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Abstract: Due to the requirements of manufacturing miniaturized high-tech products, microma-
chining with micromachine tools has come to be regarded as an important technology. The main
goal of this study is to build up the key technologies, including optimal structure and configuration
design, synchronous driving control, analysis of optimal accuracy, in order to develop a low-cost and
high-accuracy micromachine tool with a multi-degrees of freedom (DOF) platform with a co-plane
synchronous driving mechanism. Due to the advantages of such a mechanism, the machine is able to
possess a high feed resolution and high accuracy without the use of expensive drive components
and high-end CNC controllers. Because of the no pile-up structure, the machine has less movement
inertia effect, as well as the merits of light weight, high stiffness, and increased stability. Furthermore,
the machine has more DOF, resulting in a better cutting performance than that of 3-DOF machine
tools. To better understand the characteristics of major error sources of the machine in order to further
enhance its accuracy, hybrid error analysis, kinematics analysis, and a volumetric error model were
conducted. Finally, a prototype of the designed micromachine tool was built, and cutting experiments
for accuracy calibration and verification were carried out using this machine. The results showed that
the machine was able to effectively execute 4-DOF microcutting with positioning accuracy of 800 nm.

Keywords: micromachine tool; high resolution; volumetric error; error analysis; co-planar driv-
ing mechanism

1. Introduction

The development trend of light, thin, short, and small consumer products has led
to the demand for micromachining processes, which require highly accurate, versatile,
and stable micromachine tools [1-4]. The development of advanced micromachining tech-
nology to produce high-quality micro products with excellent dimensional tolerances is
required. The innovation of micromachine tools plays an important role in micromachin-
ing applications in modern industry. Due to the miniaturized nature of micromachining
systems, micromachining is different from conventional machining technology in terms
of processes, tool, material, machine and equipment, which is challenging in the develop-
ment of micromachining technology [5]. To provide the high feed resolution and accuracy
required micromachining processes, high-end driving units and CNC controllers have
typically been used for the micromachines, but this also leads to a high cost for the machine.
Considering the practical needs of industry, it would be better to achieve excellent machin-
ing performance while simultaneously maintaining the low cost of the micromachine tools
when designing the machine.

To achieve high-precision feed movement, Park et al. [6] proposed the use of hydraulic
bearings to enhance the accuracy of platform displacement. Takeuci et al. [7] also proposed
a special mechanism design, so that the ultra-precision machine tool would experience
lower contact friction during movement in order to achieve the goal of sub-micron feed
accuracy. Wang et al. [8] used surface curvature as guidance for feedrate adjustment to
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improve the machining efficiency of a diamond turning machining. However, this method
generated micro-fluctuations in the machining process, deteriorating the surface quality.
Currently, the hydraulic slide method, driven with linear motors, is widely used to enhance
the feed resolution. The advantages include high speed, low friction, no backlash, and high
resolution. However, it also possesses disadvantages, such as high manufacturing cost, the
effect of thermal deformation error, and difficult assembly.

At present, micro CNC machine tools still widely use the traditional serial-connected
type structure and configuration, with a high-precision servo feed system consisting of
linear guide ways and a high-level controller in order to obtain high feed resolution and
high positioning accuracy. This usually results in the machine having a high manufacturing
cost, which influences willingness to use them. Wang et al. [9] proposed a high-precision
and low-cost micromachine tool with a double-toggle-type structure. The machine was
able to provide ultra-precision feed resolution and positioning accuracy without using
very high-end (expensive) driving components or an expensive CNC controller. To pro-
vide more flexible capability for micromachining implementation, Wang et al. [10] further
proposed a design for a micromachine tool with a tilt-drive mechanism. The mechanism
was able to provide not only ultra-fine feed resolution and excellent positioning accuracy
for micromachining, but also an adjustable feed resolution and work range for different
micromachining applications. Mechanism design, structure design/analysis, kinematics
analysis and volumetric error model were studied, and hybrid error analysis and machin-
ability tests were carried out in the study. Wojciechowski et al. [11] analyzed the micro
end milling kinematics and geometric error of a micromachine tool, and established a
model for predicting the cutting force during micro milling. Law et al. [12] developed a
methodology for evaluating and improving the dynamic performance of the machine tool
in the design stage that made it possible to identify the weak machine components to avoid
chatter in productivity.

On the basis of the reasons mentioned above, the main objective of this study is to
design a multi-DOF co-plane synchronous driving mechanism with the advantages of high
accuracy, low movement inertia effect, and low cost for a 4-DOF micromachine tool. The
main features of the proposed machine include: (1) tilt-drive mechanism. This has a high
precision resolution with a fixed full stroke, and can reduce the size of the machine and the
number of key parts, thus reducing the sources of potential error, as well. (2) Co-planar
multi-DOF platform. The mechanism uses three sets of drive mechanisms with slide rails
and bearings, which allows the platform to have an X-, Z-axis translation movement and a
B-axis rotation. In addition, the machine weight can be greatly reduced, and the cumulative
error between the servo shaft load and the platform can be also reduced.

Because micromachine tools have very strict requirements with respect to the
static/dynamic rigidity of the structure itself, the optimal structure/configuration de-
sign were confirmed on the basis of static/dynamic stiffness and dynamic compliance
analysis, kinematic analysis, hybrid error analysis in this study to ensure that the expected
high accuracy of the machine was achieved. In addition, the influences of major error
sources in key components on the accuracy of the proposed machine were determined
in order to provide guidelines for the detailed machine design. Furthermore, kinematic
equations were derived to analyze the following motion characteristics: (a) the relationship
between platform feed resolution and tilt-drive angle, (b) the relationship between X and Z
travel of the co-planar platform and tilt-drive angle, (c) the relationship between platform
rotation resolution and rotation angle, (d) the displacement, velocity and acceleration of
platform translation and rotation characteristics, (e) the relationship between spindle seat
feed resolution and tilt-drive angle, (f) the relationship between Y-axis travel and tilt-drive
angle, (g) the analysis of the displacement, velocity and acceleration characteristics of
the spindle seat. When designing the tilt-drive angle and working travel range for the
co-planar multi-DOF horizontal machine tool, the kinematic characteristics analysis can be
used to confirm whether the design of the tilt-drive angle and related dimensions is able
to meet the requirements of the machine design specifications. In this study, the D-H rule
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and the homogeneous coordinate transformation matrix in robotics theory were used to
establish the kinematic model. Error sources were added to the kinematic model in order to
establish the total error model of the machine. This error model can be used for sensitivity
analysis to determine the sensitivity parameters of the major error sources, and thus to
evaluate the influences of the error sources on the accuracy of the machine.

Due to the advantages of co-plane synchronous driving mechanisms, the microma-
chine does not need to use a high-end servo drive system and CNC controller to achieve
high feed resolution and high accuracy. Because the major driving units lie on the same
plane, the machine has a low center of gravity and low movement inertia, resulting in
stable and accurate movement. Finally, a prototype of the designed machine was built, and
machining experiments were carried out to verify the feasibility and effectiveness of the
design. The experimental results showed that the design was feasible and effective.

The structure of this manuscript is as follows. In Section 2, the principle of the co-
plane platform is elucidated. In addition, the kinematic characteristics of the machine tool
structure are analyzed. In Section 3, the error model of the proposed machine is developed
and used to explore the relationship of between the major error sources. In addition,
sensitivity analysis was also conducted to analyze the influences of the major error sources
on the accuracy of the proposed machine. In Section 4, verification experiments are carried
out on the prototype machine and the results are discussed to confirm the accuracy and
machinability of the proposed design and machine. Finally, the conclusions of this study
are presented in Section 5.

2. Principle of the Co-Plane Platform
2.1. Principle

The horizontal-type co-plane multi-DOF micromachine tool was designed using a
simple co-plane synchronously driven platform (Figure 1), which provides translational
motion along the X- and Z-axes, rotation around the B-axis for the work table, and Y-
axis translation (up and down movement) for the machine spindle. Compared with
conventional serially stacked CNC machine tools, as a result of the co-plane platform not
having a serially stacked structure, it does not require a large amount of driving power
for the feed system on the lower level to move large structural masses, and it also will
not encounter large amounts of movement inertia while it is moving. The platform uses
three sets of tilt-drive mechanisms with rotating bearings arranged in a circular array. By
controlling the drive shafts, the platform can have linear movement along the X-/Z-axes, as
well as B-axis rotation. The driving unit of the platform consists of a ballscrew and a sliding
rod, placed in a triangular geometry, thus achieving precise and high feed resolution due
to the triangular proportional transformation. Furthermore, a double-column structure
was designed for the machine spindle in order to provide Y-axis machining movement.

Ball

Z
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t R~ Sliding rod F
Ball bearing G Ballscrew C ©

b ,
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Figure 1. Scheme of co-plane platform, (a) X-, Z- and B-axis motion, (b) the micromachine tool.
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As shown in Figure 1, the co-plane platform consists of three sets of tilt-drive ballscrew
servo system (A, B, and C in Figure 1) with the same tilt angle. The ballscrews with sliding
rods (D, E, and F in Figure 1) are used to drive the platform to move in the X and Z
directions. The ballscrew, sliding rod, and platform are connected by three movable
linkages (L1, L2, L3). The sliding blocks on the sliding rods are respectively fixed at the
three points (P1, P2, P3) with the work table. The three connection points are equidistant
from the center of the work table, and are located on the center of the work table as the
center of circle. When the feeds of sliding blocks are appropriately controlled, the table can
conduct rotation about Y-axis. When this mechanism is applied to a micromachine tool, the
machine can perform linear movements along the X- and Z-axes, as well as B-axis rotation
(Figure 1).

As shown in Figure 1, when the A and C ballscrews are fixed and the B ballscrew is
moving, the linkage L2 pushes the table to move along the X direction. The linkages L1
and L3 and the sliding rod E provide the function of movement guidance. When the B
ballscrew is fixed, the A and C ballscrews move in the same direction at the same speed,
while linkages L1 and L3 move the table along the Z-axis, as shown in Figure 1. At this
time, sliding rods D and F and linkage L2 provide the function of movement guidance.
When ballscrews A, B, and C are moving in the same direction at the same speed (CW
or CCW), the moving paths of the three connecting points (P1, P2, P3) are the distances
from each connecting point to the center of the platform (as shown in Figure 1), which
drives the platform for rotational movement about the center of the platform. The bearing
on the sliding rod provides rotational DOF to rotate the platform around the center of
the platform.

This design provides 3 DOF movements (linear, moving along the X- and Z-axes, and
rotation about the Y-axis) with a lighter inertia effect, and can also reduce the loading of the
servo control system. Because the ballscrew drives operate using a tilt servo mechanism
principle, the triangle geometric motion transformation will proportionally reduce the
movement of the work table so that finer feed resolution can be achieved for the work table,
and the errors caused by ballscrew backlash and pitch error can also be reduced. Because
of the advantages mentioned above, the machine is able to achieve the high resolution
and high precision required for micromachining without the use of high-end driving
components or a CNC controller.

Figure 2a shows the ballscrew using the tilt-servo mechanism principle. Tilt angle is
the angle between the ballscrew and the sliding rod. When the ballscrew nut moves, the
platform moves along the guidance rail (perpendicular to the connecting rod direction).
The movement of the platform will be reduced by a small proportion due to triangle
geometric motion transformation. When the tilt angle is fixed, the travel distance, feed,
and feed resolution of the platform can be consistently converted based on the triangle
geometry principle.

L—u

Slidingrail N Spindle seat Sliding block sliding rail M

Movement
Ildlng block direction of

ballscrew nut

Direction of Ball
screw movement

1
Llnkage = = ."'I
Ballscrew D
Ballscrew nut Sliding rail K

(b)

Figure 2. (a) Tilt-servo mechanism principle, (b) spindle seat with tilt-servo mechanism.
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Figure 2b shows the spindle seat using the tilt-servo mechanism. Two sliding rails
(K, M) are used for the Y-axis, and the sliding rail (N) is mounted on the spindle seat. The
ballscrew and sliding rail N are connected by means of fixed link L4. When the ballscrew
drives the ballscrew nut, the spindle seat will be moving along the Y-axis. The smaller tilt
angle is able to produce higher feed resolution, but the spindle seat travel range becomes
smaller, i.e., the travel range is smaller. Conversely, larger tilt angles result in lower feed
resolution, but larger travel range of the spindle seat. The prototype of the micromachine
tool with multi-DOF with horizontal co-plane has 4 DOF, including linear movement in
the X, Y, and Z directions, as well as B-axis rotation.

2.2. Kinematic Analysis

Kinematic equations were derived, and thereafter used to analyze the following
motion characteristics: (a) the relationship between feed resolution of platform and tilt-
drive angle; (b) the relationship between the X and Z movement of the platform and the
tilt-drive angle; and (c) the relationship between the rotation resolution of the platform and
the range of the rotation angle.

(a) Relationship between feed resolution of platform and tilt-drive angle While the
platform carries out the axial feed, the resolution is decided by the tilt-drive angle.
The feed resolution can be calculated as follows

Rp = Rp- cosf 1)

where Rp is the feed resolution of the platform, Rp is the movement resolution of the
ballscrew, and 0 is the angle between the sliding rod and the ballscrew

(b) Relationship between the X and Z movement of platform and the tilt-drive angle
The co-planar axial linear movement of the platform depends on the length of the
ballscrew and the tilt angle. The relationship can be expressed as follows

Dp = Dg- cosf (2)

where Dp is the platform movement, Dy is the ballscrew movement, and 6 is the angle
between the sliding rod and the ballscrew

(c) The relationship between the rotation resolution of the platform and the range of the
rotation angle To understand the relationship between the rotation resolution of the
platform and the rotation angle, it is necessary to first derive the relationship between
the travel distance of the ballscrew nut and the rotational angle of the platform. When
the platform is rotated, the travel distance of the tilt-drive servo sliding block (shown
in Figure 3) can be calculated as follows

Iy = |f(sinf” —sind’)| 3)

where /1 is the travel distance of the servo-drive sliding block when the platform
rotates about the B-axis, f is the distance from the connection point to the center of
the platform, 8’ is the angle before rotation, and 6” is the angle after rotation.

The difference between 6”and 6’ is the rotation degree of the platform. After substitut-
ing Equation (3) into Equation (4), the travel distance of the ballscrew nut can be calculated.

DB1 = ll/COSQ (4)

where Dgp; is the travel distance of the ballscrew nut, and 6 is the tilt-drive angle.
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Figure 3. Travel distance of the servo-drive sliding block when the platform is rotating.

The shortest ballscrew travel gives the smallest rotation of the platform. Thus, the
ballscrew feed resolution can be used to calculate the movement resolution of the platform
by using Equation (1). By substituting Equation (1) into Equation (4), the relationship
between rotation resolution and rotation range can be obtained using Equations (5) and (6).

Rp=1=1—1 =|f(sin®" —sin®’)]| 5)

sin“t(l/f) —sin" Yl /f) = 0" —0' =6, (6)

where 0, represents the rotation resolution of platform.

According to the equations explained above, a kinematic analysis was performed.
Figure 4 shows the relationship between platform feed resolution and tilt-drive angle 6. It
is noted that the larger the tilt-drive angle, the higher the feed resolution. By contrast, the
smaller the tilt-drive angle, the lower the feed resolution. Figure 5 shows the relationship
between the linear travel length of the platform and the tilt-drive angle. The results
show that larger tilt-drive angles provide finer movement resolution, but the platform
travel length will be smaller as a consequence. Conversely, a smaller tilt-drive angle
provides coarser movement resolution and larger platform travel length. Figure 6 shows
the relationship between the rotation resolution of the platform and the rotation angle.
It is noted that rotation resolution will be decreased when the platform rotation angle is
increased. It can be seen that the rotation resolution is quite consistent (0.003°~0.004°) for a
working range of 0°~45°.
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Figure 4. Feed resolution vs. tilt-drive angle.
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Figure 5. Platform linear travel vs. tilt-drive angle.
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Figure 6. Rotation resolution of platform vs. rotation angle.

3. Error Model and Analysis
3.1. Error Model

With the use of the co-planar multi-DOF machine kinematic model, the relative
position of the working table with respect to the tool-end point can be determined (Figure 7).
The model describes the relationship of motion between the tilt-servo mechanism and the
platform. After obtaining the relative coordinate position of the working table with respect
to the tool-end point, according to the parameters of the motion model, the error sources
of the co-planar multi-DOF machine tool were defined. Subsequently, the defined error
sources were combined with the kinematic model to obtain the total error model for the
co-planar multi-DOF machine tool. The error sources in the coordinate transformation
include translation errors (8x, dy, 6z) in the three axes, rotation angle errors (rx, ry, rz) in the
three axes, and the motion errors generated by the ballscrew nut movement (Ax, Ay, Az).
Firstly, the error parameters of each key component were defined. The translation error
and rotation angle error are shown in Table 1. 8x1, dy1, and 6z; in the table respectively
represent the translational error in the X, Y, and Z directions when the coordinate frame
Op moves to the coordinate frame Oy, and rxy, ry;, and rz;, respectively, represent the
rotation angle errors of coordinate frame Oy to frame O about the X-, Y-, and Z-axes. The
motion error parameters of the platform due to the movement errors of the ballscrew nut
are shown in Table 2.
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Figure 7. Coordinate frames defined for the machine.

Table 1. Parameters of translation and rotation error.

Translation Error Sources Rotation Angle Error Sources
dx1, 8yq, 821 X1, ryq, 121
dx2, 8y,, 82> X2, 1Yy, 122
0x3, 6y3, 0z3 X3, Y3, 123
dx4, Oy, 824 X4, Tyy, 124
dxs, 8ys, 825 X5, Y5, 1Z5
dxg, 8y¢, 826 Xg, 1Y, TZ6
dx7, 8y, dz7 X7, 1y, ¥Z7
dxg, 8yg, 878 IXg, Iyg, IZg
dx9, 8yq, 629 X9, 1Yy, IZg

dx10, 8y19, 8210 X10, Y10, 1210
dx11, 8yq1, 0211 X11, Iyqq, 1211
5X12, 5y12, 5212 X12, ry12, 1Z12
dx13, 0y13,0Z13 X13, Y13, 1213
dX14, 8yq4, 0Z14 IX14, TY14, TZ14

Table 2. Motion error parameters of platform due to ballscrew nut movement.

Motion Errors Description
Axy, Ay, X, Y direction motion error when the D ballscrew moves
Axs, Azs X, Z direction motion error when the C ballscrew moves
Axy, Azqg X, Z direction motion error when the B ballscrew moves

After defining the error parameters, the error model was derived. The main structure
of the co-planar multi-DOF horizontal machine tool includes a bottom co-planar multi-
DOF platform for X-axis and Z-axis movement and a tilt-drive mechanism for Y-axis
movement. The actual total coordinate transformation matrix of the horizontal co-planar
multi-DOF machine tool is the result of multiplying the associated transformation matrices.
Meanwhile, the translation errors (X, dy, 6z) and rotation angle errors (rx, ry, rz) need to be
included in the transformation matrix. The rotation errors at the three axes are equivalent
to rotating the three axis coordinates at the same time, as shown in Equation (7).
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NTrxyz = o TRXAR TRYAR TRZ

1 0 0 cosry 0 sinry cosrz —sinrz 0
= | 0 cosrx —sinrx 0 1 0 sinrz cosrz O
0 sinrx cosrx —sinry 0 cosry 0 0 1 (7)
COS Iy COS TZ —COs 1y sin rz sin rz
= sin rx sin ry cos rz +cos rx sin ry = —sin rx sin ry sin rz -+ cos rx cos rz —sin rx cos ry

—COS rX sin ry cos rz +sin rx sin rz  cos rx sin ry sin rz 4+ sin rx cos rz COS IX COS Iy

Based on the coordinate transformation matrix, and the translation error, rotation
error and motion error sources in Tables 1 and 2, the total error model was obtained, as
described in Equation (8).

Cry,Crz, —Cry, Srz, Sry, OXn + Axn

SrxnSry, Crzp + CrxnSrzn, ~ —SrxnSry, Srzp + CrxnCrzn,  —SrxnCry, 0y, + Ay,

—CrxnSry Crz, + SrxnSrzn,  CrxnSry, Srz, + SrxnCrz, CrxnCry,, 0z + Azy
0 0 0 1

II‘IE:

n

®)

Under the assumption that the machining accuracy of the machine components,
assembly accuracy, and the parallelism calibration of the machine are well controlled, it
was assumed that the rotation angle error shown in Equation (8) was quite small, such that
Sine terms and Cosine terms would be respectively close to 0 and 1. For example, if the
parallelism of two 200-mm-long mating parts were to be assembled with a tolerance of
£0.01 mm in the design, the possible parallel angle error would be

-1 001

500 = 00029 )

tan

Since the parallel angle error (Equation (9)) is quite small, sin(0.0029°) and cos(0.0029°)

in Equation (8) are respectively close to 0 and 1. Hence, the error model can be further

simplified as shown in Equation (10). Comparing the actual coordinates of the working

table with the theoretical coordinates, the total position error of the tool can be determined

by Equation (11). Finally, the volumetric error of the machine can be calculated by means
of Equation (12).

Eactual = 13F X 12E x 13E x 19E x J)E x §E x JE x SE x 2E x £E x 3E x 3E x 3E x YE (10)

where
1 0 0 5X1
?E _ 010 dy,
0 0 1 —z1 + 521
0 0O 1
I 1 —Srzo Sry, —Xp —DXp +0xp — Axp |
g _ SrxpSry, +Srzy  —SrxpSry,Srzy +1  —Srxp -y, + 8y,
2 —Sry, + SrxpSrzp  Sry,Srz; + Srxp 1 —7y + 0z»
I 0 0 0 1 ]
[ 1 —Srzz Sry, dx3 i
2p Srx4Srys +Srzz  —Srx3Sry,;Srzz +1 —Srxz  —y; + DY3 + 8y, + Ay,
3 —Sry, + Srx3Srzz  Sry,Srzz + Srxs 1 073
L 0 0 0 1 |
1 —Srzy Sry, x4+ DXy +8x4 + Axo
3p _ Srx4Sry, +Srzy  —Srx4Sry,Srzy +1 —Srxy —y4 + 0y,
4 —Sry, + Srx4Srzy  Sry,Srzy + Srxy 1 Z4 + 824

0 0 0 1
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[ 1 —Srzs Srys  —X5 + DX5 + x5 — Axs |
4p _ SrxsSrys + Srzs  —SrxsSrysSrzs +1  —Srxs Y5 + 0ys
5 —Srys + SrxsSrzs  SrysSrzs + Srxs 1 —2z5+ DZs5 + 625 + Azs
I 0 0 0 1 ]
I 1 —Srzg Sry,  —x¢ — DXs5 4 dxg — Axs ]
5p — SrxeSry, + Srzg  —SrxeSry Srzg +1 —Srxg A
6 —Sry, +SrxSrzg  SrySrzg + Srxg 1 0z¢
L 0 0 0 1 i
1 —Srzg Sryg Oxg
75 SrxgSryg + Srzg  —SrxgSrygSrzg +1 —Srxg yg + dyg
8 —Sryg + SrxgSrzg  SrygSrzg + Srxg 1 dzg
0 0 0 1
1 —Srzg Sry, X9 — DXy + 0xg — Axy
8p _ SrxgSryq + Srzg  —SrxgSrygSrzg +1 —Srxg —Vg + 0yq
K —Sryg + SrxgSrzg  SryySrzg + Srxg 1 —29 — DZs5 4 829 — Azs
0 0 0 1
I 1 —Srzq9 Sry;,  —X10 + DXy + 0x19 + Axy ]
9p — SerosI‘ym + Srzqg —erlOSryerzlo +1 —Srxqp Y10 + 6y10
10 —Sryw + Srxq¢Srzqg SI’leSI'Zl() + Srxqg 1 z10 — DZ1p — &xq9 + Axqg
I 0 0 0 1 ]
[ 1 —Srzy Sryg dx11 i
105 _ Srx1pSry,q +Srz19  —SrxqoSry,(Srzig +1 —Srxqg dyyq
1 —Srylo + Srxq0Srz1g SrleSrzlo + Srxqg 1 211 + DZyp + 6z11 + Az
i 0 0 0 1 i
1 —SI‘le Sl‘ylz 5X12
g _ SrxipSry,, +Srzip  —SrxypSry,,Srzip  —Srxqp Y12 T 0Y1o
12 —Sryy, + Srx12Srz1p  Sry,,5rz15 + Srxip 1 Z12 + DZs5 + 6217 + Azs
0 0 0 1
1 —Srzq3 Sry,5 Ox13
12 _ Srx13Sry,5 +Srz13 —Srxi35ry35rz13  —Srxi3  yi3 +0ys
13 —Sl‘y13 + Srxq35rz13 Sry13Sr213 + Srxq3 1 0713
0 0 0 1
1 —Srzyy Sry;s  —X14 + 014
13E _ SI'X14SI'y14 + SI'Zl4 —SI'X14SI'y14SI'214 —SI'X14 Y14 + 5}714
14 —Sryy, + Srx14S5rz14  Sry,,Srzq4 + Srxqy 1 Z14 + 0214
0 0 0 1
AEp = Eactual — Tideal (11)
AE, = \/ (%)% + (8y)* + (52)* (12)

3.2. Error Sensitivity Analysis

Understanding the influences of error sources on the volumetric errors of a machine
can help to efficiently improve the machine design and the machine assembly work on the
necessary parts with reasonable manufacturing cost. The equation for sensitivity analysis
is presented in Equation (13).

SAE, = aAEP&AW k=123 13
p_ZaAWk 1'% — 4,49, ( )
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where AE represents volumetric error; gf—&i represents the sensitivity parameter; and Wy
represents error sources.

To analyze the sensitivity of the ballscrew motion and the tilt-drive angle on total
machine errors, the differences between the ideal tool-end position and the actual tool-end
position were substituted into Equation (11) under the condition that all other error sources
were zero; consequently, the total position error of the machine can be expressed as follows.

x — 8¢’ cos(0 + 563)

y — &d’- tan(6 + 564)

z — 6bd’- cos 9 + 56,
1

AE, = (14)

[N eNene
O O = O
SO = OO

where 8b’, &c’, 6d’ represent ballscrew motion errors along the X-, Y-, and Z-axes, respec-
tively; 862, 663, 00, represent the tilt-drive angle errors along X-, Y-, and Z-axes, respectively.

According to Equation (14), it is noted that the motion error of each ballscrew and the
assembly error of the tilt-drive angle cause position errors at each axis. The position error
at the X-axis can be derived from Equation (14), as

(AEpx)s . , 50, =X~ 8¢/ X cos(6 + 663) (15)

The sensitivity parameter of the ballscrew motion and the assembly error of the
tilt-drive angle can be obtained by the differential of Equation (15), as follows.

d(AEPX)6 1,565 = cos(6 + 803)dd ¢t — & c/ sin(f + 563) ddbs (16)
. ege e a(AEPX)5c’3593 . 1’ . .
The first sensitivity parameter, ——-7=—2,is “cos(0 + 663)". This shows that this

parameter will not change when the position of the platform changes, but it will change
when the tilt-drive angle changes. Figure 8 shows the relationship between the parameter

9( AEpx
and the tilt-drive angle. The sensitivity parameter % will decrease when the

tilt-drive angle increases. That is, the larger the tilt-drive angle error, the lower the influence

(AEpx
of this parameter. Another sensitivity parameter, %&C%%, is “—8 ¢ sin(0 4 8603)”, in

which 8¢’ changes when the ballscrew position varies. It can be seen from Figure 9 that the
value of the sensitivity parameter decreases when either of the tilt-drive angles increases.

0.9002

09 1

0.8938

0.8996 -

a&c’

0.8994 -

8(8Bpx) e’ . 50,

0.8992 4
0.899 -

0.8988 - e :
25.84 2585 25.86 25.87 25.88 25.89 259 2591 25.92 25.93 2594

Tilt-drive angle

Figure 8. Relationship between the ballscrew motion error 8¢’ and parameter sensitivity.
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-

Figure 9. Relationship between the tilt-drive angle assembly error 563 and parameter sensitivity.

By substituting the condition of the prototype machine—where the tilt-drive angle 6
is 25.84°, the assembly error of the tilt-drive angle 563 is 0.05°, and the ballscrew motion
error is 0.5pum—into Equation (17), it is found that machine accuracy can be controlled
within a range of 1 um. Additionally, it can be concluded that the ballscrew motion error
source has a greater impact on the overall X-axis error. Similarly, the error source of the
Z-axis ballscrew motion has a greater impact on the overall Z-axis error.

|cos (6 + 663)|
|dc’ sin(6 + 863

>1 (17)

The position error of the Y-axis can be calculated using Equation (18). The sensitivity
parameter of the ballscrew motion and the assembly error of the tilt-drive angle can be
obtained by means of the differential of Equation (18), as follows.

(AEpy) 550, = 5d’ x tan(6 + 86y) (18)

d(ABpy) srzsa, = tan(0+ 804)dod’ — 5d’ sec® (8 + 5604)ds0 (19)
Th f. cgs e 86d'><tar1(9+594) s ” . :

e first sensitivity parameter of ————7——"is tan(6 + 564)”. This parameter will
not change when the platform position increases, but it will change when the tilt-drive
angle changes (as shown in Figure 10). Furthermore, the sensitivity parameter will decrease

as the tilt-drive angle increases. That is, the larger the error of the tilt-drive angle, the

!/
greater the effect of this parameter. Another sensitivity parameter of W is

“5d’ sec” (6 + 864)”, in which 8d” will change when the ballscrew position changes. This
parameter will change when either the platform position or the tilt-drive angle increases (as
shown in Figure 11). By substituting the conditions of the prototype platform—in which
the tilt-drive angle 6 is 25.84, the assembly error 66, is 0.05°, and the total ballscrew motion
error is 0.5 pm—into Equation (20), it is noted that the machine error can be controlled
within a range of 1 pm, which meets the design target of the prototype. Additionally, it
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can also be concluded that the ballscrew motion error source has a greater impact (almost
linearly proportional) on the overall Y-axis error.

[tan (6 + 664)|
‘éd’ sec2(9 + 594)‘

>1 (20)

0.487
0.4865 -
0.486 -
0.4855 -
0.485 -

0.4845 -

85d’ xtan(0+80,)
a5d’

0.484 -
0.4835

0488 | ——
25.84 25.85 25.86 25.87 25.88 2589 259 25.91 2592 2593 2594

Tilt-drive angle (°)

Figure 10. Relationship between the ballscrew motion error §d’ and parameter sensitivity.
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Figure 11. Tilt-drive angle error 564 vs. the sensitivity parameter.

3.3. Ballscrew Motion Error and Feed Error Analysis

Because the tilt-drive mechanism adopts a triangular geometrical driving principle,
the ballscrew motion and machining error will be reduced following the proportional
relationship of triangle geometry. In this study, the influence of translation error (such as
pitch error, etc.) on the platform movement was analyzed, and the rotation error of the
ballscrew can be merged into the tilt-drive angle error. Taking ballscrew B as an example
for the purposes of explanation, if ballscrew B has translational errors, since it drives the
platform to move along the X-axis direction, the translational errors will influence the
X-axis motion of the platform (as shown in Figure 12). When the tilt angle (the angle
between ballscrew B and the sliding rail) is 25.84° and the motion error (the translational
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error) of the ballscrew is 0.5 um, the feed motion error of platform will be 0.45 pm, which
is only about 90% of the motion error of ballscrew B.

Figure 12. Ballscrew B motion along the X-axis with translation error.

Similarly, the ballscrew motion error 8y, and platform feed error is illustrated in
Figure 13. When the mechanism is designed with a tilt-drive angle of 25.84° and the
ballscrew motion error of 0.5 pm (843), this results in a feed error of 0.242 pm (Ay3) for
the platform, which is a reduction to 48% of the ballscrew motion error. If a machine is
directly driven with the ballscrew with a motion error of 0.5 um, it will have a feed error of
at least 0.5 um. That is, the designed mechanism has only about 50% of the error that the
direct-driven mechanism has.

6&?3

Figure 13. Ballscrew D motion along Y-axis with translation error.
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3.4. Tilt-Drive Angular Position Error and Feed Error Analysis

Since the tilt-drive angle of the mechanism affects the axis resolution, if assembly
errors (between the ballscrew and the sliding rod) and errors in the ballscrew—sliding rod
motion exist, it will cause motion errors for the platform movement. The influence of
tilt-drive angle error on platform error was analyzed as a basic reference for design and
assembly. The X-axis tilt-drive angle error was taken as an example to explain. The rotation
error of the sliding rod is shown in Figure 14. When the ballscrew assembly generates
rotation errors, it will result in resolution error for the platform motion. Different errors
at different tilt-drive angles have different effects on the feed resolution of the platform.
The prototype machine was designed with a tilt-drive angle of 25.84°, and this was also
used for analysis. When the ballscrew assembly produces rotation errors, the movement
ratio of the ballscrew and the platform changes, which also results in a change in the feed
resolution of the platform (as illustrated in Figure 15). It can be seen from Figure 15, when
the ballscrew moves for a distance B and there is a tilt-drive angle error of ry, an error of
Axy occurs in the feed direction (i.e., the X-axis direction). When the ballscrew moves to
the next position (B+AB), an additional feed error Axy/ is introduced. It is clear that when a
tilt-drive angle error is present, the feed error of the platform is different at different travel
locations of the ballscrew, and the error has a proportional relationship with the travel
distance of the ballscrew, following the triangle principle. By substituting the condition that
the tilt-drive angle is 25.84° into Equation (2), the feed resolution of the platform obtained
is 900 nm. If the tilt-drive angle has an error +0.5°, the feed resolution will, respectively,
become 896.2 nm and 903.7 nm for tilt-drive angles of 26.34° and 25.34°. Compared to the
platform feed resolution of 900 nm, the resulting error in platform feed resolution (3.8 nm)
is less than 1/200 of the original platform feed resolution. This is because the error effect is
reduced as a result of the triangular geometry.

Figure 14. Structure of the ballscrew B rotation error.
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Figure 15. Ballscrew B rotation error.

4. Accuracy and Machinability Test

The prototype machine was designed to have an X-, Y-, and Z-axis travel range of
60 x 40 x 40 mm, and the machine footprint is less than 60 x 60 cm, as shown in Figure 16.
A high-speed spindle with a maximum speed of 150,000 rpm was used. Three sets of tilt-
servo mechanisms were used, and were installed on the base of the machine table. Since the
machine is of the horizontal type, the X- and Z-axis driving mechanisms were responsible
for translational motion, and the B-axis mechanism was designed for the rotation motion
about the Y-axis. The fourth tilt-servo mechanism was installed on the machine column
to translationally drive the spindle in the Y-axis direction. Due to the requirements of
high rigidity, a double-column-type mechanism was designed for Y-axis driving unit. The
machine table was supported by three supporting points. Ball bearings were installed on
the supporting points to provide low-friction rotation freedom for the B-axis. A sliding
connecting rod was installed under the bearing, so that the platform can move along the X-
and Z-axis slide rails. The driving unit used for each translational axis was composed of a
servo motor and a linear guideway module. The ASDA-A2 series servo motor produced
by Delta Electronics Inc. with a high-precision encoder was used. The linear guideway
module was model KK50 with a 2 mm ballscrew pitch and a 300 mm stroke produced by
made by Hiwin Corp.

Figure 16. Prototype of horizontal micromachine tool with co-planar multi-DOF.
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A HP5529 laser instrument was used to check the position accuracy and repeatability
of the machine. The measurement of the laser instrument was applied for a long travel
range, and the microcapacitance was used to check the accuracy of small movements.
The measurements were taken at three locations for each axis. At each location, several
small movements with 1-mm intervals were made. According to the calibration results,
the positioning accuracy of the machine was less than 0.8 um. In addition, a vision
measurement system was implemented to check the rotation accuracy. It showed that the
machine was able to achieve a rotation accuracy of 0.008°.

To conform the four-axis machinability of the machine, two micromachining exper-
iments were conducted. In the experiments, a microcutter with a diameter of 0.2 mm, a
spindle speed of 150,000 rpm and a feedrate of 300 mm/min was used to cut a copper
workpiece. Figure 17 shows the machined micro pattern, micro hole array, and micro
characters. To verify the rotation degree of freedom of the B-axis, three micro holes were
machined with tilting angles of 0°, 5°, and 10°. Figure 18 shows the cutting results. The
test results show that the machine was able to provide the expected cutting performance
with the expected 4-DOF movement, high feed resolution, and high accuracy.

Figure 17. Micro pattern, nine-hole array, and characters.

I«
—

0° - 10°

-

Cross section AA

Figure 18. Micro hole with different tilting angles.
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5. Conclusions

A new structure design with a synchronous driving mechanism for a co-plane multi-
DOF platform was proposed and verified in this study. Kinematic characteristics analysis
and error analysis were conducted to complete the design of the machine. Subsequently,
an integrating and tilting drive mechanism, a co-plane horizontal micromachine tool with
the advantages of low center of gravity, low inertia effect, high accuracy, and low cost,
was developed. A prototype of the proposed machine was built and used to conduct
micromachining experiments to verify the feasibility and performance of the design. The
experimental results showed that the machine was able to provide high feed resolution
and high accuracy in micromachining applications.
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