation formula is shown in
Equation (18).

N = β
60λ2

3
2πL2

2

√
EI × 103

γA
= λ4

dm

L2
2
× 107 ≥ Nmax (18)

where, Nmax is the allowable dangerous speed (min−1); E is the-elastic modulus,
2.06 × 105 N/mm2; I is the minimum second moment of section of screw shaft (mm),
I = πd4

1/64; dm is the groove valley diameter of the ball screw (mm); γ is the density of the
screw shaft material (7.85 ty−6kg/mm3); L2 is the installation distance; λ1, and λ2 are the
coefficients related to installation method.

There are several circles of balls arranged between the screw shaft and the screw nut.
When the revolution speed increases, the impact force of the balls will cause damage to the
circulating parts. Therefore, it is also necessary to check the allowable revolutions number
of the screw unit.

The screw unit is subjected to cyclic stress, either on the rolling surface or on the ball.
When the cyclic stress reaches a certain value, the rolling surface will be fatigued and
damaged, and the surface will appear fish-scale spalling. This phenomenon is called as
surface spalling, and the total number of revolutions of the screw shaft is defined as the
life of the ball screw unit. In practical situations, the lifespan of ball screws of the same
batch and model is quite different, even if their manufacturing process and the working
conditions are the same. Therefore, the screw manufacturers often use the rated life of screw
as their life evaluation benchmark. The so-called rated life refers to the total revolution
number when 90% of the ball screws reach in the same batch and type work under the
same conditions without surface peeling. The speed and load of the ball screw vary with
cutting conditions, and they have a non-ignorable impact on the life of the screw at each
stage. In order to synthesize the effect of each speed and load, the equivalent speed and
equivalent load are introduced herein.

The rotational speed of the ball screw under each cutting condition is N1, N2, N3, . . . ,
Nu respectively, and the percentage of the working hours of each rotational speed in
the total time is t1, t2, t3, . . . , tu respectively. The calculation formula of the equivalent
rotational speed Nm is shown in Equation (19) as follows.

Nm = N1 · t1 + N2 · t2 + · · ·+ Nu · tu (19)
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The axial loads of the ball screw under various cutting conditions are F1, F2, F3, . . . , Fu,
respectively. The calculation formula of the equivalent load is shown in Equation (20).

Fm =
3

√
F3

1 N1t1 + F3
2 N2t2 + · · ·+ F3

u Nutu

Nm
(20)

where, Lh is the rated life; Ca is basic dynamic load rating; and fw is the load factor.

2.4. High Performance Rotary Servo Motor

In the proposed machine, the servo motor is used as the power source of the feed
shaft, and its design and selection process needs to calculate the load inertia and load
torque of the feed system according to the actual working conditions, then its rated torque
and instantaneous maximum torque should be checked. When selecting a servo motor,
motor inertia, the lower limit of the rated torque and the maximum torque of the motor
based on the load torque are of the same importance. Generally speaking, the load torque
under normal operation should be less than 80% of the rated torque of the motor, and the
maximum acceleration and deceleration torque should be less than the maximum torque
of the motor. During micro-machining, the working load in the heavy-duty cutting is the
largest, and the load torque T1 has the following relationship with the rated torque Te of
the motor.

0.8 · Te ≥ T1 = Ta + Tp + Tu = Ta =
(µW + Fa)Pb

2πυ1
× 10−3 + 0.014Fao

√
dmPb + Tu (21)

When the machine tool is used for heavy-duty cutting, its acceleration torque TAC
should be less than the maximum torque Tmax of the motor, which is:

Tmax ≥ TAC =
(µW + Fa)Pb

2πυ1
+ 0.014Fao

√
dmPb + Tu + (JM + JLH) ·

(
2π · n
60 · t

)
(22)

3. Static and Dynamic Characteristic Simulation of Bed Structure
3.1. Static and Dynamic Characteristics Simulation Analysis

The bed model does not consider the shape and surface structures since they have
little influence on the calculation process, such as bearing seats and guide rail mounting
holes. The bed structure material adopts HT300, which is a grey cast iron in pearlitic type.
It has high strength and good wear resistance, and is widely used for important castings
in machinery manufacturing, such as bed guides, lathes, punches, heavily stressed beds,
and headstock gears. The density of HT300 is 7400 kg/m3, the elastic modulus is 122 GPa,
and the Poisson’s ratio is 0.29. The specific mesh model of two bed structures is shown in
Figure 8.
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3.1.1. Static Analysis

The micro-milling of aluminum alloy is taken as an example, and a tungsten-carbon-
coated carbide flat-end micro-milling cutter is used. The feed rate is 1~9 µm/tooth, and
the axial and radial depths of cut are 0.5 mm. The micro-milling forces measured during
machining are all less than 4 N. For simulating the most dangerous situation, it is assumed
that the micro-milling force in each direction is 4 N [19]. Besides, the weight of the
horizontal table supported by the bed GCD

Z = 600 N, the weight of the Y-axis screw pair
GCS

Z = 150 N, and the weight of the Z-axis screw pair of the column = 150 N. The diameters
of the micro-milling cutter from the center to the column and the base are different. The
distances between the connecting surfaces are L1

Y = 140 mm, L2
Y = 115 mm, L1

Z = 280 mm,
and L2

Z = 250 mm.
In this section, three representative positions of the column table in the motion stroke

are used as the analysis conditions. That is, the static analysis is carried out on the upper,
middle and lower limit positions of the Z-axis table, thus the load positions applied to the
column structure are different. After accomplishing the element mesh by using Hypermesh
software, the mesh model is importedinto ANSYS workbench software. The displacement
constraint condition is: the bottom of the bed is fixed, and equivalent load is applied to the
integral bed and the separate bed shown in Figures 9 and 10. The final simulation results
are shown in Tables 1 and 2.
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Figure 9. Equivalent load distribution on the connecting surface of the bearing housing. (a) Integral
structure (b) Separate structure.

Table 1. Static deformation and stress of integral structure.

Feed Position Maximum Deformation (µm) Maximum Stress σ (MPa)

Upper limit 6.67 6.41
Middle 6.68 6.41

Lower limit 6.69 6.41

Table 2. Static deformation and stress of separate structure.

Feed Position Maximum Deformation (µm) Maximum Stress σ (MPa)

Upper limit 9.56 5.55
Middle 9.58 5.56

Lower limit 9.60 5.58
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Figure 10. Equivalent load distribution on the connecting surface of the guide rail pair. (a) Integral
structure (b) Separate structure.

It can be seen that the maximum stress and maximum deformation of the integral
structure both occur at the upper front end of the column, and the maximum deformation
of the separate structure also occurs at this position, but the maximum stress point occurs
at the bolt directly behind the column. The maximum deformation of the integral bed
structure is 6.69 µm (Figure 11), which is about 30.3% less than that of the separate bed
structure of 9.60 µm (Figure 12). This is mainly due to the fact that there is a contact gap
between the column of the separate bed structure and the bed, and the gap of the contact
area increases under applied force, which increases the overall deformation of the column
part. In terms of the maximum Von Mises stress, the integral structure is slightly larger
than the separate structure, but both are much smaller than the yield strength of cast iron
of 195 MPa, which is within a reasonable stress range.
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Figure 12. Static deformation and stress at the lower limit of the split structure.

3.1.2. Modal Analysis

The structural mode is the inherent property of the elastic body. Through modal
analysis, the natural frequency and mode shape of the geometric structure can be obtained,
and further the dynamic characteristics of different bed structures can be revealed. When
the excitation frequency inside or outside the machine tool is close to its natural frequency,
resonance will appear in the machine tool, which reduces the machining accuracy and
affects the machining quality. In this paper, the influence of machine tool structure on its
natural frequency is studied to avoid resonance phenomenon. In this paper, the first six
modes of the integral and separate structures are calculated, and the analysis results are
shown in Tables 3 and 4, and the first six modes of the integral structure are shown in
Figure 13.

Table 3. Modal characteristics of integral structures.

Order Natural Frequency (Hz) Main Form of Vibration The Part with the Largest Amplitude

1 328.24 The column swings back and forth Top of front end face of column
2 405.65 The column swings left and right Top left end face of column
3 844.55 The column twists Upper end of the left guide rail of the column

4 1055.52 The column twists on all sides Top of the right rib on the rear end
face of the column

5 1227.03 The column bends front and rear Top of the rear end of column
6 1352.61 The column is squeezed inward Top of the front and rear of the column

Table 4. Modal characteristics of separate structures.

Order Natural Frequency (Hz) Main Form of Vibration The Part with the Largest Amplitude

1 330.58 The column swings back and forth Top of front end face of column
2 411.44 The column swings left and right Top left end face of column
3 836.71 The column twists Upper end of the left guide rail of the column

4 1052.31 The column twists on all sides Top of the right rib on the rear end
face of the column

5 1230.23 The column bends front and rear Top of rear end of column
6 1351.61 The column is squeezed inward Top of the front and rear of the column
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Figure 13. Diagram of the first six-order mode of the integral structure.

It can be seen that the natural frequencies of each order of the integral structure and the
separate structure are similar, and the mode shapes and the maximum amplitude positions
of each order are basically the same as well. The displacement of the mode shape is a
dimensioned relative value, and has no reference value. The actual vibration displacement
can refer to the harmonic response analysis in next section.
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3.1.3. Harmonic Response Analysis

The micro-milling force and spindle excitation act on the bed structure are periodic
loads. Through harmonic response analysis, the resonance frequency and the amplitude
of the bed structure can be effectively identified, which provides an important reference
for further optimizing the bed structure. In this paper, harmonic response analysis of the
integral and separate bed structures is carried out respectively in the frequency spectrum
range of 0~3000 Hz. According to the simulation results, the maximum common amplitude
values of the integral and separate bed structures are at the lower limit and the upper limit
of the column, respectively, as shown in Figures 14 and 15.

It can be seen from Figures 14 and 15 that the two structures resonate at different
natural frequencies, and the amplitudes of the integral structure are smaller than those
of the separated structure in all directions. Among them, the common amplitude values
in the X-axis and Z-axis directions are small, but the that in the Y-axis direction is large.
This phenomenon indicates that the bed structure is greatly affected by the Y-direction
load, which is consistent with the stress of the structure. At the same time, the amplitudes
of the two structures at the first five-order natural frequencies are relatively large, with
the maximum peak value of 36.09 µm, which exceeds the allowed variation range of the
micro-machine tool. When the frequency of the micro-milling force is around 450 Hz or
higher than 2000 Hz, the dangerous vibration can be effectively avoided. The vibration
frequency of the main shaft is closely related to its rotational speed. If the rotational speed
of the main shaft is guaranteed to be above 100,000 revolutions, the harmful vibration
caused by the main shaft can be avoided.
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3.2. Structural Optimization

To further improve the dynamic and static rigidity of the bed structure and reduce
its maximum deformation, the overall bed structure is optimized based on the above
simulation results. The mechanical properties of the bed structure are shown in Figure 16.
From Figure 16, it is shown that the maximum static deformation is 4.23 µm, which is
36.7% lower than that before optimization. In addition, the first six natural frequencies
are 317.39 Hz, 391.08 Hz, 854.12 Hz, 1256.71 Hz, 1499.90 Hz, and 1594.72 Hz, respectively,
indicating that except that the first and second order natural frequencies are slightly lower
than those before optimization, the other natural frequencies have been greatly improved.
Besides, in Figure 16, it can also be seen that the structural common amplitude values
in the Y-axis and Z-axis directions are lower than those before optimization, while the
amplitude in the X-axis direction is increased, and the overall harmonic response presents
improved characteristics. It can be concluded that the dynamic and static characteristics of
the optimized bed structure have been significantly improved.
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4. Performance Test of Micro-Machine Prototype
4.1. Accuracy Detection

Based on each sub-unit, the micro-machine is simplified into a multi-body system
through topology structure, and the correlation of each unit body in the topology structure
is described by a low-order array. Through establishing a generalized coordinate system of
the multi-body system, the relative positions, attitudes and changes of each sub-unit can
be expressed with a homogeneous characteristic matrix. Figures 17 and 18 is a schematic
diagram of the overall structure of the micro machine tool, in which the Y-axis guide rail is
installed on the Y-axis base (or part of the bed).
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Optional body Bj is used as a typical body of multi-body system, and the sequence
number of the n-order low-order body of body Bj is defined as:

Ln(j) = i (23)

In Equation (23), L is defined as the low-order body operator, and body Bj is called as
the n-order high-order body of body Bi. It satisfies:

Ln(j) = L
(

Ln−1(j)
)

(24)

and the following definitions are added:

L0(j) = j (25)

Ln(0) = 0 (26)

When body Bi is the adjacent low-order body of body Bj, there will get L(j) = i.
In order to establish the spatial geometric model of the micro-machine tool with high

accuracy, 21 basic geometric errors are defined, which mainly involve the linear motion
error and mutual position error of the coordinate axes. There exist two basic states of
between adjacent units of the micro-machine, i.e., the relative static state and relative
motion state. When adjacent bodies are fixedly connected, they not only have the ideal
fixed connection position and attitude (referred to as pose), but also have a static pose error
in the direction of 6 degrees of freedom, which is called as the actual static error. When the
neighbors are in relative motion, there is a relative static state at the beginning of the motion
and a subsequent relative motion state. Therefore, when describing the two adjacent bodies
that are in relative motion, it should not only consider the ideal relative static posture and
the actual static error, but also consider the ideal motion pose and motion pose error caused
by motion error.
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The ideal motion of the typical body Bj relative to the low-order body Bi is equivalent
to the ideal motion of the local coordinate system Oj—XjYjZj of the body Bj relative to the
local coordinate system Oj—XjYjZj of the body Bi, and the motion process involves the
three coordinate axes of X/Y/Z of rotation and shafting translation. Therefore, the ideal
pose homogeneous transformation matrix of the coordinate system Oj—XjYjZj relative
to the coordinate system Oi—XiYiZi and the homogeneous transformation matrix of the
motion error are as follows:

Tijs =


1 − γij βij xij
γij 1 − αij yij
−βij αij 1 zij

0 0 0 1

, ∆Tijs =


1 − εijz εijy δijx
εijz 1 − εijx δijy
−εijy εijx 1 δijz

0 0 0 1

 (27)

In this section, the homogeneous transformation characteristic matrix between adjacent
subunits of the micro-machine tool will be established respectively, which mainly include
the relatively static ideal characteristic matrix and its error characteristic matrix, and the
ideal motion characteristic matrix and its error characteristic matrix. The worktable unit
is defined as “w” and the tool clamping unit (spindle unit) is defined as “t”. Only when
the high-order body is a worktable unit or a tool clamping unit, the unit name “d” can
be used, and the other bodies use adjacent units body serial number. For non-moving
parts and fixed coupling units, since their errors are small or easy to eliminate, their ideal
characteristic matrix and error characteristic matrix are adopted as the unit matrix I4×4
in this section. In addition, the homogeneous feature matrix for the adjacent unit cells is
defined as follows, the matrix with subscript “p” or “s” represents the ideal stationary or
ideal motion feature matrix of the adjacent unit cell, respectively, and ∆ represents the error
feature matrix.

The motion accuracy of the coordinate axis is evaluated, which mainly include the
detection (repeated) positioning accuracy and reverse deviation. In this study, Renishaw
XL-80 laser interferometer (Figure 19) was used to test the motion accuracy of the coordinate
axis of the prototype. The measurement results in Figure 20 show that the positioning
error of the X, Y and Z axes in the effective feed stroke is less than 5 µm, 4 µm and 3.5 µm,
respectively, the repeated positioning error is less than 1.5 µm, 0.5 µm and 1.5 µm, respec-
tively, and the reverse error of each axis is less than 0.5 µm. For micro-cutting, the motion
accuracy of each coordinate axis fully meets the application requirements. In addition, the
positioning accuracy of the X, Y, Z three-coordinate axes also preliminarily verified the
reliability of the spatial geometric accuracy model in this paper, which lays a theoretical
foundation for the geometric accuracy design and analysis of subsequent prototypes.
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4.2. Experimental Verification

The micro machine tool is composed of two parts: the electrical system and the
mechanical system. The electrical system includes electrical control principle, power supply
circuit of each control unit, selection of the numerical control system and application of
the servo control method. The mechanical system mainly includes processing of non-
standard parts, assembly of machine tool components and whole machine and geometric
accuracy testing of parts. After completing the assembly and debugging of the prototype,
performance test and the micro-milling and micro-grinding processing test of the micro-
machine tool are carried out.

In order to verify the multi-axis linkage and actual processing capability of the micro-
machine prototype (Figure 21) for micro-cutting, this paper takes 6061 aluminum alloy
and single-crystal silicon materials as the processing objects, and micro-milling and micro-
grinding tests are carried out on the prototype. Processing procedure: No cutting coolant is
used in the micro-machining process, and the coordinate axis of the prototype adopts a
domestic Hengxing star grating ruler with a resolution of 0.1 µm.
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Figure 21. Micro-machine prototype diagram.

Two micro-milling processing experiments were carried out on 6061 aluminum alloy.
The first one is the processing of micro-surface structure based on three-axis linkage, and
the other one is the processing of regular micro-rectangular structure based on horizontal
axis linkage. The machining process uses a carbide micro-milling tool (shown in Figure 22),
and its specific parameters are shown in Table 5. As shown in Figure 23, the micro-spherical
surfaces and micro-arc grooves are processed under the spindle speed of 30,000 rpm, the
feed rates of 1.6 mm/min and 1.8 mm/min, and the maximum milling depths of 0.6 mm
and 0.4 mm, respectively. The test results show that the micro-machine prototype has
good multi-axis linkage performance. Besides, the micro-structures machined have clear
geometric outlines and no obvious quality defects on the machined surface.
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Table 5. Parameters of the micro-milling tool used in the test.

Micro Milling
Head Material

Number of
Blades

Shank
Diameter (mm)

End Tooth
Diameter (mm)

Total Length
(mm)

Carbide Two-edged Φ 4 Φ 0.5 50
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In order to further test the processing performance of the prototype, a micro-grinding
test was carried out on the single-crystal silicon material, and the tool of an electroplated
diamond micro-grinding rod was used, as shown in Figure 24. The geometric parameters
of the abrasive material are shown in Table 6. During machining process, the working
speed of the spindle is set as 40,000 rpm, the feed rate of the horizontal axis is set to be
0.5 mm/min, and the grinding depth of the Z axis is 50 µm. The formed geometry is shown
in Figure 25, and the scale of the square frame in the figure is 1 mm. From this figure, it is
shown that the geometric outline of the micro-groove structure is clear and the quality of
the machined surface is good. In addition, the same micro-grinding test at the feed speed
of 3 mm/min and 6 mm/min was carried out. The comparison shows that the smaller the
feed speed of the coordinate axis, the better the surface quality of the workpiece.
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Table 6. Parameters of the micro-grinding rod used in the test.

Abrasive
Material Granularity Shank

Diameter (mm)
Grinding Head
Diameter (mm)

Total Length
(mm)

Diamond #600 Φ 3 Φ 0.5 45
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5. Conclusions

In this paper, a micro-machine tool integrated with bed structure for micro-cutting is
fabricated and tested, and the dynamic and static mechanical properties of the structure
under the various working conditions are studied. The overall structure has been optimized
based on parameter analysis. The conclusions are as follows:

(1) The integral bed structure is significantly superior to the separate structure in terms
of the maximum static deformation and harmonic response amplitude, and its maxi-
mum stress is much smaller than the yield strength of material. Compared with the
assembled separate bed column, the integral bed structure can ensure the verticality
between the bed columns at one time when casting the blank, which can more eas-
ily meet the requirement of relevant position accuracy. Therefore, the integral bed
structure has better comprehensive mechanical properties.

(2) A prototype of a micro-machine tool for micro-cutting was developed, and the motion
accuracy of the coordinate axes of the prototype was tested. The results show that the
positioning error of the X-axis is the largest, and the positioning error of the Z-axis
is the smallest, which preliminarily verifies the reliability of the spatial geometric
accuracy model of the micro-machine.

(3) Only the number and arrangement of the ribs in the column are changed in the opti-
mized integral bed structure, with simple structure and good mechanical properties.
The positioning error of each macro-moving coordinate axis in the effective travel
range is less than 5 µm. The repeated positioning accuracy of the Y axis is the highest,
and the repeated positioning error and reverse error of each axis is less than 1.5 µm
and 0.5 µm, respectively.

(4) Micro-milling and micro-grinding experiments were carried out on 6061 cemented
carbide and single-crystal silicon materials. The machining results show that the
prototype has good multi-axis linkage, and its machining performance fully meets
the design and application requirements.
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