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This research upgraded the previous work of a contact force controlled scanning probe
microscopy system design, the main part of this system are as: XYZ-stage, force actuator and
driving circuit, Linear Variable Differential Transformer(LVDT), Linear Velocity Transducer(LVT),
load cell, diamond probe, data acquisition board, and operating system programming. By using PID
controller, the contact-force of the probe is feedback for monitoring the force actuator to meet the
desired contact-force between the probe and the object as well as to minimize the hysteresis effect
of the force actuator. Finally, the profile of the object surface is displayed on a 3D graph. The
accuracy of the system is 1 um.

This research used a Linear Velocity Transducer (LVT) to detect the vertical moving velocity of
the stylus probe for the force actuator inner-loop damping and transient behavior control. This
improvement has been verified by MATLAB simulation to reduce the hysteresis effect and the
transient response of the force actuator.

The other effects that will degrade the performance of measurement accuracy are probe tip,
Linear Variable Differential Transformer (LVDT), and load cell. In the previous work, the probe tip
is with radius 2 um and angle 60 degrees. The accuracy of LVDT is lum. The measurement
resolution of load cell is 40 mg. To improve the system performance of the proposed surface
profiler this project is going to purchase the probe tip with radius 100 nm and angle 10 degrees. The
resolution of load cell is 5 mg, and the up-graded LVDT as well as the circuit layout artwork.

Keywords: Linear Velocity Transducer (LVT), Linear Variable Differential Transformer
(LVDT), Load Cell
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Scanning Probe Microscope System Design with Linear Velocity
Transducer for Feedback Compensation

Jium-Ming LIN
School of Mechanical Engineering and Astronautics,
Chung-Hua University
Hsin-Chu, Taiwan, ROC
e-mail: jmlin@chu.edu.tw

Abstract—This research is to use Linear Velocity
Transducer (LVT) to detect the vertical velocity of the
stylus probe for the inner-loop damping and transient
control of a force actuator. This improvement has been
verified by MATLAB simulation and practical
implementation of a surface profiler to reduce the
hysteresis effect of the force actuator.

Keywords —LVT, LVDT, Load cell, Surface profiler.

. INTRODUCTION

The Scanning Probe Microscopy (SPM) has been
developed rapidly in the last two decade [1]. Its usage is
very extensive, for example, the measurements of
physical distribution and material property such as
surface profile, roughness, static charge, magnetic dipole,
friction, elasticity, and thermal conductivity. As shown
in Fig.1 of past research [2], a balance with stylus probe,
force actuator, LVDT (Linear Variable Differential
Transformer), load cell, personal computer, and XYZ-
stages was integrated into a contact-force-controlled
Scanning Probe Microscope (SPM) system, such that the
surface of the sample would not be destroyed by the
contact force produced by the stylus probe. This research
is to use Linear Velocity Transducer (LVT) in Fig. 2 to
detect the vertical velocity of the stylus probe for the
inner-loop damping and transient control of the force
actuator.

Force Actuator

YWZTdle o

Computer T
: AD Instrumention Amplifier

DA
Fig.1. The contact force-controlled SPM system.
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School of Mechanical Engineering and Astronautics,
Chung-Hua University
Hsin-Chu, Taiwan, ROC
e-mail: m09308037@chu.edu.tw

The stylus probe is shown in Fig.3, the voice coil was
applied as a force actuator (Fig. 4a), which was
integrated with LVT and LVDT (Fig. 4b) to measure the
probe vertical displacement and velocity. The load cell in
Fig. 5a was used to detect the contact force between the
probe and sample to be tested. A leaf spring in Fig. 5b
was applied to integrate the load cell with voice coil,
LVT and LVDT module as shown in Figs. 5¢ and 5d.

Fig. 2. The LVT. Fig. 3. The stylus probe.

Fig.4a. The voice coil. Fig. 4b. The LVDT.

Fig. 5a.The load cell.

Fig. 5b.The leaf spring.

In addition to the XY Z-stages a piezo-stage in Fig. 6
was also put on the Z-stage to improve the measurement
accuracy. The personal computer was the central control
unit for the whole operation, such as setting the contact
force between the probe and the sample, taking the
contact force information from the load cell, as well as
driving the force actuator for the balance-arm initial
leveling. Thus it is an automatic SPM system.This
improvement has been verified by MATLAB simulation
and practical implementation of a surface profiler to
reduce the hysteresis effect of the force actuator.
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Force
Actuator

Spring

LVDT

LVT

Load Cell

Diamond Tip

Fig. 5¢c. The installation structure of load cell, voice coil LVT and
LVDT.

Fig. 6. The piezo-stage and the sample holder.

Il. PRINCIPLE OF SYSTEM DESIGN

The structure of the system is shown in Fig.1. The
major part is the balance. The stylus probe is on the left
side, while the force actuator and the load cell are on the
upper and the lower parts of the right side, respectively.
The force actuator is consisted of a coil and a spring as in
Fig. 7a, when a voltage is applied across the coil, then
there is current in the coil, and a force is generated to

compress the spring and make a vertical displacement as
shown in Fig. 7b.

EAE
I

Energized

De-Energized

Fig.7a. Force actuator de-energized. Fig.7b. Force actuator energized.

The relationship of the applied voltage and the
displacement is shown in Fig. 8. In order to reduce the
hysteresis-effect of the force actuator in Fig. 8, a Pl
compensator in the forward path as well as a LVT
measuring the vertical velocity as the feedback path of
the force actuator, were applied in this research as shown
in Fig. 9. A saw tooth-shaped voltage (with peak value
=100 mV) as shown in Fig.10, which stands for the
displacement command of the force actuator as well as
the probe, is applied to the input of the compensated
force actuator.
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Fig. 8. The relationship of the applied voltage and the displacement of
force actuator.

If the gains of the compensator are set as P=1, then the
output of LVDT is shown in Fig. 11 by MATLAB
simulation. One can see the hysteresis effect still exists as
shown in Fig. 12 with output and input on the x and y
axes, respectively. After a little while of trial-and-error
one has a very good result with P=1 and 1=200,
respectively, e.g. the output of LVDT is shown in Fig. 13,
and the hysteresis effect is almost disappeared as shown
in Fig. 14. Finally, the simulation block diagram of the
whole system is shown in Fig.9, in which the desired
contact force between the probe and the sample is set as
the input command to the system, and a load cell is used
as the outer feedback loop sensor.
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Fig. 12. Hysteresis effect still exists with P=1.
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Fig. 13. Output of LVDT shows the hysteresis effect is almost disappeared
with P=1 and 1=200.
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Fig. 14. Hysteresis effect is almost disappeared with P=1 and 1=200.

I11. TEST RESULTS AND DISCUSSIONS

The first step of test is initial levelling of the balance lever
arm, which is achieved by adjusting the current through the
coil of force actuator. Since the lever arm weight at the stylus
probe (contact with the sample) side is heavier than the other
side (contact with actuator) intentionally, thus the force
actuator should push down to make the balance lever arm
even. The contact point of the lever arm on the load cell is
installed right at the calibrated-levelling height. This
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adjustment process stops when the value of load cell
output increases from 0 mg to 40 mg as shown in Fig. 15.
This value for the weight discrimination can be lowered
if the circuit routing condition is better, thus the noise
amplitude at the load cell output can be reduced.

L . .',,ﬂ-"q'r‘r:'ll’ :
S R R T

Fig. 15. Output voltage of the load cell is increased for the contact force
changing from 0 mg to 40 mg.

The next step is to load the sample on the holder
which is fixed on the piezo-stage as well as XY Z-stages,
and then setting the XY -stages (the resolution is 34 nm in
either axis) to make the first sampled point just right
under the tip of the stylus probe, then raising the
piezo-stage upward until the sampled point touching
with the probe. The value of the probe contact force on
the sample can be obtained by the load cell. In order to
make sure that the probe contacts with the sample while
not destroy it, the maximum contact force is limited to
100 mg, i.e., if the magnitude of contact force is smaller
than 100 mg, then moving the piezo-stage upward by one
step (the resolution is 10 nm), otherwise, stop. Then by
scanning the XY-stages in either x- or y-axis, and finally,
the surface profile of the sample can be obtained as
shown in Fig. 16 from LVDT. If one should like to see
the top view, the result is shown in Fig. 17.

1VV. CONCLUSIONS

This paper integrates the mechatronics such as: a
balance with stylus probe, force actuator, LVT, LVDT,
load cell, personal computer, as well as XY Z-stages into
a contact-force-controlled SPM system, such that the
surface of the sample would not be destroyed by the
contact force produced by the stylus probe. This research
is to use Linear Velocity Transducer (LVT) to detect the
vertical velocity of the stylus probe for the inner-loop
damping and transient control of a force actuator. This
improvement has been verified by MATLAB simulation
and practical implementation of a surface profiler to
reduce the hysteresis effect of the force actuator. Finally,
the profile of the object surface is displayed on a 3D
graph.
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Fig. 16. The surface profile of the sample.

Fig. 17. The top view of the sample.
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Scanning probe microscope system design with fuzzy control

Po-Kuang Chang and Jium-Ming Lin

Abstract—This research applied both the traditional PI (Proportion and Integration) compensator and the fuzzy control methods
for a Scanning Probe Microscope (SPM) system design. In addition, the actuator hysteresis effect was taken into consideration. It
can be seen that the system performance obtained by the fuzzy controller was much better, especially in eliminating the actuator
hysteresis effect. This improvement has been verified by MATLAB simulation and practical implementation of a surface profiler.

Keywords—Scanning Probe Microscope, force actuator, hysteresis effect, fuzzy controller.

I. INTRODUCTION

he Scanning Probe Microscopy (SPM) has been developed
rapidly in the last two decade [1-12]. Its usage is very
extensive, for example, the measurements of physical
distribution and material property such as surface profile,
roughness, static charge, magnetic dipole, friction, elasticity,
and thermal conductivity. As shown in Fig.1 of previous
research [13], a balance with stylus probe, force actuator,
LVDT (Linear Variable Differential Transformer), load cell,
personal computer, and XYZ-stages was integrated into a
contact-force-controlled Scanning Probe Microscope (SPM)
system, such that the surface of the sample would not be
destroyed by the contact force produced by the stylus probe.
This research is to use Linear Velocity Transducer (LVT) in
Fig. 2 to detect the vertical velocity of the stylus probe for the
inner-loop damping and transient control of the force actuator.
The stylus probe is shown in Fig.3, the voice coil was applied
as a force actuator (Fig.4), which was integrated with LVT and
LVDT (Fig.5) to measure the probe vertical displacement and
velocity. The load cell in Fig. 6 was used to detect the contact
force between the probe and sample to be tested. A leaf spring
in Fig.7 was applied to integrate the load cell with voice coil,
LVT and LVDT module as shown in Figs. 8~9. In addition to
the XYZ-stages a piezo-stage in Fig. 10 was also put on the
Z-stage to improve the measurement accuracy. The personal
computer was the central control unit for the whole operation,
such as setting the contact force between the probe and the
sample, taking the contact force information from the load cell,
as well as driving the force actuator for the balance-arm initial
leveling. Thus it is an automatic SPM system.

ISBN: 978-960-6766-77-0
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Fig.1 the contact force-controlled SPM system.
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Fig.4 the voice coil

Fig.3 the stylus probe.

Fig.5 the LVDT. Fig.6 the load cell.  Fig.7 the leaf spring.

Force
Actuator

Load Cell

Diamond Tip

Fig.8 the installation method of load cell, voice coil LVT and LVDT.

i Y T A \.—

Fig.10 the piezo-stage and the sample holder.
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Firstly, this research applied the PI compensator or fuzzy
controller for design. both the traditional PI (Proportion and
Integration) compensator and the fuzzy control methods for the
SPM system design. In addition, the actuator hysteresis effect
was taken into consideration. For comparison purpose the
system by integrating both controllers was also applied, it can
be seen that the system performance obtained by the integration
controller was much better, especially in eliminating the
actuator hysteresis effect. This improvement has been verified
by MATLAB simulation and practical implementation of a
surface profiler.design.

The organization of this paper is as follows: the first section
is introduction. The second one is for traditional PI
compensator design. The fuzzy control method is given in
Section 3. The system design by integrating both controllers
was applied in Section 4. The last part is the conclusion.

II. PRINCIPLE OF P CONTROL SYSTEM DESIGN

The structure of the system is shown in Fig.1. The major part
is the balance. The stylus probe is on the left side, while the
force actuator and the load cell are on the upper and the lower
parts of the right side, respectively. The force actuator is
consisted of a coil and a spring, as in Fig.11a the rod returns to
the initial place when the force actuator de-energized, when a
voltage is applied across the coil, then there is current in the coil,
and a force is generated to compress the spring and make the
rod pull down as shown in Fig. 11b. The relationship of the
applied voltage and the displacement is shown in Fig.12. In
order to reduce the hysteresis-effect of the force actuator in
Fig.12, a PI compensator in the forward path as well asa LVT
measuring the vertical velocity as the feedback path of the force
actuator, were applied in this research as shown in Fig.13.

The first step of test is initial levelling of the balance lever
arm, which is achieved by adjusting the current through the coil
of force actuator. Since the lever arm weight at the stylus probe
(contact with the sample) side is heavier than the other side
(contact with actuator) intentionally, thus the force actuator
should push down to make the balance lever arm even. The
contact point of the lever arm on the load cell is installed right
at the calibrated-levelling height. This adjustment process stops
when the value of load cell output increases from 0 mg to 40 mg
as shown in Fig. 14. This value for the weight discrimination
can be lowered if the circuit routing condition is better, thus the
noise amplitude at the load cell output can be reduced.

De-Energized Energized

(a) (b)

Fig.11 force actuator (a) de-energized. (b) energized.
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Fig.12 force actuator applied voltage versus displacement.
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Fig.13 the design with a PI compensator and a LVT respectively in the forward and feedback paths of force actuator.

The next step is to load the sample on the holder which is
fixed on the piezo-stage as well as XY Z-stages, and then setting
the XY-stages (the resolution is 34 nm in either axis) to make
the first sampled point just right under the tip of the stylus
probe, then raising the piezo-stage upward until the sampled
point touching with the probe. The value of the probe contact
force on the sample can be obtained by the load cell. To avoid
destroying the sample, the maximum contact force is limited to
100 mg, i.e. if the contact force magnitude is smaller than 100
mg, then moving the piezo-stage upward by one step (the
resolution is 10 nm), otherwise, stop. By scanning the
XY-stages in either x- or y-axis, then the surface profile of
sample can be obtained from LVDT. After a little while of
trial-and-error one has the result with P=1 and I1=200,
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respectively, e.g. the output of LVDT with the backlash
parameter D to be as 0.1 and 0.3 by using a triangular input are
shown in Figs. 15 and 16, respectively. Finally, the simulation
block diagram of the whole system is shown in Fig.13, in which
the desired contact force between the probe and the sample is
set as the input command to the system, and a load cell is used
as the outer feedback loop sensor.

III. Fuzzy CONTROL SYSTEM DESIGN

A. Fuzzy Controller Relationship Function Design

In this section a Proportion and Derivative (PD) type fuzzy
control design method is applied for the system design. It is
well-known that the fuzzy controller is based on the
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following IF-THEN RULE, e. g.

Fig. 15 output of LVDT for D=0.1 with P=1 and [=200.

Fig. 16 output of LVDT for D=0.3 with P=1 and [=200.

R1 : IF E is NB AND AE is NB THEN U is NB,
R2 : IF E is NB AND AE is ZE THEN U is NM,
R3 : IF Eis NB AND AE is PB THEN U is ZE,
R4 : IF E is ZE AND AE is NB THEN U is NM,
RS : IF Eis ZE AND AE is ZE THEN U is ZE,
R6 : IF E is ZE AND AE is PB THEN U is PM,
R7 : IF E is PB AND AE is NB THEN U is ZE,
R8 : IF E is PB AND AE is ZE THEN U is PM,
R9 : IF E is PB AND AE is PB THEN U is PB,

where NB, NM, NS, ZE, PS, PM, and PB respectively stand for
negative big, negative middle, negative small, zero, positive
small, positive middle, and positive big,.

The detailed cross reference rules for the inputs and output of
fuzzy controller are defined in Table I. According to the fuzzy
control design method the relationship functions of contact
force error E, AE (deviations of present E and the previous E),
and U (Control Input) are defined at first, which are listed in
Tables II-IV. The simulation block diagram of the whole
system with fuzzy controller is shown in Fig. 17.
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B. Performance Analyses with Fuzzy Controller

Then the performance design by fuzzy controller is analyzed
by simulation. Figs. 18-19 show the responses for the backlash
to be as 0.1 and 0.3, respectively. It can be seen that the

TABLE1
FUzZzY CONTROLLER CROSS REFERENCE RULES

E /AE NB | NM | NS ZE PS PM PB
NB NB | NB | NM | NM | NS NS ZE

NM NB | NM | NM | NS NS ZE PS

NS NM | NM | NS NS ZE PS PS

ZE NM | NS | NS ZE PS PS PM

PS NS | NS | ZE PS PS PM PM
PM NS | ZE PS PS PM PM PB
PB ZE | PS | PS PM PM PB PB

TABLEII
THE RELATIONSHIP FUNCTIONS OF E
Item Type Parameter
Negative Big (NB) Trapmf [-1-1-0.75-0.3]
Negative Medium (NM) Trimf [-0.75-0.3 -0.15]
Negative Small (NS) Trimf [-0.15-0.1 0]
Zero (ZE) Trimf [-0.05 0 0.05]
Positive Big(PB) Trimf [00.10.15]
Positive Medium (PM) Trimf [0.150.3 0.75]
Positive Small(PS) Trapmf [0.30.7511]
TABLE III

THE RELATIONSHIP FUNCTIONS OF A E

Item Type Parameter
Negative Big (NB) Trapmf [-4.5-4.5-3.375-1.35]
Negative Medium (NM) Trimf [-3.375-1.35-0.72]
Negative Small (NS) Trimf [-1-0.50]
Zero (ZE) Trimf [-0.25 0 0.25]
Positive Big (PB) Trimf [00.51]
Positive Medium (PM) Trimf [0.72 1.35 3.375]
Positive Small (PS) Trapmf [1.353.3754.54.5]
TABLEIV
THE RELATIONSHIP FUNCTIONS OF U
Item Type Parameter
Negative Big (NB) Trapmf [-12-12-9.6 -8.4]
Negative Medium (NM) Trimf [-9.6 -8.4-7.2]
Negative Small (NS) Trimf [-8.4-4.8 0]
Zero (ZE) Trimf [-4.8 04.8]
Positive Big (PB) Trimf [0 4.8 8.4]
Positive Medium (PM) Trimf [7.2 8.49.6]
Positive Small (PS) Trapmf [8.49.6 12 12]

results are better than those obtained by the traditional PI
controller.

IV. TEST RESULTS AND DISCUSSIONS

After demonstrating the operation principle of the proposed
SPM system, a sample was applied for performance evaluation.
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It is a substrate of Ball Grid Array (BGA) package, by applying  profile of which was shown in Fig. 21. Thus one can see that
the proposed SPM system is shown in Fig. 20. For comparison  the performance of the proposed system was very good.
purpose a commercial ET-4000 was also applied, the surface
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Fig. 18 output with fuzzy control for D=0.1.

1}4 .
Gainf
Fig.17 the design with a Fuzzy controller.

Fig. 19 output with fuzzy control for D=0.3.
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Fig. 20 the surface profile of a BGA substrate with the proposed SPM
system with fuzzy controller.

00
Al

bl

Fig.21 the profiler of a BGA substrate with ET-4000.

V. CONCLUSION

This paper integrates the mechatronics such as: a balance
with stylus probe, force actuator, LVT, LVDT, load cell,
personal computer, as well as XYZ-stages into a contact-
force-controlled SPM system, such that the surface of the
sample would not be destroyed by the contact force produced
by the stylus probe.This research applied both the traditional PI
(Proportion and Integration) compensator and the fuzzy control
methods for a Scanning Probe Microscope (SPM) system
design. In addition, the actuator hysteresis effect was taken
into consideration. It can be seen that the system performance
obtained by the fuzzy controller was much better, especially in
eliminating the actuator hysteresis effect. This improvement
has been verified by MATLAB simulation and practical
implementation of a surface profiler.
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Abstract: This research integrated a balance with stylus probe, force actuator, LVDT (Linear Variable Differential
Transformer), load cell, personal computer, and XYZ-stages into a contact force-controlled Scanning Probe Microscope
(SPM) system, such that the surface of the sample would not be destroyed by the contact force produced by the stylus
probe. By using PI controller, the contact-force of the probe was feedback for monitoring the force actuator to meet the
desired contact-force between the probe and the object as well as to minimize the hysteresis effect of the force actuator.
In order to raise the performance of the system, an optical system as well as a piezo-stage were also set up and applied,
the optical system was accomplished by placing a reflective mirror at the upper middle point of balance lever arm, then
a microscope as well as a CCD camera were used to detect the reflective beam displacement of a He-Ne laser. Thus one
can apply the Kalman filtering technique respectively to the measurements obtained by either electro-mechanical or
optical system first, and then integrating these two results by multi-sensor data fusion method to raise the performance
of the system.

Keywords: Scanning Probe Microscope (SPM), contact type, surface profiler.

1. INTRODUCTION displacement. The load cell in Fig. 4a was used to detect
the contact force between the probe and sample to be
tested. A leaf spring in Fig. 4b was applied to integrate
the load cell with voice coil and LVDT module as
shown in Fig 4c. In addition to the XYZ-stages a
piezo-stage in Fig. 5 was also put on the Z-stage to
improve the measurement accuracy. The personal
computer was the central control unit for the whole
operation, such as setting the contact force between the

As shown in Fig.1, this research integrated a balance
with stylus probe [1-4], force actuator, LVDT (Linear
Variable Differential Transformer), load cell, personal
computer, and XYZ-stages into a contact-force-
controlled Scanning Probe Microscope (SPM) system,
such that the surface of the sample would not be
destroyed by the contact force produced by the stylus

probe. probe and the sample, taking the contact force
information from the load cell, as well as driving the
He-IVe Laser CCD Camera force actuator for the balance-arm initial leveling. Thus

it is an automatic SPM system.

\:s B] In order to raise the performance of the system, an
. { Force Actuator optical system as Welll as a piezo-stage were algo set up
Voo and applied, the optical system was accomplished by
placing a reflective mirror at the upper middle point of
balance lever arm, then a microscope as well as a CCD
camera were used to detect the reflective beam
displacement of a He-Ne laser. Thus one can apply the
Kalman filtering technique [5-6] respectively to the
measurements obtained by either electro-mechanical or
optical system first, and then integrating these two
results by multi-sensor data fusion method to raise the
performance of the system.

XYZ Table

Computer i

|

AD Instrumention Amplifier

Fig. 1 The contact-force-controlled SPM system.

The stylus probe is shown in Fig.2, the voice coil was
applied as a force actuator (Fig. 3a), which was
equipped with LVDT (Linear Variable Differential
Transformer, Fig.3b) to measure the probe vertical Fig. 2 The stylus probe.
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Fig. 3a Voice coil.  Fig. 3b LVDT.

Fig. 3¢ Integration of voice coil and LVDT.

s N

€,
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-
ey -

Fig. 4a oad cell. Fig. 4b Leaf spring.

Force
Actuator

Spring

VDI

Load Cell

Diamond Tip

Fig. 4c Installation of load cell, voice coil and LVDT.
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Fig. 5 Piezo-stage and sample holder.

Finally, the surface roughness measurements
obtained by the electro-mechanical and the optical
systems of a reflective mirror were made, and com-
parisons with that of the fusion method, it can be seen
that the result of later is better.

é. PRINCIPLE OF SYSTEM OPERATION

The structure of the system is shown in Fig.1. The
major part is the balance. The stylus probe is on the left
side, while the force actuator and the load cell are on the
upper and the lower parts of the right side, respectively.
The force actuator is consisted of a coil and a spring as
shown in Fig. 6a, when a voltage is applied across the
coil, then there is current in the coil, and a force is
generated to compress the spring and make a vertical
displacement as shown in Fig. 6b. The relationship of
the applied voltage and the displacement is shown in
Fig. 7. In order to reduce the hysteresis-effect of the
force actuator in Fig. 7, a PID compensator in the
forward path as well as a LVDT measuring the
vertical displacement as the feedback signal of the
system, are used as shown in Fig. 8. A saw tooth shaped
voltage (with peak value=100 mV) as shown in Fig. 9,
which stands for the displacement command of the force
actuator as well as the probe, is applied to the input of
the compensated force actuator.

De-Energized

Energized
Fig. 6a De-energized, & 6b Energized of force actuator.
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After a little while of trial-and-error one has a very
good result with P=10, D=0, and [=100, respectively,
e.g. the output of LVDT is shown in Fig. 12, and the
hysteresis effect is almost disappeared as shown in Fig.
13. Finally, the simulation block diagram of the whole
system is shown in Fig. 14, in which the desired contact
force between the probe and the sample is set as the
input command to the system, and a load cell is used as
the outer feedback loop sensor.

K2 (fiz S On =10 =]

561

ut
|l=e o2 AaE@E B @ &

'
5652450 11s+1.001

KD

Fig. 8 The feedback system is used to reduce
hysteresis effect of the actuator.

— o) =]
|l=zmlo > @ sea@E 2 & =

T irm o

Fig. 12 The output of LVDT with P=10, D=0, and
1=100.
¥ Plat - S
command) is applied to the input of the actuator. = |
If the gains of the compensator are set as P=10, D=0, e T
and I=0, respectively, then the output of LVDT is e T e e
shown in Fig. 10 by MATLAB simulation. One can see Fig. 13 The hysteresis effect is almost disappeared
the hysteresis effect still exists as shown in Fig. 11 with with P=10, D=0, and I=100.

output and input on the x and y axes, respectively.

-712 -



Eipid * D =1oi =]
File Edit View Simulation Format Tools Help
O E2E&| 4Bl <z p o [omd | | BRE - ®
4>I>
KP
@ : ﬁ L (-
0.00022=+5
Actuator LR Output
Step Integrator
Kiz(fixed)
5.61
. duidt
5 52450 115+1.001 LD T(rmasum)
Derivative
KD
096506 |t
LoadCelljmwmg) |
mafum
@ T
L
X Graph
Fulse Integratort Gaint Input
Generatort
Constant
Constant!
Feadar |1EIEI% | | |0d945 o

Fig. 14 Simulation block diagram of the system.

The first step of the operation is the initial leveling of
the balance lever arm, which is achieved by adjusting
the current through the coil of the force actuator. Since
the lever arm weight at the stylus probe (contact with
the sample) side is heavier than the other side (contact
with the force actuator) intentionally, thus the force
actuator should push down to make the balance lever
arm even. The contact point of the lever arm on the load
cell is installed right at the calibrated-leveling height.
This adjustment process stops when the value of load
cell output increases from 0 mg to 40 mg as shown in
Fig. 15. This value for the weight discrimination can be

!-n: ",l."'l & Wiy e H:.-ﬁ".'-*‘#g

Fig. 15 The output of the load cell is increased from 0
mg to 40 mg.

lowered if the circuit routing condition is better, thus the
noise amplitude at the load cell output can be reduced.

The next step is to load the sample on the holder
which is fixed on the piezo-stage as well as XYZ-stages,
and then setting the XY-stages (the resolution is 34 nm
in either axis) to make the first sampled point just right
under the tip of the stylus probe, then raising the
piezo-stage upward until the sampled point touching
with the probe. The value of the probe contact force on
the sample can be obtained by the load cell. In order to
make sure that the probe contacts with the sample while
not destroy it, the maximum contact force is limited to
100 mg, i.e. if the magnitude of contact force is smaller
than 100 mg, then moving the piezo-stage upward by
one step (the resolution is 10 nm), otherwise, stop. Then
by scanning the XY-stages in either x- or y-axis, and
finally, the surface profile of the sample can be obtained
as shown in Fig. 16 from LVDT of the electro-
mechanical system.

Fig. 16 The profile obtained from LVDT by scanning
in one dimension.
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3. DATA FUSION METHOD

In order to raise the performance of the system, an
optical system 1is also set up to make another
measurement as shown in Fig.1, which is accomplished
by placing a reflective mirror at the upper central point
of balance lever arm, then a microscope as well as a
CCD camera are used to magnify and detect the
deflection displacement of a He-Ne laser beam. The
operation principle of which is shown in Fig.17. If there
is any vertical displacement ( Ax ) of the probe tip along
the surface of the sample, which would cause a
deflection angle (&) of the balance lever arm (with
half-length a), and the reflected angle of the laser beam
would be deflected 2 & . Then there is a displacement (/)
on the CCD camera sensor. Thus from Fig.19 one has
the following relationships:

CCD Camera

x200 Microscope

Ax
0=—, (1)
a
and
2H:A—d 2)
L b

where L is the length of microscope to the center of

balance lever arm, and Ad is the displacement of
reflected beam at the microscope. In addition, one has

h -
Ad
where m is the magnification factor of the microscope.
By (1) to (3) one has
Ax:ha, @
2mL
The third step is to apply the Kalman filtering
technique [5-6] respectively to the measurements
obtained by either electro-mechanical or optical system.
The algorithm of Kalman filtering is briefed as follows:
Let the surface profile of the sample be modeled by
the random bias, thus its derivative is a random walk
function, i.e.

m, €)

714 -

X=w. 3)

In (5) x is the surface profile of the sample, and w is a
Gaussian white noise with standard deviation ¢ . In this
research, the sample is a reflective mirror, the surface
roughness of which is A /4, where A is the wavelength
of He-Ne laser, i.c.

aw:%l:i(6328)A:1582A. ©)

Thus the variance of the system noise is

W=o.. (7)

The measurement output z for the Kalman filter is
taken from either electro-mechanical or optical system,
ie.

Z=x+v, (8)
where v is the measurement noise. If the electro-
mechanical system is applied, the accuracy of which
depends on LVDT and the circuit routing condition, the
standard deviation ( ¢,) of which is 125 nm, and the
variance V of v is

R=o07. ©)

On the other hand, if the optical system is applied, the
accuracy of which depends on the pixel size of CCD
camera, magnification factor of microscope and the

length L in Fig. 18. Finally, the standard deviation of
which is obtained as:

0, =35 nm. (10)

The discrete estimated state equation of the Kalman
filter [6] is

X () =%, (_)+kk[zk - X (_)]: (11)
where )Ack (+) and )Ack (-) are respectively the k &
estimated state after and before taking the measurement

Z, into consideration, and the Kalman filter gain k o 1S
defined as[7]

k,=PB(HR", (12)
where
Pk (+) = E{[)Ack (+)_)Ack ]2 }’ (13)

which is obtained by the following Algebraic Riccati
Equation (ARE):

P(H) =B ~FOPE+RR(). 4
or

P (+H)=B'(-)+R", (15)
where

P, = E{%, ()~ £ I'}. (16)

The initial value of P, (=) is defined by equation (7),
ie.

Po (_) =W P (17)

and by (5) to (17), one has the filtered estimated result
of electro-mechanical or optical system as



L) =x,(). (18)

The final step is to combine the filtered results of
electro-mechanical and optical systems by the
multi-sensor data fusion method. Since there is no
correlation between these two type of measurement,
and one can apply the data fusion method as follows:

X =wX,, +wX,,, (19)
where X is the final integrated result, )Ackl and X 2

are respectively the filtered results obtained by applying
the electro-mechanical and the optical measurements,

wyand W, are respectively the weighting factors of

X,, andX,,, which are defined as:
o;
W =——, (20)
o, +0,
and
% e
w, = .
ol +0;

4. RESULTS AND CONCLUSIONS

The original and the filtered results of electro-
mechanical and optical system are shown in Figs.18 and
19, respectively. The integrated one by applying the
multi-sensor data fusion method is shown in Fig.20 for
comparison. According to the surface roughness,
usually denoted as Ry gso), defined by the International
Standard Organization (ISO-R468) and Japanese
Industry Standard (JIS-1995), i.e. by taking the average
of the absolute values of the heights of five highest
profile peaks and the depths of five deepest profile
valleys within the sampling length, then the results of
surface roughness for the measurements obtained by the
electro-mechanical and the optical systems are 1660 A
and  1534A , respectively, which are reasonable
according to the specification (1582 A) of the reflective
mirror. In addition, if one uses the data fusion method,
then the resulting surface roughness is 1526 A, which is
better than that by using either electro-mechanical or
optical system.
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