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Structural Optimum Design and Thermal Compensation

Design of an AOI Machine Structure

Abstract

This paper studies the optimum design and thermal compensation design of a high
precision automatic optical inspection (AOI) machine structure. First, the structure of
AOI machine is introduced. A parametric program for AOI machine is developed to
generate solid models of the AOI machine automatically. Then, structural characteristics
of the AOI machine are analyzed by the finite element analysis (FEA) and obtained by
experiments. Structural responses, such as deformation of the base frame and inspection
lens tip, of the original structure are analyzed. An integrated program is also developed
by combining solid model generation, FEA simulation, response approximation and
numerical optimization searches. Using this integrated program, optimum design of the
machine base and moving parts of AOI machine are conducted. The results of optimum
design improve the structural characteristics of the AOI machine structure. After the
temperature distribution experiment, the thermal deformation of the AOI machine can
be analyzed by FEA. Finally, a thermal compensation design is proposed to compensate

this thermal error.

Keywords: Automatic optical inspection, structural optimum design, finite element

analysis, thermal compensation design
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Chapter 1 Introduction

Due to the low profit rate, traditional industries have lost their competitiveness in
the past two decades. The emerging technologies and hi-tech industries took advantage
in meanwhile, and traditional industries are replaced by them as the key role of
promoting the Taiwan economy growth, such as the IC, PC/NB, LCD, communication,
MEMS and so on. In the hi-tech industries field, both the main on-line fabrication
equipment as well as the off-line inspection equipment is indispensable to guarantee
product quality. The on-line AOI equipment is to add AOI machines into production line,
such that the AOI machine can full check all production in process. Configuration of
on-line AOI equipment in production line [1] is shown as Fig. 1-1. The AOI equipment
is the necessary tool in detecting the dimensions and the defects of the hi-tech

components, in accordance with the trend of high throughput and high resolution.

The AOI equipment is imported in most domestic hi-tech industries. It consists of
the integration of mechanical-electrical-optical-information technologies for technology
need. Through the integration of its strong background in mechatronic technology in
positioning stages with the optical image processing techniques, it is possible to
promote a new AOI industry in Taiwan. The main reason to promote the AOI research
for the coming years in Taiwan is because the market requirements are huge not only in
domestic need but also in global need. IC, PCB, LCD, Communication, and MEMS

parts are the focused industrial applications [2].



Tape Blanking
and Pre-  —»
conditioning

Wia
Punzhing

S
Filling

Cond.
Prinfing

- —

Sizing Stacking

e —r - ——

I [
Eur;-mn | ¥ Post- |||, Resistor
Cofinng © g | [Trmmine

Electrizal J-—
Tast

Figure 1-1 Configuration of on-line AOI machine in production line [1]

This paper studies regarding two topics about AOI machine. One is about the
structure of AOI machine (gantry and base,) and another is about thermal compensation

design.

To improve the structure of gantry and base, J.J. Wu develop a finite element
model for a 1/10 scale crane rig in the laboratory, as Fig. 1-2 shown, so that one may
predict the dynamic behavior of the scale crane rig based on the relevant features of the
developed finite element model. The finite element model is then modified, according to
the experimental results, using various techniques. It has been found that the new
modified finite element model, by replacing the conventional infinite rigidity for the
ground-fixed nodes by the appropriate stiffness for the translational and rotational
springs, as Fig. 1-3 shown, can predict the vibration characteristics of the experimental

2



crane rig with satisfactory accuracy [3].
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Figure 1-3 Modified finite element model of crane [3]



Jochen M. Rieber proposed a series automatic control methods for a compliant
two-axes mechanism, as shown in Fig. 1-4. The investigation demonstrates how
high-precision manufacturing tasks can be optimized by the integration of robot link
design and control system design. A trade-off between mass reduction and motion time
reduction is shown via a simulation study related to an industry-grade prototype gantry

robot [4].

Frame
Joint Head
7/
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% — /
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Figure 1-4 Simplified gantry robot configuration [4]

D.R. Griffiths proposed a method combined genetic algorithm and shape
optimization to determine the optimal cross-section of beams, subject to various loading
conditions. The initial test case is the evolution of an optimal I-beam cross-section,
subject to several load cases, as shown in Fig. 1-5. It is shown that the methods

developed lead to consistently good solutions, despite the complexity of the process [5].
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Figure 1-5 Alternative cross-sectional shapes for various loading [5]

Mathivanan studies on the dynamic behavior of a machine base for crankshaft pin
milling machine. Design modifications are proposed to optimize the number of the ribs
used and its thickness based on the static and dynamic analysis of the assembly, as
shown in Fig. 1-6. A comparison between the existing and modified base structure

which is reinforced with the concrete, is also discussed [6].

Nodal solution ANEYS
Step =1 July 1, 2008
Sub =1 20:27:44
Time = 1

USUM (Avg)
RSYS = 0

DMX = 0.021285
SMX = 0.021285

— —
0.438E-03 0.154267 0.308096 0.461425 0.615754
0.077353 0.231181 0.38501 0.538839 0.692668

Figure 1-6 Stress distribution on the vertical ribs in the modified structure [6]



J. Gomand proposed that Industrial control of Dual-Drive Moving Gantry Stage
Robots is usually achieved by two independent position controllers, as shown in Fig.
1-7. A physical dynamic lumped parameters model of an industrial robot based on
structural, modal, and Finite Element Method analysis is proposed, experimentally

identified and validated [7].

Figure 1-7 Symbolic representation of a dual-drive gantry system [7]

Based on the configuration principles of biological skeletons and sandwich stems,
Ling Zhao proposed a machine tool column with stiffening ribs inside was designed
using structural bionic method, as shown in Fig. 1-8. After the lightening effect was
verified by finite element simulation, scale-down models of a conventional column and
a bionic column were fabricated and tested. Results indicate that the bionic column can
reduce the maximum static displacement by 45.9% with 6.13% mass reduction and its

dynamic performances is also better with increases in the first two natural frequencies

18],



Figure 1-8 Structural bionic design of stiffening ribs [§]

S. C. Jung design an imperfection detecting machine which has
composite—aluminum hybrid beam structure with high-modulus carbon/epoxy
composites in order to enhance dynamic stiffness and damping capacity of the structure.
New designs of beam structure are also proposed for the next generation inspecting
system which has much longer beam length, as shown in Fig. 1-9. Parametric study for
composite X-axis beam system and optimization scheme of joint inserts are performed

in the designing process [9].



- Granite

/ Thin Plates

K/

Composite

/ Tube

Figure 1-9 Composite X-axis beam for the next generation LCD detecting machine [9]

In order to enhance structural robustness of microfactory machine elements, Ju Ho
Kim proposed the foam-composite sandwich structure. Unidirectional carbon/epoxy
prepreg as skin materials and PVC foams as core materials were used to construct the
sandwich structures, as shown in Fig. 1-10. and 1-11. The total mass of the sandwich
column system was 1 kg whereas the mass of the current aluminum system was 2.6 kg.
From the vibration tests it was found that the newly designed sandwich column system

had 1.5 times higher natural frequency [10].



Figure 1-10 Finite element models of (a) the aluminum system and (b) the foam-composite

sandwich system [10]

Figure 1-11 The foam-composite sandwich structures [10]



To consider about thermal effect on machines, Sun-Kyu Lee proposed the effects
on machine slide-guide contact conditions caused by thermal deformation, as shown in
Fig. 1-12. Since a slide guide as a large friction surface, the motion is greatly influenced
by thermal distortion caused by heat generation in the ball nut and the bearing support,
during machining processes. This can investigate the typical behavior of the friction

coefficient in response to both the external load and the linear speed [11].

Laser interferometer

Eleotronio

Figure 1-12 Measurement of thermal effect on slide-guide [11]

E. Creighton proposed a spindle growth compensation scheme that aims towards
reducing its thermally-induced machining errors. A FEA is conducted on the spindle
assembly. This FEA correlates the temperature rise, due to heating from the spindle
bearings and the motor, to the resulting structural deformation. It is expected to reduce

its thermally induced spindle displacement by 80% [12], as shown in Fig. 1-13.

10
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Figure 1-13 Spindle, motor and housing under thermal stresses [12]

A. Gelman proposed passive thermal compensation mechanism is intended for
maintaining the stability of performance parameters of an optomechatronic system over
a wide operating temperature range, as shown in Fig. 1-14. This allows the mechanism
described herein to act as a motion amplifier. The amplifier Input is a small dimensional
change in the links, caused by temperature change and its output is the rotational motion

of the output link. The amplification is according to the rules of lever dynamics [13].

11



Figure 1-14 Operating sequence of the mechanism when temperature changes [13]

Mark Stern proposed a load cell temperature compensation system for accurately
measuring a force load applied to an external member during environmentally varying
temperature values. It includes a standard load cell which is rigidly mounted on a load
cell mounting plate, as shown in Fig. 1-15. The load cell mounting plate is fixedly
secured to the external member which has an external force load applied thereto. The
temperature compensation system further includes a force load application mechanism
which transmits a predetermined force load to the load cell. In this manner, temperature
variations applied to the external member will be compensated for by compensation

system and not read as a load force applied to the external member [14].

12
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Figure 1-15 Elevation view of load cell temperature compensation system [14]

Michael J. proposed an athermalized optical assembly includes a laser beam source,
such as a laser diode, and a collimator lens which are together mounted in an active
thermally-compensated structure, as shown in Fig. 1-16. The difference in the
coefficient of thermal expansion (CTE) of each compensation ring is chosen such that
the flexure plate kinematic hinge is passively operated to approximately compensate for
thermal shifts in system focal length while maintaining radial and angular alignment of
the lens relative to the laser diode source, so as to provide controlled axial movement of

the collimating lens [15].

13
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Figure 1-16 A section view of an optical assembly [15]

Donald R. proposed a passive mechanical system that unwanted positional shifts
between two objects, such as lenses, are precisely compensated during thermal changes,
as shown in Fig. 1-17. Materials with differing coefficients of thermal expansion and
angled interfaces transforms a longitudinal dimensional change into a fine transverse
dimensional change to precisely control movement as a function of temperature thereby

maintaining, e.g., lens focus [16].

14
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Figure 1-17 Invention involving four interfaces used in a lens mount [16]

This paper aims at providing a structural optimum design and a local thermal
compensation design for AOI machine. First, the structure of AOI machine is introduced.
Secondly, the static analysis of AOI machine is performed by considering the effect of
inertial force. Thirdly, various types of base design are proposed to improve the
structural strength of AOI machine. Based on the analysis, the structural optimum
design is performed to provide a suitable design for AOI machine base. Fourthly, the
optimum designs of moving part are also performed to both reduce weight and
deformation separately. Fifthly, the temperature distribution analysis is proposed by
considering operating conditions, and the thermal deformation analysis is also
performed. Finally, there is a new thermal designs proposed for reducing the thermal
deformation generated by the difference in the coefficient of thermal expansion of

X-axis beam and linear motor stator.

15
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Chapter 2 Theory and Development of AOI Machine

Structure

2.1 Evaluation of Heat Generation and Air Convection Coefficients

This paper refers to the book of HEAT TRANSFER [17] for the thermal analysis.
A medium through which heat is conducted may involve the conversion of electrical,
nuclear, or chemical energy into heat energy. In heat conduction analysis, such
conversion processes are characterized as heat generation. The rate of heat generation in
medium may vary with time as well as position within the medium. When the variation
of heat generation with position is known, the total rate of heat generation in a medium

of volume V can be determined from:
G= jV SdV (2-1)

In the special case of uniform heat generation, as in the case of electric resistance

heating throughout a homogeneous material, the relation in Eq. 2-1 reducesto G =gV,

where g is the constant rate of heat generation per unit volume.

Natural convection heat transfer on a surface depends on the geometry of the
surface as well as its orientation. It also depends on the variation of temperature on the
surface and the thermo-physical properties of the fluid involved. The simple empirical
formulations for calculating the coefficient of convection heat transfer % in natural
convection are divided into two parts, vertical plate part and horizontal plate part. For

vertical plates, the formulations can be expressed as Eq. 2-2 to Eq. 2-4.

17



h=—Nu (2-2)

0.387Ra"®

8/27

Nu'? =0825+ e
[1 +(0.492/Pr) ] (2-3)

3
gB(T, -T.)L,

2
v

Ra=GrxPr= x Pr (2-4)

where £ is coefficient of thermal conductivity, L, is characteristic length of the

geometry, Nu is Nusselt number, Ra is Rayleigh number, Pr is Prandtl number,

Gr is Grashof number, g is gravitational acceleration, [ is coefficient of volume
expansion, 7, is temperature of surface, 7. is temperature of the fluid sufficiently

far from the surface, and v 1is kinematic viscosity of the fluid. Noting that all fluid

. 1
properties are to be evaluated at the film temperature 7, = E(TS +T7)).

However, the characteristic length L, of horizontal plates is different than

vertical plates and it can be calculated from:

p

A
L,=-"2 (2-5)
B,

where 4, is the surface area and P,, is the perimeter. Note that L,  =a, /4 fora

D, /4 for a horizontal circular

horizontal square surface of length a, ,, and L, =D,

surface of diameter D, .

The rate of heat transfer to or from a horizontal surface depends on whether the

surface is facing upward or downward. After calculating the characteristic length L,

18



of horizontal plates by Eq. 2-5, the simple empirical formulations for calculating the
coefficient of convection heat transfer 4 in natural convection are similar to the

formulations of vertical plates and it can be expressed as Eq. 2-6 to Eq. 2-8.

h=—Nu (2-6)

Nu=CxRa" (2-7)

gﬁ(]—; - Toc )th3

2
v

Ra =GrPr = X Pr (2-8)

where the values of the constants C and m depend on the geometry of the surface
and the flow region, which is characterized by the range of the Rayleigh number. The

constant C is 0.54 and the value of m is 1/4 in this paper.

Flow in a tube can be laminar or turbulent, depending on the flow conditions. Fluid
flow is streamlined and thus laminar at low velocities, but turns turbulent as the velocity
is increased beyond a critical value. It certainly desirable to have precise values of
Rayleigh numbers for laminar, transitional, and turbulent flows. Under most practical
conditions, the flow in a tube is laminar for Ra < 2300, turbulent for Ra > 10000 ,

and transitional in between. The Reynolds number is defined as Eq. 2-9.

# (2-9)

where p is the density, V' is the mean fluid velocity, d is the diameter of the tube,

and u is the dynamic viscosity.

The average Nusselt number for turbulent flow across tubes can be expressed

compactly as Eq. 2-10 and Eq. 2-11.
19



Nu=CRa" Pr" (2-10)

(2-11)

where Rayleigh numbers Ra can be defined by Eq. 2-9. Noting that C =0.023,

m=0.8,and n=0.3 are given in this paper for cooling condition.

2.2 Thermal Deformation Analysis of AOI Machine Structure

Changes in temperature produce expansion or contraction of structural materials,
resulting in thermal strains and thermal stresses. A simple illustration of thermal
expansion is shown in Fig. 2-1, where the block of material is unrestrained and therefore
free to expand [18]. When the block is heated, every element of the material undergoes

thermal strains in all directions, and consequently the dimensions of the block increase.

I-' % H‘G&L
Linear expansion " Velure sxponsion
AL _gaT AV _3gAT
0 0 i

Figure 2-1 A simple illustration of thermal expansion [18]

This paper refers to the book of Mechanics of Materials for thermal deformation

analysis [18]. For most structural materials, thermal strain &, is proportional to the

temperature change AT ; that is,

20



Er =a(AT) (2_12)

in which « is a property of the material called the coefficient of thermal expansion.
Since strain is a dimensionless quantity, the coefficient of thermal expansion has units
equal to the reciprocal of temperature change. In SI units the dimensions of ¢ can be
expressed as either 1/K (the reciprocal of kelvins) or 1/°C (the reciprocal of degrees

Celsius).

In general, the force per unit area is called the stress and is denoted by the Greek

letter o . Thus, the axial force P,,, acting at the cross section is the resultant of the

continuously distributed stresses. Assuming that the stresses are uniformly distributed
over cross section, the resultant must be equal to the intensity o times the

cross-section area A

bar

of the bar. Therefore, the stresses can be expressed as:

o = Lo (2-13)

bar

This equation gives the intensity of uniform stress in an axially loaded, prismatic

bar of arbitrary cross section shape. When the bar is stretched by the forces P, the

axial °
stresses are tensile stresses; if the forces are reversed in direction, causing the bar to be

compressed, the stresses are compressive stresses.

As already observed, a straight bar will change in length when loaded axially,
becoming longer when in tension and shorter when in compression. Therefore, a unit

length of the bar will have an elongation equal to 1/L,, times o, . This quantity is

called the elongation per unit length, or strain, and is denoted by the Greek letter &.
The strain is given by the Eq. 2-14. If the bar is in tension, the strain is called a tensile

strain, representing an elongation or stretching of the material. If the bar is in

21



compression, the strain is a compressive strain and the bar shortens.

bar (2_ 1 4)

bar

N~

Many structural materials, including most metals, wood, plastics, and ceramics,
behave both elastically and linearly when first loaded. Consequently, the stress-strain
curves begin with a straight line passing through the origin. When a material behaves
elastically and also exhibits a linear relationship between stress and strain, it is said to

be linearly elastic.

The linear relationship between stress and strain for a bar in simple tension or
compression is expressed by the Eq. 2-15 and is called Hooke’s law. Noting that £ 1is
a constant of proportionality known as the modulus of elasticity for the material. The
modulus of elasticity is the slope of the stress-strain diagram in the linearly elastic

region.
o=Ee (2-15)

If the material follows Hooke’s law, the strains produced by the stresses o, o,,

and o, acting independently are superimposed to obtain the resultant strains €, £,

and &_. Thus, the following equations for the strains in tri-axial stress can be expressed

as Eq. 2-16. Noting that v is Poisson’s ratio and E is the modulus of elasticity.

ST
g, = %[ay (o, +0.)] (2-16)
ST A

Therefore, combining Eq. 2-12 with Eq. 2-16 for the thermal strain in Hooke’s law:
22



[ax - v(ay +0, )]+ odT

[cry —v(az +ax)]+aAT (2-17)

oy | =ty | =] —

[O'Z —v(ax +U},) +odT

Ordinary structural materials expand when heated and contract when cooled, and
therefore an increase in temperature produce a positive thermal strain. Assuming that
the material is homogeneous and isotropic and that the temperature increases A7 is
uniform throughout the block. This equation can calculate the increase in any dimension
of the block by multiplying the original dimension by the thermal strain. If one of the

dimensions is L,,, , then that dimension will increase by the amount.

0

bar

=&, XL, =axAT XL (2-18)

bar

o =Ee, = E(ax AT) (2-19)
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Chapter 3 Analysis of AOI Machine Structure

In order to determine the specification of the AOI machine, a finite element
analysis was performed. The structure of AOI machine is introduced. Finite element
model of AOI machine structure is also proposed. Due to the inertial force produced
from moving parts during detection process, the analysis of AOI machine is conducted
to understand the characteristics of AOI machine structure. The result of analysis is also

verified by experiment result.

3.1 Structure of AOI Machine

An AOI machine is generally composed of a base, a X-axis beam, a Y-axis beam,
and the inspection unit. The AOI machine to be analyzed in this paper has gantry type
structure as shown in Fig. 3-1. The gantry structure is mounted on a base and the

devices under test are placed on the base.

Inspection Unit

System Controller X-axis Beam

Y-axis Beam

Figure 3-1 Structure of a general gantry type AOI machine
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3.2 Parametric Design of AOI Machine Structure

Based on the parametric design and feature tree, SolidWorks utilizes a parametric
feature based approach to create models and assemblies. In a solid model, there are a lot
of parameters in every feature. But not all parameters are interested by designers. The
graphic user interface (GUI) is proposed to show the interesting parameters. Designers
can update the shown parameters of model by GUI dialog conveniently. In this section,
two kinds of parametric design programs are developed by Microsoft Visual Basic
language. One is for AOI machine structure with GUI and the other is for any cad model

from SolidWorks by executables (EXE files).

The GUI parametric design program includes several parts: menu items, schematic
diagram, eDrawing viewer, file control and design parameters, as shown as Fig. 3-2.
This program can update not only the length, width and height of whole machine, but
also the cross section detail dimensions of X-axis beam, Y-axis beam and base frame.
There are a total of 31 parameters. Based on this GUI parametric design program,
designer who has no 3D modeling capability can update the CAD model parameters

easily. The origin machine and double width of machine are shown in Fig. 3-3.

The other way to update the model parameters is the executables. In this paper, two
executables are developed. They are controlled by command line arguments. Designers
can update parameter by command “SW_PChange <part name.sldprt>
<parameter name> <value>" and export ACIS model by command “SW_OutputSAT
<part_name.sldprt> <part name.sat>". Through these two executables, other program
can automatically update SolidWorks model parameters and export SolidWorks CAD

model to SAT file. It can then be imported into FEA software.
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Menu items Schematic diagram eDrawing viewer

AOI Parame;~ic Design

[ Entre Mechoe | Baos strochore | Yeasis | Keaxis ]

A A

(" File Control ADI_W= [1000

File Name - [DAFRAAFTopfAOL ta |
[ ADI L= [1100
[ Load | [ Swes | AOLH= [1050
o I
Usit e, dege f [
File control Design parameters

Figure 3-2 GUI parametric design program

(a) Present AOI machine structure
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(b) AOI machine structure with double width

Figure 3-3 Parametric design of AOI machine structure

3.3 Finite Element Model of AOI Machine Structure

The solid model is transformed in the form of ACIS SAT, and then it is imported
into finite element analysis software. Solid95, the structural second order element [19]

as shown in Fig. 3-4, is used for modeling of AOI machine. Material properties are

listed in Table 3-1.

About the boundary conditions, the displacements in Z-axis direction of four
identical surfaces which contact with ground are set to zero. The displacements in
X-axis and Y-axis directions are set to zero in one of four points, as shown in Fig. 3-5.

In this way, AOI machine would not be over-constrained, and can deform in both
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X-direction and Y-direction.

M B

I ELz
T (Pristn Qptiam

b
Figure 3-4 SOLID95 3D 20-node structural element in ANSYS [19]

Table 3-1 Material properties of AOI machine

Young’s i .
: Poisson’s Density
Component Material name modulus .
ratio (g/em”3)
(GPa)
X-axis beam, stage
. . ) AL6061 68.9 0.33 2.7
and inspection unit
Junction plate AL7075 71.7 0.33 2.81
Linear guide S50C 195 0.29 7.86
Y-axis beam S45C 205 0.29 7.85
All other parts SS41 205 0.29 7.85
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X-axis Beam / a=0.5g

Base Frame
Uz=0
Figure 3-5 Boundary conditions of AOI machine
Tetra mesh was mainly used for mesh processing. Element number is between
55,000 and 60,000. After giving material properties and boundary conditions, a finite
element mesh model is built, as shown in Fig. 3-6. One static FEM computation takes
about 90 second at a computer equipped with Intel core 2 quad Q6600 CPU and 2 GB

RAM.
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Figure 3-6 Mesh model of AOI machine

3.4 Structural Deformation Analysis and Experiments

Since the effect of gravity cannot be removed, the deflection due to self weight
cannot be measured. To ensure the accuracy of the finite element model, an experiment
is conducted by adding loads to AOI machine. The AOI machine is applied static 10kg
per time at the upper middle point as the circle in figure, until the load reaches 50 kg, as
shown in Fig. 3-7. The digimatic indicator of Mitutoyo, 543-563, is used to measure the
deformation. It has 2.5um accuracy and 0.5pum resolution, as shown in Fig. 3-8. This
experiment had been conducted three times and digital indicator was used to measure

deformation at specific points. The deformation versus load is linear.
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Figure 3-7 Static deformation experiment set up

|_Metric B

Resolution Order No.*| Range | Accuracy
0.0005mm, 543-561 30.4mm | 0.0015mm
0.00Tmm 543563 |60.9mm | 0.0025mm

I
(a) A front view of 543-563

After comparing experiment results with FEM simulation results, if results are
coherent, then the finite element modal is reliable. Since the result of deformation
experiment 18.01um corresponds with the result of FEM deformation 19um as shown in

Fig. 3-9, the FEM analysis error is 5.21%. Therefore, this finite element model can

guarantee the accuracy of simulation.
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(b) Specifications of 543-563
Figure 3-8 Mitutoyo digimatic indicator 543-563



Uztop=18.56um

Uz.bottom=0.55um

Figure 3-9 The simulation result

3.5 Deformation Due to Inertial Force

During the detection process, the inspection unit needs to move back and forward
rapidly along X-axis, both the inspection unit and X-axis beam have to move back and
forward rapidly along Y-axis, as Fig. 3-10 shown. The maximum acceleration of the
inspection unit will reach 0.5g. Hence, when considering high precision, the effect of
inertial force must be taken into consideration. There are two loading cases should be
considered. Load case one is that the inspection unit moves along X-axis with the
acceleration of 0.5g. Load case two is that the inspection unit and X-axis beam move

along Y-axis with the acceleration of 0.5g, as Table 3-2 shown.

After taking the effect of inertial force into consideration, the simulation is

conducted by using the FEM. The results of simulation are also listed in Table 3-2. The
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displacement distribution of AOI machine is performed, too. In load case one, the
maximum deformation of base is 12.45um, and the maximum deformation of whole
AOI machine is 34.02um, as shown in Fig. 3-11. On the contrary, in load case two, the
maximum deformation of base is 7.07um, and the maximum deformation of whole AOI

machine is 23.91um.

j@ Inspection Unit ML

/ XA-axis Beam
| = |
L [ f ] P

YI Y-axis Beam
| X
-

Figure 3-10 The inspection unit moves along X-axis and Y-axis

Table 3-2 Maximum deformation due to inertial force

Inertia loading Acceleration | Max. deformation | Deformation of base

Load case 1,
. (0.5g, 0, 0) 34.02um 12.45um
moving along X

Load case 2,
(0, 0.5g, 0) 23.91um 7.07um

moving along Y
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Figure 3-11 Displacement distribution due to inertial force (Load Case 1)

3.6 Modal Analysis and Modal Test

The purpose of modal test and modal analysis is to find out the natural frequencies
and mode shapes of the structure. Not only the inspection unit of AOI machine moves
back and forward during the detection process but also the others pumps, which fixed
the objects by atmospheric pressure, and ball screws, which control the position of
inspection unit, give the AOI machine structure steady oscillation forces back and
forward. If the frequencies of this oscillation force are similar with any natural
frequency of the structure, the structure may cause resonance. The detection accuracy
will be affected. In this section, the modal test of AOI machine is proposed, and the

modal analysis is also proposed to verify with each other.

For the accuracy of modal analysis, multipoint constraint element MPC184 is used,
since there is one DOF between the X-axis beam and Y-axis beams by sliders. In

ANSYS, MPCI184 is multipoint constraint element which implements kinematic
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constraints like rigid link, rigid beam, slider, spherical, revolute, universal and slot. In
this case, the MPC184 slider constraint is used, its geometry is as shown as Fig. 3-12.

The node I is expected to lie initially on the line joining the node J and K.

¥
Figure 3-12 MPC184 slider constraint geometry [19]

Since there is no related displacement between machine base and ground, the four
corners of the base bottom are fixed. Furthermore, X-axis beam is fixed with Y-axis
beams by two angle plates for regular constraints, as shown as Fig. 3-13. Other
boundaries and constraints are as the same as said in section 3-3. The results of the
modal analysis about the X-axis beam of AOI machine are obtained by FEA. Less than
1000 Hz, natural frequencies of the AOI machine X-axis beam are 141Hz, 349Hz,
391Hz, 635Hz, 685Hz and 794Hz. The mode shapes of AOI machine at 141Hz, 349Hz,

635Hz and 794Hz are shown in Fig. 3-14.

36



slider constraint

all DOF = 0 at four corers

Figure 3-13 Boundaries of the AOI machine modal analysis

(a) Mode shape of X-axis beam at 141Hz

(b) Mode shape of X-axis beam at 349Hz
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(c) Mode shape of X-axis beam at 635Hz

(d) Mode shape of X-axis beam at 794Hz
Figure 3-14 Mode shapes of AOI machine by FEM

The LDV (laser doppler vibrometer) is used to measure the natural frequencies and
mode shapes of the AOI structure. LDV is a velocity measuring instrument, as shown in
Fig. 3-15. The measurement principle of LDV is as follows: first, LDV injects a He-Ne
laser, then the laser separates to reference beam and measurement beam by the
spectroscope; second, the measurement beam reflects from vibrating object, therefore its
wave length is initially 633 nm and variation after reflection; third, the detector detects
sum of the reference beam and reflected measurement beam to compute the vibration

frequencies of vibrating object; as shown as Fig. 3-16.
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Figure 3-15 The laser doppler vibrometer [20]
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Figure 3-16 The laser doppler vibrometer principle schematic [20]

The boundary conditions are set as previously described. The results of the modal
test about the X-axis beam of AOI machine are measured by LDV. Less than 1000 Hz,
natural frequencies of the AOI machine X-axis beam are 131Hz, 324Hz, 375Hz, 582Hz,
645Hz and 724Hz. The mode shapes of AOI machine at 131Hz, 324Hz, 582Hz and
724Hz are shown in Fig. 3-17. Compared with the results of modal test and modal

analysis, the maximum error is about 9.7%. It means that this FEM model is suitable to

analyze with suitable boundaries.
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(d) Mode shape of X-axis beam at 724Hz
Figure 3-17 Mode shapes of AOI machine by LDV

3.7 Concept of Structural Optimum Design Program

The optimum design program is developed with four modules: model generation,

FEA simulation, approximation and optimization, as shown in Fig. 3-18. This program
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1s written in Microsoft Visual C++ language. By parametric design program
(SolidWorks API) and parametric analysis (ANSYS APDL), this program can update
parameters of models, analyze automatically, and then execute sensitivity analysis and

optimization. After several iterations, an optimal solution can be received.

2. Develop solid model according to design
variables using parametric design program
3. Export solid model
—

2. Solve optimization problem

Initial values,
bounds

Design
variables

Approximate == = Model.sat
model values -

&

Exact fitness values

Run.mac

Approximation ===
. (APDL language)

parameters

1. Develop approximation model based on the
sensitivity.
I 2. Evaluate approximation model rather than
the original functions to save calculation
| time.

| 1. Import solid model
2, Establish meshed model
I3, Assign BCs and loadings to meshed model

Figure 3-18 Flow chart of the optimization program
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Chapter 4 Optimum Design of AOI Machine

This chapter aims at developing optimum design of the AOI machine structure.
First, many modified base structures are proposed in order to reduce the deformation
due to inertial force and increase the structural stiffness of the AOI machine base in both
X-axis and Y-axis direction. Then a more suitable model is selected to carry out
optimization. During the process of optimization, the finite element model will be
calculated hundred or thousand times. Therefore, the finite element model of machine
base is rebuilt by beam-shell to reduce the calculation time. By using this beam-shell

model, optimum design variables for cross section can be received.

The inspection unit and X-axis beam are the moving parts during the inspection
process, as shown in Fig. 3-10. The moving parts usually accelerate and decelerate
substantially. The inertial force acting on the AOI machine is multiplied the mass of
moving parts by 0.5g. Reducing the weight of moving parts can decrease the inertial
force effectively while remain the acceleration of moving parts; or remain the same

inertial force while increase the acceleration of the moving parts.

4.1 Modified Design for AOI Machine Base

The deformation of AOI machine base due to inertial force can be reduced by
adding diagonal beams and oblique beams to the base. Five modified designs of AOI
machine are proposed as shown in Fig. 4-1. The simulation results of modified design

are listed in Table 4-1.
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(e) LR-diagonal V
Figure 4-1 Modified design of AOI machine base
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Table 4-1 Static analysis of modified machine base design

Volume changed |Max def. of base| Def. changed
Model

(%) (nm) (%)

Present model --- 7.07 ---
Inner-oblique 1.87 6.65 -5.94
. LR-diagonal 1 4.62 3.37 -52.33

Y-dir -

LR-diagonal 2 9.07 2.20 -68.88
LR-diagonal 3 13.69 1.30 -81.61
LR-diagonal V 3.20 1.27 -82.04

According to above analysis, conclusions can be made as following:
*  The structural stiffness is weak if the base frame consists of vertical beams only.

*  The deformation in Y-axis can be reduced 80% by adding diagonal beams on left

side and right side of the base.

*  The total volume of machine base is increased slightly.

4.2 Beam-Shell Finite Element Model for AOI Machine Base and

Optimization

It takes hundred or even thousand times of analysis to finish structural optimization.
In order to reduce total process time, ANSYS beam189 and shell93 are used to rebuild
finite element model. In this way, a simplified model with loadings and boundary

conditions is built, as shown in Fig. 4-2.
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Max. deformation in Y-dir.

Figure 4-2 Simplified finite element model after modified design

This simplified finite element model has about 4,600 nodes and 28,000 D.O.F. and
only takes 5 second to finish one analysis. Although this model can reduce calculation
time effectively, it should also guarantee the accuracy of this model during static
analysis. By comparing analysis results of two models, the error of simulation results
between simplified beam-shell mesh model and solid mesh model is about 11%.
Therefore, simplified model can be used to find optimum solution during optimization

process, and it can also assure the accuracy of the simulation.
The numerical optimization problem can be written in the following form:

Find X, Such that F(X) — min

Subject to g; (¥)<0,i=1,2,...,n, 4-1)

where X is the design vector, F(X) is the objective function, g,(X)is the i,

constraint, and 7z, is the number of constraints.
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The optimization problem of the AOI machine is formulated by selecting three

geometric parameters ( x,, i = 1,2,3) of the rectangle tube’s cross section as the design
variables. x,,x, are the width and length of the rectangle tube, x; is the thickness of

rectangle tube. The best modified design has diagonal-V steel structure in left side and
right side of the base, as shown in Fig. 4-2. The constraints include the upper and lower
limit of design variables and the displacement due to inertial force. According to the
performance of modified design, the displacement due to inertial force is less than 0.5
times of original displacement in both X-axis and Y-axis direction, i.e. the structural
stiftness in both X-axis and Y-axis direction is doubled. The optimization problem is

formulated as:

Find X, Such that
F(X) =Vb()?) — min

Subject to
(4-2)

20mm < xp < 200mm; 0 < Xy <X 3 1.6mm < X3 < 6mm;

Uy (%) < 6pam (12mx0.5) Uy, (¥) < 3.5um (7umx0.5)

where Uy (X)is the maximum deformation in X direction, Uy (X)is the maximum

deformation in Y direction, ¥} (¥)is the volume of base frame. After numerical

searches of the structural optimization program, the optimum values are listed in Table
4-2. The ideal size for cross section of rectangle tube that calculated by optimum
program is 67 x 67 x 1.6. By decreasing thickness in X-axis direction and increasing
width to 67 mm, this design can strengthen the structural stiffness in X-axis. On the
contrary, the structural stiffness decreased in Y-axis direction as the thickness and width
both decreased. However, the structural stiffness decreased in y-axis can be improved

even more by adopting LR-diagonal V base.
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With this optimum design, the structural stiffness is doubled and total volume of
base can be decreased 31.2% to 23,151cm”3 (original volume is 33,658cm”3). By using
standard part of square tube 60 x 60 x 3.2, this structural stiffness of modified design,
compared with original design, becomes 2.47 times in X-axis direction and 5.2 times in

Y-axis direction, and 10.5% of the base weight is reduced.

Table 4-2 Design variables for the machine base

Parameter Initial value Optimum value
X1 125 mm 66.9 mm
X2 75 mm 66.9 mm
X3 2.3 mm 1.6 mm
Ux 12.45 pm 6 um
Uy 7.07 pm 1.92 pm
Vi 33,658 cm”3 23,151 cm”3

4.3 Modified and Optimum Design for X-axis Beam of AOI Machine

In order to decrease the weight of moving parts of AOI machine, selecting the total
volume of X-axis beam as the object function. The optimization problem of the AOI

machine is formulated by selecting four geometric parameters (x,,i=1, 2, 3, 4) of
X-axis beam as the design variables. x,, x,, x,are the thicknesses in the cross-section

of x-axis beam, x, is the side length of the square in the middle as shown in Fig. 4-3.

The constraints follow the general aluminum extrusion limit for large-scale platform.
The thickness of dimensions should not be less than Smm. To avoid the geometrical
error, three design variables should not be larger than 30mm simultaneously. Moreover,
the effect of self-weight and inertial force in Y-axis direction should be taken into
consideration as shown in Fig. 4-4. The behavior constraint is the deformation of lens

which is a part of inspection unit. Therefore, this behavior constraint should not be
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larger than the original deformation of inspection unit (45.6um). The optimization
problem is formulated as:

Find X, Such that

F(X) =VXB (X) > min

Subject to (4-3)

Smm < X5X X <30mm ; 20mm < X, <120mm

UL()?)<45.6ﬂm

where U L (X) is the deformation at the inspection lens tip, VXB (¥) 1is the volume of

the X-axis beam. After calculation by using optimization program, the optimum values
are listed in Table 4-3. The iterative procedure is shown as Fig. 4-5. The total volume of

X-axis beam can be decreased 26% to 6,464cm”3 (original volume is 8,753cm"3.)

X
_l___‘l

E “

b

Figure 4-3 Parameters in the cross-section of X-axis beam
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Figure 4-4 Loadings and boundary conditions of X-axis beam optimum design

Inspection Lens Tip

Uz=0
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og

Table 4-3 Light weight design variables for X-axis beam

Parameter Initial value Optimum value
X1 6 mm 7.069 mm
X 18 mm 11.253 mm
X3 15 mm 7.619 mm
X4 60 mm 58.69 mm
Vxs 8,753 cm”"3 6,464 cm”3
UL 45.6 um 45.6 um
¥-axis beam optimization
000 aae3
)
{E 8000
e
o
g
Q0T 0630 6525 6463 pues
6DDD 1 1 1 1 1
] 1 2 3 4 5
lterations

Figure 4-5 Iterative procedure of light weight optimum design
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To reinforce the structural stiffness of AOI machine, selecting the deformation of
lens at the same boundary condition and loadings as object function. The behavior
constraint is the total volume of X-axis beam (8,753cm”3), while other settings remain

the same. The optimization problem is formulated as:

Find x, Such that

F(X) =UL (X) > min

Subject to (4-4)
Smm < XX, X <30mm ; 20mm < X, <120mm

V (¥)<8753cm’
XB

After calculation by using optimization program, the optimum values are listed in
Table 4-4. The iterative procedure is shown in Fig. 4-6. The deformation of the lens can

be decreased to 37.1um (18.6% reduction).

Table 4-4 Structural reinforcement design variables for X-axis beam

Parameter Initial value Optimum value
X1 6 mm 11.09 mm
X 18 mm 15.19 mm
X3 15 mm 9.07 mm
X4 60 mm 67.71 mm
Vxs 8,753 cm”"3 8,753 cm”3
UL 45.6 pm 37.1pm
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Figure 4-6 Iterative procedure of structural reinforcement optimum design

After numerical searches of the structural optimization, 26% of the x-axis beam
weight can be reduced when the deformation of lens remains the same, or 19% of the
lens deformation is reduced meanwhile the volume remains the same. Hence, the
inspection unit can be moved with a higher acceleration, then the AOI machine can use
linear motor with lower power as actuator, or a better image quality can also be acquired

during the inspection process.
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Chapter 5 Thermal Compensation Design of AOI

Machine

In the chapter, the temperature distribution of AOI machine under the temperature
distribution becoming steady state is detected by an infrared thermometer and the
thermal couple. After the experiment results are obtained, the temperature distribution
can be very closely simulated in ANSYS. Since the temperature distribution is
re-performed in ANSYS, the thermal deformation analysis can also be executed.
According to the result of thermal deformation analysis, a thermal compensation design

is proposed to compensate the thermal error of the AOI machine.
5.1 Temperature Distribution Analysis

For detecting the temperature distribution of AOI machine under the temperature
distribution become steady state, the infrared thermometer is used. It measures the
temperature using blackbody radiation emitted from detected object that the wave
length range of this radiation is about 0.7um ~ Imm (infrared), as shown in Fig. 5-1.
Therefore infrared thermometer can measure the temperature from a distance
(non-contact). By knowing the surface emissivity and energy emitted by the detected

object, the temperature of object can be determined.
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Figure 5-1 Infrared position on spectrum [21]

Although the infrared thermometer is detecting the energy from the object surface,
the energy is not only emitted from object. The energy is sum of emission, reflection
and transmission by the surface, as shown in Fig. 5-2. So that not all surfaces are
suitable for infrared thermometer measurement, such as: transmission with infrared,
shining surface (metal) and other surface with high reflection. Adding tapes with

knowing emissivity can solve this problem and get accuracy result.

If transmission=0,
W = Emission + Reflection

W

Emission

Reflection

Figure 5-2 The energy is sum of emission, reflection and transmission [21]

The arrangements of temperature distribution experiment consist of the infrared

thermometer fixed by a tripod and measuring the X-axis beam of AOI machine, as
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shown as Fig. 5-3 and 5-4. After machine switch on, the environment temperature is

25.3°C. The experiment is measured until the temperature stabilized, spent a total of 5

hours. The initial and final temperature distributions are shown as Fig. 5-5 and 5-6.

Figure 5-3 The arrangement of temperature distribution experiment

Figure 5-4 Measuring the X-axis beam of AOI machine
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Figure 5-5 Initial temperature distribution
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Figure 5-6 Final temperature distribution

56



As the results show that the temperature of X-axis beam ranges from 26.2°C to
27.1°C. Note that there are some red color regions on linear motor stator in Fig. 5-6. In

general, red region means higher temperature but the linear motor stator has shining
surface which is not suitable to measure temperature by an infrared thermometer
because of the reflection. Here the thermal couple is used to measure the temperature of

stator. The results show that the temperature of linear motor stator ranges from 27.5°C

to 33.5C.

After the experiment results are obtained, the temperature distribution can be very
closely simulated in ANSYS. The boundary conditions and the result are shown in Fig.
5-7 and 5-8. The temperature of the X-axis beam ranges from 26.3°C to 27.3°C. For
verifying the result from FEM and experiment, a series of temperature numerical at

X-axis beam from end to mid are captured, as shown as Fig. 5-9. In this figure, it shows

that the FEM result is very close to experiment result.

Figure 5-7 The boundary conditions of temperature distribution analysis
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Figure 5-8 The result of temperature distribution analysis by ANSY'S
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Figure 5-9 Compare temperature distribution result of FEM with experiment

5.2 Thermal Deformation Analysis

Since the temperature distribution is re-performed in ANSYS, the thermal

deformation analysis can also be executed. Noting that the coefficients of thermal
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expansion of steel and aluminum are 23.6 and 11.5um/m-°C separately. After the
thermal deformation analysis, the thermal deformation result can be obtained, as shown
as Fig. 5-10. The analyzed maximum deformation of AOI machine is 26.23pum.
Simultaneously, the components of the maximum related deformations of X-axis beam
in X, Y and Z direction are 41.16pm, 17.44pum and 13.61um respectively, as shown in

Fig. 5-11 to 5-13.

NCDAL SCLUTION
215 9 2010

STEP=1 22:15:46
SUB =1 PIOT Mo, 1
TIME=1

SMI =—.017839
SME =.003468

—.017839 —.013104 —. 008369 —. 003634 .001101
—. 015472 —.010737 —. 006002 —. 001267 L003468
File: tr7550

Figure 5-10 The thermal deformation of AOI machine in Y-dir

59



AN
NODBL SCLUTION

AJG 9 2010
STEP=1 22:17:05
SUB =1 FLOT Mo, 1

—. 020347 -.0112 —.002053 007095 016242
—.015774 —. 006626 .002521 L011668 .020815
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Figure 5-11 The thermal deformation of X-axis beam in X-dir
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Figure 5-12 The thermal deformation of X-axis beam in Y-dir
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Figure 5-13 The thermal deformation of X-axis beam in Z-dir

Noting that the thermal deformations of X-axis beam in both X and Z-direction are
similarly uniform extension in their direction, but not the same in Y-direction. The
Y-direction thermal deformation of the X-axis beam is generated by the mismatch
expansion, which is the coefficient of thermal expansion multiplied by average

temperature variation, between X-axis beam and linear motor stator.

5.3 Thermal Compensation Design

Because of the CTE and temperature variation are different between X-axis beam
and linear motor stator, as shown in Fig. 5-14, there is bending occurred. In the above
analysis, the elongations of both X-axis beam and linear motor stator can be probably

estimated as Eq. 5-1.
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{ Ly, =L, +a,xAT, xL, 5.1)

Ly = Lo+ 0, XAT XL,

where a,, and a,,, arethe thermal expansion coefficients of X-axis beam and linear
motor stator, A7, and A4T,, are the average temperature variation of X-axis beam
and linear motor stator, L, is the original length of linear motor stator, L,, and L,

are the lengths by thermal expansion. The elongations of X-axis beam and LM stator are
35.4um and 59.8um separately. Because of the mismatch of elongations, the structure of

X-axis beam bends like an arc opening upward.

Ly=1m
& %p=23.6 pm/m-"C ATy,=1.5C

Iy

A 4

LM stator

& s =11.5 ym/m-"C AT e=5.27TC

Figure 5-14 X-axis beam schematic diagram in thermal expansion

The bending structure makes the inspection unit moving along the X-axis beam but
producing Y-direction displacement. A thermal compensation design concept is

proposed to compensate this thermal error, as shown in Fig. 5-15.
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Linear motor stator X-axis beam

\h

Thermal compensation design

Figure 5-15 Thermal compensation design concept

This thermal compensation designs connect the ends of linear motor stator and the
X-axis beam. They support the stator and provide the thermal compensation at the same
time. In the detail view of the design, it has a box with a hole and two bevel surfaces
with the same degree. It also has several plates with rectangle-shaped and I-shaped cross
sections. The plates also have the bevel surfaces and the same degree with the box, as
shown in Fig. 5-16. Noting that their bevel angles are connected sequentially and the

degree angle =6.

o< - 4 /

Figure 5-16 Thermal compensation design concept
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Local view of this design, a box and a rectangle-shaped plate are selected, as
shown in Fig. 5-17. They are connected by the bevel surface. Different materials are

used between box and plate with CTE «, and «,. If the temperature of the design

rises 47T, °C, the heights of box and plate are separately formulated as:

X H,
xXH,

box

H,=H,+a,xAT,

box

H,=H,+a,6,XxA4T,
{ 4 0 Tay (5-2)

where Ha and Hg mean the heights of the box and plate with material A and B after the
temperature rising 47, °C. Since a, #a,, the elongations are not the same. For the

bevel surfaces keeping connected, there is relative movement between these two parts

by sliding in the bevel surfaces.

2, -
F Y — f/ L - t
A Tbox
H,=50mm A H, A Hp
B B
A J u r ",_
N

Figure 5-17 Local view of the design and principle

As the (Ha- Hp) and (Lpys - Lxp) are known, the degree of the bevel surfaces 6 can
be determined as Eq. 5-3 and Fig. 5-18. Considering the multi-plates exist in the box at

the same time.

64



0.9(H,- Hp)

&

0.5(L s = Lyp)/n
Figure 5-18 The relationship of 0 and legs of right triangle

A _HB (5_3)
(L —Ly)/n

tan @ =

Substitute by Eq. 5-1 and 5-2:

o, XAT,

box

XH,—a,xAT, XH,

tan @=
Oppgs X AT Xﬂ_a)ﬁ; x ATy, =
‘ n n (5-4)

_HOXnX (aA_aB)XAT;mx
L, Op1pe X AT, g 1 0 08 ATES

where the n means the number of plates a box has. Assume the material of box and
I-shaped plate is aluminum and rectangle-shaped plate is invar. The CTE of the invar is

very small (1.2 um/m-°C). The Eq. 5-4 can be expressed as Eq. 5-5.

H 224X AT
tan @ = 20 X2 bar (5-5)
L, 11.5%AT,, —23.6xXAT,,

According to this equation and the said experiment result (47, =1.6 °C,
AT, =5.2°C, 4T,, =1.5°C), the value of the € can be determined as 6=4.2"

with one plate in box; the value of the 6 can be determined as 6=8.36" with two

plates in box; the value of the @ can be determined as 8=16.37" with four plates in

box and so on. Considering the self-locking, the coefficient of friction between plain

bearing with thin film lubricated is about 0.08. The friction angle is about 4.6°.
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Therefore the self-locking will not be occurred if at least two plates are used. The

thermal compensation design schematic is shown as Fig. 5-19.

6=16.37"
i ——
O L [ 1] J 15 mm

'l A

70mm
48mm
50mm
49mm

h 4

" o CL I T ]

Figure 5-19 Thermal compensation design schematic diagram with four plates

v
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Chapter 6 Conclusions and Perspectives

6.1 Conclusions

This paper studies the FEM analysis, optimum design and thermal error of the AOI

machine structure. The conclusions in this paper can be summarized as follows:

1. The model analysis is correct and is verified by modal test. The result of
modal test of the AOI machine is close to that of the modal analysis in natural
frequencies and mode shapes. The maximum error of natural frequency is

about 9.6%.

2.  An integrated program is developed to decrease the weight of the AOI
machine. The program is composed of model generation with SolidWorks API,
FEA simulation with ANSYS, response approximation and numerical
optimization. The program can automatically update model parameters,
analyze structural responses and search the optimum solution for design
parameters. Both structural optimizations of the AOI machine are carried out.
For the optimum design of the AOI machine base, the base weight is reduced
by 31.2% and the structural stiffness of the base is doubled. For optimum
design of moving parts of the AOI machine, 25% of the x-axis beam weight is

reduced, and the structural stiffness is almost the same.

3. The temperature distribution analysis of the AOI machine is executed
according to the experimental result. The temperature distribution experiment
results of AOI machine is measured with IR thermometer and thermal couple.

The temperature ranges between 26.3°C to 27.3°C at X-axis beam and 27.5"
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C to 33.5°C at linear motor stator in environment temperature 25.3°C. For

adapting the results of thermal distribution experiment, the thermal

distribution analysis is proposed. The temperature ranges between 26.2°C to
27.1 ° C at X-axis beam. Therefore, the response of the temperature

distribution analysis can stand for the actual characteristic of the AOI

machine.

A thermal compensation design is proposed to reduce the thermal deformation
of the AOI machine. According to the thermal deformation analysis based on
the temperature distribution analysis, the thermal deformation is large. For
example, the analyzed maximum deformation of AOI machine is 40.74um.
Also, the components of the maximum deformations of X-axis beam in X, Y
and Z direction are 40.55um, 17.02pm and 8.54pum respectively. The thermal
deformation of the AOI machine is generated by the coefficient of thermal
expansion mismatch between X-axis beam and linear motor stator. In order to
reduce the deformation, the thermal compensation design is proposed and it

can compensate relative large deformation in a small structure.

6.2 Perspectives

This paper studies the FEM analysis, optimum design and thermal error of the AOI

machine structure. But there are still some contents worth developing and improving in

the future, as follows:

1.

In the modal analysis and modal test, this paper compares two results of each

other. It shows that the modal analysis is correct and is verified by modal test.
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However, these results cannot predict actual situation during operation
because there are many equipments and machine case mounted on this
machine structure. These equipments and machine case will have great

reflection on the response of the machine structure.

According to the optimum design result of the machine base, it is suggested
that the channel steel should be replaced by the square tube steel. However, if
square tube steel was used, the wiring would be a problem. Therefore, channel

steel is still used.

Although the optimum designs of the AOI machine are completed, some
unconsidered design criterions should be established. They are about the
allowable toleration of inspection unit deformation and the allowable
deflection of machine structure under full loading. According these criterions,

a better design of AOI machine structure can be received
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Appendix A Parametric Solid Model Design by
SolidWorks

A.1 SolidWorks API by Visual Basic of MicroSoft Visual Studio 2005

Based on the parametric design and feature tree, SolidWorks utilizes an approach
based on parametric feature to create models and assemblies. For any model from
SolidWorks, two executables (EXE files) are developed to update the model parameters
and export ACIS SAT model for FEM software. They are controlled by command line

arguments. Designers can update parameter by command:

“SW_PChange <part_name.sldprt> <parameter_name> <value>"

Export ACIS model by command:

“SW_OutputSAT <part_name.sldprt> <part_name.sat>"

The constructing procedure of the executables is described as follows:
1. Open Visual Studio 2005.
2. Select <File> and press <New Project>.

3. Choose <Visual Basic> in <Project types>, and choose <Console Application>
in <Templates>. The project is named <SW_PChange> or <SW_OutputSAT>.

Then press <OK>.

4. For the connection between SolidWorks and VB, the reference should be added.
Choose <Project> <Add Reference...>, and choose <SldWorks 2007 Type

Library> in page <COM>, and press <OK>.
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5. Write the content. (See sec.A.2)

6. After finish the code and press <Start Debugging>, SW _PChange.exe or
SW_OutputSAT.exe and Interop.SIdWorks.dll can be found in

<Project>\<Project name>\<Project name>\bin\Debug direction.

7. Open SolidWorks, open SolidWorks CAD file *.sldprt, and run the executables

with command line. For example:

SW_PChange.exe box.sldprt length@Sketch1 60

SW_OutputSAT.exe box.sldprt box.sat

A.2 Code Description

The codes of SW_PChange.exe and SW_OutputSAT.exe are interpreted as follow:

SW_PChange.exe

Module Modulel
Sub Main()
Dim Args() As String
‘Define a matrix
Args = Split(Command$, " ")
‘Split the command line behind the *.exe by space. Then assign the arguments to matrix Args().
‘ex. A.exe a bb ccc
‘> Args(0)=a, Args(1)=bb, Args(2)=ccc
If UBound(Args) = 2 Then
‘It is expect that thecommand line is <part_name.sldprt> <parameter name> <value>, so that if the
number of arguments is 3 then the follows will be done.
Dim swApp As New SldWorks.SIdWorks
swApp.Visible = True
‘Declare the swApp as an object of SolidWorks.
Dim Model As S1dWorks.ModelDoc2 = swApp.OpenDoc6(Args(0), 1,
0, "", 0, 0)

‘Open the sldprt file as the string of Args(0), then declare it as Model.
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Model .Parameter(Args(1)).SystemValue = Args(2) / 1000
‘Set the value of parameter name Args(l) i1s the value in Args(2)
Model .EditRebuild3()
Model.Save()
‘Rebuild and save the model.
Else
Console . Write("SW _PChange <part_name.sldprt>
<parameter_name> <value>")
‘If the number of the arguments behind *.exe is not 3, the string will be output to remind user.
End If
GC.Collect()
‘release memory

End Sub
End Module

SW_OutputSAT.exe

Module Modulel
Sub Main()
Dim Args() As String
Args = Split(Command$, " ")
If UBound(Args) = 1 Then
Dim swApp As New SldWorks.SIdWorks
swApp.Visible = True
Dim Model As S1dWorks.ModelDoc2 = swApp.OpenDoc6(Args(0), 1,
0, "", 0, 0)
Model.SaveAs(My.Application.Info.DirectoryPath & "\" &
Args(1))
Else
Console . Write("SW_PChange <part_name.sldprt>
<part_name.sat")
End If
GC.Collect()
End Sub
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End Module

Through these two executables, other program can automatically update
SolidWorks model parameters and export SolidWorks CAD model to SAT file. It can

then be imported into FEA software.

78



Appendix B Instruction of the Structural Optimum

Design Program

B.1 The description of Structural Optimum Design Program

The console program of this integrated program is written by Visual C++ language

and ANSY'S software is called for structural finite element analysis. Values of objective

function and constraints will be output for ANSYS and be obtained by DOS command

in the console program. In the part of FEA, a macro program for process control and

information transformation is written by APDL (ANSYS Parametric Design Language),

a built-in language of ANSYS. Structural analysis of the finite element model is

performed by this macro program. At last, the approximate method is applied for

numerical optimization.

B.2 The Description of Optimum Design Problem Setting

Parameter Name Description
NParameter Number of parameters which are inputted into system
NResponse Number of responses generated by system
[nitPar0 Initial value of design parameter #0. Change the number
for other parameters.
UpperPar5 Upper boundary of design parameter #5
LowerParl Lower boundary of design parameter #1
UpperResp0 Upper boundary of design response #0
LowerResp2 Lower boundary of design response #2
ObjRespID Choice a response as objective
. ) Link parameter #1 to which design variable.
DesignVariableldOfParl (this ilzlterface will be changed ingthe future)
FiniteDifferenceStep |A FDM step of computing gradient value

79




B.3 The Optimum Design Problem Solver Setting

Parameter Name

Description

ErrorForDVConverge

An allowable error to determine the convergence off
design variables

ErrorForObjConverge

An allowable error to determine the convergence off
objective

B.4 The Approximation Setting

Parameter Name

Description

InitialMoveLimit Define initial move limit

ReducingRatioForMoveLimit

Reducing ratio will make move limit small after each
optimization iteration. The maximum range is 0.99
(99%) and it makes move limit be 1% smaller than
previous iteration.

SensitivityStep

A FDM step of computing sensitivity value
(default=0.001)

B.5 The Optimum Integrated Environment Setting

Parameter Name Description
Choice model source. For example, 3-truss problem is
ModelSource computed by ANSYS, and 3D beam problem requires
AutoCAD or SolidWorks and ANSY'S.
ANSYS execute file path. Ex. C:\Program Files\Ansys
ANSYSEXE Inc\v100\ANSY S\bin\intel\ansys100.exe
MainWork ANSYS main macro file.
PreWork / PostWork |Extra macro file executed before / after main macro file
Select CAD model for ANSYS
UseCADModel 0=Not require, 1=AutoCAD, 2=Inventor, 3=SolidWorks
Please ensure the output file is named “model.sat”
PartForParQ Part name of design parameter #0
NameOfPar3 Name of parameter #3 in SolidWorks part file
SWFileForOutputSAT Name of “the Solid,\’Vorks part or assembly which will be
output as “model.sat

B.6 The Macro program for structural analysis of AOI machine

/prep7

~satin,model
ET,1,SOLID95
AL6061=1
MP,EX,AL6061,68900
MP,PRXY,AL6061,0.33

! enter the preprocessor

! import the ACIS SAT file of solid model

! element type is SOLID95

' AL6061 for first material

! Young’s modulus for AL6061 (first material)

! Poisson’s ratio for AL6061 (first material)
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MP,DENS,AL6061,2.7¢e-9

VGLUE,all

! density for AL6061 (first material)

! generate new volumes by gluing volumes

! cmsel

! base
allsel,all

*GET,bottom,KP,, MNLOC,Z

asel,s,loc,z,bottom
vsla,s,0
cm,Base,VOLU

l-----4 columns & Y-
aslv,s

vsla,s,0

aslv,s

vsla,s,0

vsel,u,VOLU,,Base
cm,ColumnY,VOLU

allsel,all
MSHAPE,1,3D
MSHKEY,0
ESIZE,20,
MAT,STEEL
VMESH,ColumnY

/SOL

*GET,bottom,NODE, MNLOC,z

nsel,s,loc,z,bottom
cm,Zfix,node
D,Zfix,all,0

! select the base volume as base component

! select all
! get the minimum value of z direction in
whole model

! select the areas at z=min

! select the volume include the selected areas

! set the selected volume as a component named “BASE”

! select all areas include the selected volume (BASE)

! select all volumes include selected areas (BASE and
volumes near BASE, like four columns)

I select all areas include the selected volume (BASE and
four columns)

! select all volumes include selected areas (BASE, four
columns and Y-axis beam)

! unselect BASE volume

! set the selected volume as a component named
“ColumnY”

! repeat until all volumes are set to components

! select all

! mesh shape is set as 3D type

! free meshing

! specify the element size

! specify the material name

I generate elements within ColumnY volume

! repeat until all elements are generated

I enter the solution processor

! get the minimum value of z direction in
all nodes

! select the nodes at z=min

! set the selected nodes as a component named “Zfix”

! all selected nodes are fixed
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allsel,all ! select all

ACEL,0,0,9810, ! specify the gravity acceleration (loads)

SOLVE ! start a solution

/prep7 ! enter the preprocessor

VSEL,s,VOLU,,XBeam ! select volume named “XBeam”

VSUM ! compute the sum of selected volume

*GET,volume,VOLU,0,VOLU ! get the value of VSUM

RESPONSE(1)=volume/1000000 ! define the value/1000000 as
RESPONSE(1)

n_center=node(575,361,622.7) ! select the node nearest a location

*GET,U_lens,NODE,n_center,u,sum I get the value of the displacement at the
selected node

RESPONSE(2)=U _lens*1000 ! define the value*1000 as RESPONSE(2)

FINISH I exit the postprocessor

B.7 The Example of Optimum Design Problem Setting

As the section 4-3:
[model setting]
NParameter=4 ! four design parameters

NResponse=2 ! two responses generated by system

[solver setting]

InitialMoveLimit=2 ! initial move limit
ReducingRatioForMoveLimit=0.618 ! reduced ratio
SensitivityStep=0.005 ! a step of computing sensitivity value
InitPar0=6 ! initial value of parameter #0
LowerPar0=5 ! lower boundary of parameter #0
UpperPar0=30 ! upper boundary of parameter #0
UpperResp1=45.645 ! upper boundary of response #1
ObjRespID=1 ! response #1 as the objective
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[FEA setting]
UseCADModel=3 ! 3 is for SolidWorks

ANSYSEXE=C:\Program Files\Ansys Inc\v100\ANSY S\bin\intel\ansys100.exe
' ANSYS execute file path
MainWork=AOIL.MAC ' ANSYS main macro file

[Inventor/SolidWorks setting]

PartForParO0=AOI.SLDPRT ! SolidWorks part name for parameter #0

NameOfParO=d1@sketch97 ! parameter name in SolidWorks for
parameter #0

SWFileForOutputSAT=AOIL.SLDPRT ! part or assembly name for outputting SAT
file
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