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Preface

At the beginning of 21st century, manufacturing
industry is facing new challenges due to
globalization and environmental sustainability. In
accordance with the progress of micro/nano
technology, precision engineering is considered to be
one of the core engineering to cope with severe
requirements of new product and system
developments. From basic research to practical
applications, it becomes gradually important how to
synthesize and how to design micro-/nano-systems
based on advanced precision process technology. For
contributing to these emerging developments, this
book is edited as a collection of all the papers
presented at the 11" International Conference on
Precision Engineering, ICPE, where industrial
papers as well as high-quality scientific papers are
solicited for discussing front-edge technology and
forecasting future trends.

The ICPE has been consecutively held as one of
the major international conferences organized by the
Japan Society for Precision Engineering, JSPE. The
11™ ICPE takes place in Tokyo from August 16 to
August 18, 2006. This conference is a second
collaborative meeting organized jointly by the three
major societies for precision and production
engineering: Japan Society for Precision Engineering,
JSPE, American Society for Precision Engineering,
ASPE, and European Society for Precision
Engineering and Nanotechnology, euspen. It is
sponsored by the International Academy for
Production Engineering, CIRP. The general aim of
these consecutive conferences is to promote research
and development activities in precision and

production engineering, and to discuss the advanced
technologies of the related fields.

This proceedings book of the Conference
includes 3 keynote papers and 71 contributed papers,
which consist of 52 full papers and 19 short papers.
Keynote papers address important topics in the field
of precision engineering from academic and
industrial perspectives. Contributed papers cover
many aspects of recent issues of micro/nano
technology, and discuss following topics areas:
precision systems and their design, measurement
technology, actuator and precision mechanisms,
control and sensing technology, machine tools,
micro/nano manipulation, plasma process, laser
process, polishing/grinding, and integrated processes.
These papers are good basis for capturing the current
status and future trends of production and precision
engineering, and they will stimulate further research
and development in micro/nano technology and
systems.

I would like to express my deep appreciation to
all the contributors of this book, especially to the
authors of the keynote papers, which give special
inspiration to the future of the micro/nano
technology. I also would like to extend my sincere
appreciation to the members of the Organizing
Committee and the International Program
Committee for their considerable efforts in
organizing the Conference and in making this book
available in its present form.

I expect this book is a valuable source of
knowledge for researchers, engineers and students in
their future research and development activity.

* ‘u‘-"-”gx
Fumihiko Kimura

Chairman of the Organizing Committee
11" ICPE

Tokyo, Japan, August 2006
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Merging Technologies for Optics

Ekkard Brinksmeier, Oltmann Riemer, Ralf Glidbe

Laboratory for Precision Machining, University of Bremen, Germany

Keywords: Precision Optics, Process Chains, Molded Optics

Abstract

The market for optical and optoelectronical components is a
rapidly growing global market. The development of new
manufacturing technologies for the fabrication of optics
enables the fabrication of optical components with
nanometer roughness and submicron form accuracy for mass
markets like digital cameras, video projectors and
automotive applications, even for low cost applications with
short product life cycles. Therefore, the process chain for
fabricating optical high quality mass products has to be
deterministic flexible as well as in order to suppress cost
intensive and time consuming iterations within the
manufacturing chain. This paper introduces several
approaches to take up this challenge.

1 Introduction

Optics and optoelectronics are an ever growing global
market. The global market for optoelectronics grew from
1997 to 2004 from 139 billion USD up to 236 billion USD
turnover [1]. Mass products like DVD, camera phones, are
the drivers for such growing turnover.

I &
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1||||.1S}
#
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Fig. 1. Applications like video projectors or digital cameras
require low to medium quality complex optical components.
They have to be fabricated by replication to meet the
demands of mass market products. [after Zeiss, VKE,
Spectaris]

Optics and optronics are key technologies for high volume
consumer products, that are getting faster, smaller, a higher
functionality and even more easy to handle and cheaper (cf.

Fig 1.). The driver for innovation is the need for increasing
precision of optical parts and the integration of several
functions within one component.

For meeting these market needs, optical components for
mass products have to be fabricated in replication processes.
The process for making optical components of plastics or
glasses by replication requires: a broad knowledge in optical
design, mold making, coatings, the replication processes
itself and advanced measuring techniques as well as the
ability to merge all these disciplines to a powerful, effective,
fast and economic process chain for mass production.

The Frost & Sullivan report "Machine Vision Systems"
gives a broad view on the technologies of the next decade. It
is reported that the drivers for important innovations of the
coming decade are the manufacturing technologies
(discussed in [2]). This leads to the idea, that the
improvement of manufacturing processes for replicated
optics are the keys to innovations in optics. Moreover, those
innovations are the drivers to new degrees of freedom in
optical design.

Yamamoto divides the innovations in manufacturing
processes for optical components into four groups [3]:

e integration of functions
e providing the productivity of the machining

process

e improving of the quality of machined
components

e improving of the quality of the machining
process

The integration of several functions in one component
will be a challenge for the optical design. It suffers, however,
from the limitations of the mold manufacturing and the
replication process. Furthermore, intelligent combinations
could lead to new functionalities and, therefore, to new
degrees of freedom in optical design. An example is the
diffractive structure on an aspherical lens for decreasing
aberration of an optical system. After having succeeded in
this innovative step as well as secondly having found an
appropriate manufacturing technology for machining such
parts, the productivity of the machining process has to be
improved for reducing the costs per piece. In the third step
the machining process has to be developed to higher quality,
so the machined products could be used for similar
applications in a broader spectrum of usage e.g. at shorter
wavelengths. Finally, the manufacturing process has to be
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improved to a flexible module in a lean production system.
This final step is the driver for a mass production of high
quality optical products.

However, there are several limitations in a process chain
for the replication of plastic and glass components.
Replicating plastic parts will be done by injection molding at
temperatures less then 200°C, so temperature sensitive mold
materials like electroless nickel are appropriate. The
advantage of this material in contrast to steel materials and
ceramic is its excellent machinability by diamond milling or
turning.

If higher hardness or temperature stability is demanded
steel could be an alternative mold material. The machining
process suffers, however, from tool wear when diamond
turning or milling are applied. This is caused by chemical
interaction between the steel workpiece and the carbon of the
diamond tool [4]. As an advantage, diamond turning and
milling operations do not require subsequent polishing
processes, however they are applicable only to a small
selection of mold materials useful for molding of plastics.
The improvement of grinding, polishing and diamond
machining processes to higher flexibility, higher precision
and a larger spectrum of machinable mold materials is
therefore an important goal for current research activities.

The relatively low viscosity of plastic at replication
temperature will provide the possibility to integrate
mechanical interfaces for mounting and assembly of the lens
or haptic components. Nevertheless, the most important
advantage of replication of plastic in contrast to glass is the
short cycle time and the low wear of the mold, so that
hundreds of thousands parts can be manufactured using a
single mold. However, the optical quality of plastic lenses is
strictly limited by deviations of the geometry and invariance
of the plastic density and consequently the variation of
refraction. Moreover, the range of plastics optical properties
like refraction index or aberrations of the optical system is
limited too, which results in limitations in optical design
using plastic lenses.

In contrast to plastics, glass optics are showing a much
smaller tendency to irregular deformation under invariant
thermal, chemical and mechanical environmental conditions
like deviations in temperature or moisture.  So, the
replication of glass is a key technology for fabricating high
performance optical products e.g. for projection lenses.
However, molding of glass needs precision molds with high
temperature stability, even if new innovative glass materials
with softening point not much higher than 400°C are applied.
Therefore, glass molds should be made of hard and brittle
materials like ceramics that require grinding and polishing in
contrast to diamond machinable ductile metals like
electroless nickel.

During the replication process the mold material will
suffer from tribological stress. Hard coatings with tailored
mechanical, chemical and thermal properties may help to
overcome those limitations for enlarging the parameter
window for the replication process and the spectrum of
replicated materials. Finally, measuring techniques have to
move closer to the replication process to reduce time
consumptive handling operations.

Each process step from design over mold making to the
replicated part comprises its own limitations and restrictions
e.g. form deviations when machining or shrinkage of the

replicated part when it cools down. An exact knowledge
about the deviations in roughness and geometry of the mold
and replicated part is necessary for geometry compensation
in an earlier stage of production. This is the first step to a
deterministic process chain and presupposes a holistic view
to the complete chain. This procedure will take all
limitations of each process step into account will merge the
process chain to an advanced and powerful instrument for
fulfilling the current and coming industrial needs.

2 Applications

There are a large number of products that are drivers for the
development of innovative and more precise optical
components. Their applications lie in the field of mass
markets, so the applied optical components have to be
fabricated by replication.

Tab. 1 shows typical applications utilizing replicated
optics. The range of the size of the optical components and
optic material varies. Each application has its own needs and
limits in relation to the process chain. Moreover, there are
many technologies needed for fabricating replicated optics -
almost different if molding optical glass or plastic
components. The technologies in a typical process chain are
optical design, fabrication of the mold, possibly using a hard
coating for wear reduction and better relief of the replicated
part, replication process and finally metrology and quality
management. Nevertheless, the required accuracy and
complexity of shape will increase in future as discussed
above.

Table 1. Markets and applications for replicated optical parts

Markets Applications

Automotive Headlights

Head-Up-Displays

Life science Optics for endoscopes

Head-Mounted-Displays

Display equipment Video projectors

Flat displays

Optical I/0 equipment Fiber optics

Measuring / Sensing Optical sensors

Storage CD/DVD/HD-DVD
Cameras / Mobile phone Digital optics
cameras

3 Design and layout of process chains

The process chain for an economic mass production of
complex optical elements resulting from this concept is
shown in Fig. 2. The process chain comprises all aspects of



production ranging from the design phase to mold
fabrication, replication and performance tests of the final
products. It can only be realized by qualified measuring and
testing. Quality chain management is of overall importance,
since it guarantees a holistic view of the complete process
chain assuring an effective interaction between the
individual process steps.

deterministic process chain for mass production

P > mo:(:l) ;r;iil;mg > replication »’ product

measuring & testing / quality chain management ‘

Fig. 2. Deterministic process chain for the replication of high
precision optical components

The following chapter will give an overview on current
research activities for meeting these challenges. Moreover, it
will be shown, that an optimized process chain for
fabricating precision optical components has to consider the
interaction between mold design, mold making and
replication.

Table 2. Requirements, limitations, challanges, and
interactions between mold design, mold making and
replication process.

mold material
- creep tendency

mold design mold making replication
process process process
geometry and machining replication
dimension process temperature
- flat - dynamic .
- (a)spherical stiffness mcl)lldeld ma/terlal
- free-form and temperature | - rheo 0,%}’
- superimposed stability of Viscosity
structures machine tool
- cutting tools
- number of axis
roughness machining
ol | Process heol
optllca materia - diam. machining rheology
- glass P .
) }%lastic - gr1r}d1r}g mold material
- polishing - corrosion
mold material reSIISﬁI_lFe
- molding temp. - mold fie
replication
process
accuracy machining - injection mold.
accuracy - inj. embossing

- hot pressing

In the mold design process several boundary conditions will
be determined for the mold making and replication process.
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After planning the design of an optical surface, the
mechanical interface, the material to be molded and the mold
machining process are almost determined too. Moreover, the
spacial dimensions do also affect the replication process,
because of the temperature dependent shrinkage of plastic
when injection molding large, thin parts like mirrors for
head-up-displays. Another issue is the required accuracy of
the optical component that leads to the choice of the
replication process and the mold material selection. The
latter is of interest for the long-term dimensional stability of
the mold which requires the use of ceramic mold inserts
instead of steel for hot pressing of glass. Moreover, for
plastic replication processes the step from conventional
injection molding to injection embossing (embossing utilizes
an additional compression of the replicated part during the
cooling process) can be used for increasing the form
accuracy.

The replication of glass is carried out at higher
temperatures than injection molding of plastic, even if lowTg
glasses (softening point at temperatures between approx. 400
and 500°C) are used. Therefore, the spectrum of mold
materials differs for molding glass and plastic.

More aspects of interaction between design, mold
making and replication process are shown in Tab. 2. It can
be seen, that a close interaction - or merging - between the
three disciplines is evident for taking the specific advantages
and limitations into account.

3.1 Design

Design in a deterministic process chain must not only focus
on optical design but has to consider also inherent strategies
for predicting and compensating process dependent
deformations of the mold insert and the replicated part. For
developing such strategies calculating tools for optical
design and simulation of injection molding (discussed in
chapter 3.6) are needed as well as suitable measuring
techniques.

A basic requirement for the comparison of designed and
simulated geometries with the produced results like the
deformation of glass in a hot pressing procedure or the filling
procedure of a plastic forming process is to use a uniform
surface data description. State of the art mathematical
descriptions are Non-Uniform Rational Basic Splines
(NURBS). Due to their ability to describe any type of
surface, especially those without analytical function behind,
and the small amount of required data, this type of data is
ideal for the use in optical applications.

The designed surface data can be further used as
reference data for the entire process chain - for comparison
of measured interferometric data of the mold as well as of
the replicated plastic part.

In Fig. 3 the simulated topography of a designed optical
surface described by NURBS is shown. This topography is
calculated by an optical calculation program. The data can be
directly used for calculating the NC-program for machining
the mold insert. The calculation of the tools trajectory has to
take the machining process, the tool geometry and its
position in the machine tool into account. Calculating the
trajectory could be done off-line (before machining),
nevertheless, the calculation will take some time, because of
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the small distance between the nodes to be programmed
needed for nanometer precision. This leads to a large amount
of data. Moreover, processing of these data is difficult for
most numerical machine controls, because of the large data
volume and the necessary fast data processing. The
consequent step is to use the NURBS surface data for on-line
controlling of the machine tool so there is no need to store
and provide the data, however, a fast computer system for
calculating the data is necessary. Applying this technique to
a diamond turning operation a Fast-Tool-System can be used
for the control of the tool's motion parallel to the spindle axis

ball-end circumferential FTS turning  polishing
milling milling (Fast Tool Servo)
N, LI L
[ .mH. Ll { U
I \ W *
v T <N, w, }ih, o<n &
| &= =0 =80 =8 ==l
—VE® @V, — Ve oV @V, —VEE
A B Cc D E F

O

Fig. 3. Simulated, topography of a calculated optical surface
(color/gray shade indicates the height in Z direction) and

B,D,E F

referenced trajectory for the respective machining
technology [source: LFM-Bremen]
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Fig. 4. Simulation of mold filling [source: IKV-Aachen]

Another design aspect is the design of the injection mold.
The injection mold has to hold the mold insert in a fixed
position, it has to provide the molding temperature and it has
to maintain all its functions precisely under the mechanical
and thermal load during the injection process. It was found
out, that an important aspect for getting plastic parts with
low form deviation is the need for a constant and
symmetrical pressure distribution during the filling and
cooling phase of the molding process. However, during
replication any component of the injection mold will affect
the geometry of the replicated part more or less. E.g. the
clamping torque of the screw for fixing the insert will
influence the form deviation considerably [6]. It was proven

that molding is a multivariable process, where the form of
the replicated part is nearly impossible to predict precisely.
However, a simulation program for calculating the filling
process can support the design process for the injection mold,
mold insert and filling parameters under consideration of the
lens geometry, size and thickness as well as the position and
size of the sprue (Fig. 4) [7].

However, the simulation has not yet the ability to predict
the filling process and the following cooling/shrinking
process precisely cause of the noted multivariable situation.
Therefore, the geometry of the replicated optical component
and its density distribution as a consequence of the locally
distributed cooling gradients has to be measured after
replication. For achieving high precision plastic parts, the
form deviations have to be removed by correcting the mold
in a couple of iteration steps. However, simulation
techniques and a broad knowledge about the replication
process will definitely reduce the number of iteration steps.

3.2 Mold making

There is a large number of machining processes available for
making mold inserts made of steel or ceramic material [8].
The processes differ in the spectrum of machinable geometry,
material, removal rate, achievable form accuracy and
roughness. Diamond machining is a state-of-the-art
machining technology with various opportunities for further
process improvements that makes this technology more
flexible. The spectrum of machinable geometries by grinding
or polishing is limited in contrast to diamond machining, but
harder materials like ceramics are better machinable by
abrasive processes.

Diamond machining

The largest spectrum of geometries is machinable by
diamond turning and milling. The processes are adaptable to
continuous and structures surfaces as well. The machining of
structured surfaces can be done by circumferential or ball
end milling. For machining structures like prisms or
spherical lens arrays, diamond tools with high form and
angular accuracy are necessary. Moreover, the tools have to
be in an accurate position within the tool holder and in
relative position within the coordinate system of the machine
tool.

To prevent geometrical deviations when machining
micro structures, the diamond tool has to be positioned in the
machine tool with respect to its coordinate system. Besides
a geometrical error of the cutting edge (Ae) a profiled
diamond tool exhibits three degrees of freedom inside the
tool fixture (Fig. 5): tilt error x (kappa) in the Y-Z-plane of
the tool, tilt errors & (ksi) in the X-Y-plane of the tool, and
tilt error y (psi) in the X-Z-plane of the tool. These tilt errors
lead to a misalignment of the tool which has to be avoided
for the manufacturing of defined microstructures. Whereas
the errors a, b and d Fig. 5 will lead to deviations in the
including angle of the V-groove, the misalignment Fig. 5c
will lead to an angular tilt between the adjacent V-grooves.
For tool alignment a tool holder is necessary that offers six
degrees of freedom for tool positioning at micrometer scale.
The design must be capable to be used at spindle speeds up
to several thousands rpm [13]. Customized scratch traces and



reversal tests as well as the machining of witness samples
have to be performed for exact positioning of the tool is the
tool holder. Fig. 6 shows an example of a manual 2-axis tool
holder as preliminary work for a 5-axis piezo-electric driven
tool holder that can be dynamically (re)positioned during the
machining process. The two axes can be used to compensate
for the tools radius and angular deviations of ¢ and { by
alignment of \P'.

Fig. 5. Degrees of freedom for positioning the diamond tool
in a circumferential milling process (left) and in ball end
milling (right)

fixing points
for balancing

linear adjustment

hinges

angular
adjustment

diamond

tool \

n

Fig. 6. Study on a manual tool holder for 2-axis positioning
of V-shaped monocrystalline diamond tools used in
circumferential diamond milling (diameter 150 mm) [source:
LFM-Bremen]

In the following new possibilities for the diamond machining
of steel molds shall be addressed. Due to the catastrophic
tool wear when diamond turning steel, the spectrum of
machinable materials is so far limited. Thus, the amorphous
electroless nickel coating is the only diamond machinable
hard material (approx. 550V). This is state of the art for
making mold inserts for injection molding, but this material
suffers form its low hardness and low temperature stability
above approx. 200°C, e.g. for hot pressing of glass. Mold
materials with sufficient properties are -up to
now - machinable by grinding and polishing only, therefore,
structured surfaces or cavities with small radii are almost not
machinable. However, two alternative processes seem to
beat this limitation. The ultrasonic assisted diamond turning
introduced by Moriwaki [9] and revisited by Brinksmeier
[10] and the thermo-chemical modification of the mold
material by a new nitriding process [11].

Merging Technologies for Optics

surface
compound
" 4 -phase Fe,;N layes
v prase diffusion
bulk material layer
bulk material bulk ¢
5 um
i
a

10 mm
| ey |

b

Fig. 7. Cross section and dominant phases of steel after
thermo-chemical treatment; b diamond turned aspheric high
alloyed tool steel molds (1200HV)

The basic idea of the new method is to avoid chemical
reactions between the carbon of the diamond tool and the
iron of the workpiece by establishing a chemical bond
between the iron and another chemical element. A propriety
thermo-chemical process for altering the chemical
composition of the subsurface zone of the workpiece was
developed and succeeded in reducing diamond tool wear by
more than two orders of magnitude (cf. Fig. 7a). The surface
roughness obtained in single point diamond turning of
carbon steel was better than 10nm Ra. Similar results were
obtained with sintered high alloyed tool steel with a Vickers
hardness of approx. 1200HV. Fig. 7b shows two aspherical
hard steel molds diamond turned with one diamond tool.
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Fig. 8. Geometry of the monocrystalline diamond tool and
tool motion and cutting process for micro cutting of a four
sided pyramidal micro cavity; b SEM image of a four-sided
V-groove (80 pm x 500 pm) machined in OFHC-copper by
diamond micro chiseling

Another challenge in mold making is the direct diamond
machining of micro cavities. The spectrum of machinable
structures by diamond turning and milling is inherently
limited by the tool geometry and its intrinsic kinematic.
Whereas the machining of retro-reflective triple structures is
state of the art in diamond cutting the machining of a more
efficient retro-reflective cube corner array cannot be
machined because of the need to generate a 3-fold pyramidal
cavity. A machining technology that offers the ability to
machine sharply ended discontinuous structures in a range
between 50 to 500 pm will be a key technology for new
applications. With this technology available new optical
functions can be implemented in complex optical
components leading to a new degree of freedom in optical
design.

For meeting this challenge a novel cutting process,
diamond micro chiselling, is being developed. This process
enables the generation of discontinuous structures like V-
shaped grooves with defined endings and perpendicular
bends. The applied tool is similar to a V-shaped diamond
tool and the cutting procedure for a 4-sided pyramidal cavity
will take at least 4 individual cuts (cf. Fig 8a). Fig. 8b shows
a sharply ended V-shaped groove as first result of this

investigation. Roughness of approximately Sa = 4 nm
(measured in the indicated area of Fig. 8b) is realizable using
this process [14].

Precision Grinding

Precision grinding technologies have to be developed in
order to get optical or near optical surface quality when
machining steel or ceramic mold materials. A key
technology is the electrolytic in-process-dressing (ELID) and
shaping technology for the metallic bonded diamond
grinding wheels for maintaining its sharpness and form
accuracy even for machining of hard materials in (near)
optical quality [15][22]. Another strategy for sharpening and
shaping diamond grinding wheels is electrical discharge
machining (EDM) that also allows integrating small shaped
profiles to the grinding wheel in order to machine structured
molds in near optical quality in ceramic materials like
tungsten carbide WC or silicon nitride Si3N4.

Polishing

In some cases the surface quality of precision molds with
structured elements super imposed onto envelope surfaces
like plane, spherical, aspheric as well as free formed surfaces
is not sufficient for optical applications. Therefore,
deterministic polishing processes to improve surface
roughness of structured surfaces are necessary. However,
since polishing of aspheres, free-forms and structures is a
point polishing process, the challenge of the polishing
process is to maintain the form accuracy during the polishing
process. Several approaches for point polishing of optical
components are known. For fast polishing of free-form
surfaces Klocke et al. introduced an adaptive polishing head
[16]017].

Fig. 9. Structure polishing process for polishing a cylindrical
groove using a plastic polishing pad and (right) white light
interferometric images of a cylindrical groove in tungsten
carbide after grinding and additional structure polishing
[source LFM-Bremen]

Besides the continuous optics, structured optics with
V-shaped or cylindrical groves with structure size less than
1 mm are increasingly required. These kinds of structures
cannot be polished using state of the art polishing technology.
A new structure polishing technology to meeting these
demands has been introduced in [12]. By using conical pin



type tools or conical polishing pads cylindrical and V-shaped
groves with structure size less than 1 mm could be polished
after grinding (cf. Fig 9). The goal is, to decrease surface
roughness without loss of form accuracy.

The process chain for making steel or ceramic molds is
to grind and polish them after premachining as described
above. A future target is to substitute one of the used
processes - grinding or polishing. However, when
substituting the polishing process, the grinding process has
to produce nanometer roughness. In the other case polishing
has to have a much higher removal rate and to produce a
deterministic form accuracy. It was found, that the grinding
process can indeed substitute polishing when machining
steel molds. The fabrication of ceramic molds can be done
by optimized grinding process only, because the higher
hardness that leads to a reduced roughness [19].

Polishing of steel or ceramics is still a process that bases
on the experience of the operator of the polishing machine
tool. A kind of 'polishing process feeling' is necessary for
finding optimal process parameters. Moreover, the demands
on the form accuracy of polished steel and ceramic molds are
almost below one micrometer with aspherical or free-form
shapes. Therefore, the necessary step to a deterministic
polishing process needs a fundamental knowledge about
mechanical and chemical interaction between workpiece and
tool during the polishing process. Basic research is underway
to in describe and model the surface and contour generation
when grinding and polishing [18][19].

3.4 Hard coatings

Hard coatings are essential as interfacing layers for the relief
of the molded part from the mold and may considerably
increase mold life. They will be used in two different ways:
(1) a coating that will be placed on the mold after the mold
surface has been completely machined and (2) a coating that
is machined itself by the final finishing process. An example
for the latter type is diamond machinable electroless nickel
commonly used for machining of mold inserts for plastic
forming.

Innovative coatings which are diamond machinable and
also wear resistant in molding processes are deposited by
magnetron sputtering with a thickness of at least 20 um. The
coating properties considered to be necessary include high
adhesion, low stress, small grain size, moderate hardness,
and sufficient oxidation resistance [20]. Sol-gel-layers can be
micro-structured by diamond turning or milling prior to
hardening were presented in [21]. The coatings consists of
metals of organic sol systems for the deposition of
machinable Al,O3 and ZrO,-coatings which show plastic like
properties in a pre-ceramic state. Deposition techniques like
dip-coating and spin-coating or the electrophoretic aided sol-
gel deposition are applied to steel molds. Finally, a thermal
treatment with temperatures up to 700°C is applied in order
to achieve maximum hardness for the sol-gel-coatings. The
deposited coatings have to be characterised regarding film
thickness, density, porosity, (ultra micro) hardness, adhesion
and phase composition.
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3.5 Replication

Replication techniques are particularly suited for large
volume production and possess a great potential for
improving the quality of molded optical elements.
The machining technology for injection molding has to
optimize by analyzing process behavior of different optical
plastics materials, machine technology, processing and
process control. Besides the analysis of the injection molding
process, it is important to investigate the influence of the
injection compression and injection embossing technology .
For glass molding of (structured) optical components hot
pressing of glass is the technology that could be used for
replicating high precision parts. The goal is to extend the
potential of this technology. A new approach is the
implementation of a concept with separates the heating of
mold and glass material [24]. The aim is to avoid sticking of
glass to the mold and to achieve shorter process times by
improving the heating and cooling management.

3.6 Measuring techniques and quality chain management

For describing the geometrical condition of the mold insert
as well as the replicated part micro- and macro-geometrical
properties have to be determined.

An important issue is the integration of measuring
equipment into the machining process, since there is a great
demand of in-process and in-situ measuring techniques
regarding the optimisation of process chains.

A new approach to characterise the functional properties
of lenses, mirrors, replication tools and molds at micro scale
combines two laser optical measuring principles to measure
local and integral features of continuous and structured
surfaces. The method of double scattering by speckle pattern
illumination characterises the integral measure surface
roughness in the range of Ra < 100 nm. A modified
measuring arrangement based on the principle of angle
resolved scattering (ARS) analyses local defects (e.g.
scratches, cracks, chips) and structure deviations. Scattered
light techniques are generally parametric and fast and
therefore show in-process capabilities for micro-form and
micro-structure measurement [25].

For measuring the form deviation of a mold with optical
aspheric or free-form surface in production machines using
interferometry the vertical measurement range of the
interferometer has to be extended. Another more flexible
way is the use of multiple wavelength interferometry [26]. In
the end, such a system could be used for the online quality
control of production processes of injection molding or
pressing forms with continuous surfaces.

As an innovative non destructive near surface zone
analysis photo thermal techniques are applied yielding
information about hardness(-profiles), layer thickness,
adhesion defects, flaws like cracks and pores, and residual
stress of tools and replicated objects in near surface zones
from a depth of few micrometer down to Imm below the
surface [27].

Especially for determining the properties of the hard
coatings presented above an extensive study of the near
surface mechanical nature of these coatings has to be
performed as high resolution surface and subsurface analysis
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by using nano indentation and nano scratching technique
[28]. Measured information about the mechanical state of the
surface layer concerning its processing conditions can be
used to create the surfaces and their resulting mechanical
state. E.g. elastic modulus E and hardness H, of the molds,
coatings and final glass/polymer optical components can be
determined for characterizing its mechanical properties.

4 Merging Technologies

The manufacture of optics in high volume requires process
chains including optical design, mold making and replication
as well as measuring techniques. Any applied technology
within a process chain has its advantages and limits. And for
making a powerful process chain, it is necessary to take all
advantages and limits of each process step into account.
Moreover, it is important to transfer the applied processes to
deterministic processes, so, the result of a process step
should be known in advance. This information can be used
as data for a knowledge base for planning process chains
with less time consumptive and, therefore, expensive
iteration steps. Precise physical or empirical models as well
as simulation tools have to be taken into account to reach
this goal. Additionally, qualified metrology including surface
and subsurface inspection as well as figure evaluation plays
a vital role.

Nevertheless, a holistic view of the complete process
chain is required. Quality chain management is of overall
importance since it guarantees an effective interaction
between the individual process steps. Therefore, closed
process chains comprising all aspects of production will
open the possibility to produce high precision complex
optical elements as mass-product articles for many optical
applications.

Deterministic process chains have their foundation in
merging technologies by separate process steps which means,
that anybody in a process chain will act with the knowledge,
what anybody else in the chain needs for his step and vice
versa. An example is a NURBS based common description
of the geometry from the optics design, the simulated shape,
the shape to be machined for fabricating the mold insert, the
measured shape of the insert to the shape of the replicated
part. Converting errors or miscommunication can be avoided
using a common data description.

The quality chain management has to organize the
connections and the process steps - or in other words - it has
to spread the filtered common knowledge to all individual
processes. So, any process step of the chain will get
sufficient data, in order to eliminate process time for
unneeded specifications of the finished part.

The connections are represented by requirements to
following or preceding process steps as shown in Fig. 10.
The requirements could be the designed form and roughness,
maximum size or weigh of a part, predicted (simulated or
measured) shrinkage or anything else what is necessary to
guarantee an unobstructed and fast procedure of the process
chain. Moreover, the information could also show organizing
or logistic character like a date of delivery. This schematic
view of a process chain is easy to convert to a web-based
computer application. So, it can be used for planning, for

performing and for evaluating process chains in the large
group of the process chain participants, especially, if not all
process steps are carried out at the same location [29].

519 Ps 2 Ps 3§ s 43 PS 5 P56

m:
=

(

—
)

D

Fig. 10. Each process step (PS) in a process chain
(PS1...PS6) has requirements to following or precede process
steps [source: IPT-Aachen]
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5 Conclusion

The mass production of high precision molds with aspheric,
structured or free-form shape is still a great challenge,
whereas, the number of optics, its complexity and its quality
needed increases year by year. Innovative fast, precise and
deterministic machining and measuring technologies are
required to meet this challenge and the integration of
measuring techniques is required. Moreover, a holistic view
over the entire process chain is necessary to transfer a
conventional optics fabrication into a powerful and effective
process chain.
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Abstract

Fast tool servos can be used in conjunction with diamond
turning machines to produce precision contoured surfaces.
This paper presents an overview of fast tool servo (FTS)
technology and applications. A literature review groups the
FTS devices by operating principle and performance. A new
class of FTS is described in detail which uses a flux-steering
actuator to achieve unprecedented performance levels. This
Ultra-Fast Tool Servo (UFTS) has 30 um stroke, 23 kHz
closed-loop bandwidth, acceleration of 5000 m/sec?, and
positioning noise of 2.1 nm RMS while cutting.

1 Introduction

This paper focuses on recent developments in fast tool servo
technology which is used in conjunction with diamond
turning to produce contoured surfaces on parts. A fast tool
servo (FTS) is capable of rapidly and accurately positioning
the cutting tool in a lathe manufacturing operation such that
the cut surface can include features which are not symmetric
with respect to part rotation. Typically, the cutting tool is a
single crystal diamond such that optical quality surfaces can
be produced. However, in cases where optical finish is not
required, then conventional cutting tools such as cubic boron
nitride, tungsten carbide, or steel can be used in conjunction
with a fast tool servo. Examples of manufactured parts
which might include such contoured surfaces include:
eyeglass lenses and molds, molds for contact lenses, oval
pistons for automotive engines, films for brightness
enhancement and controlled reflectivity, sinewave ring
mirrors used in CO2-laser resonators, fusion experiment
targets, two-dimensional planar encoders, as well as in
micro-optical devices such as Fresnel lenses, multi-focal
lenses and micro-lens arrays. In-depth perspective and
reviews of the applications and production of such surfaces
are given in [5] and [10].

A schematic representation of the shape of parts which
might be cut with a lathe and fast tool servo is shown in
Figure 1. This part shows the surface of a 0x 4 diopter toric
surace for an eyeglass lens of about 60 mm diameter. To cut
this part, the tool must move in synchronization with the part
rotation through a stroke of about 4mm in the z direction
(height).
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Figure 1: Surface of a part which might be cut with a
fast tool servo.

In order to accurately cut such parts, the tool must move with
high precision despite the high acceleration and high
frequencies associated with the surface trajectory. In the
lens surface shown above, the tool oscillation frequency will
have a fundamental of twice the spindle rotation frequency,
and harmonic content out to a signficant multiple of the
spindle rotation frequency. For example, if the spindle
rotates at 3000 rpm (50 Hz), the first fundamental of the part
shape will be at 100 Hz, and there will be signficant
harmonics in the trajectory to 1 kHz. Meanwhile, in order to
obtain optical quality surfaces, the tool trajectory must be
accurate to the order of 10 nanometers.

This simultaneous requirement for precision and high
dynamic performance makes the fast tool servo area quite
demanding. This need for precision and fast dynamics
places fast tool servos at the intersection of precision
engineering and mechatronics.  Similar multiple-domain
demands exist in other systems such as semiconductor
lithography machines, hard disk and optical drives, and
galvo drives for mirror scanners. Thus fast tool servo
technology can adapt techniques from these fields as well as
serve as a source of ideas for cross-fertilization.

The need for high bandwidth is clear on the basis of part
throughput. In order to achieve sufficient productivity, the
part spindle needs to be rotated rapidly, on the order of 1000-
-10,000 rpm. The bandwidth requirement for a fast tool
servo is then set by the number of spatial harmonics required
per revolution. The acceleration requirement for a fast tool
servo is set by the amplitude and frequency of these
harmonics. Both of these are demanding limitations. For
example, in the eyeglass example, controllable motion is
required out to 500-1000 Hz. This allows on the order of 5
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to 10 spatial harmonics in a cut with a spindle speed on the
order of 1000-3000 rpm. A stroke of 20-30 mm is required
to cut typical eyeglass part shapes. Suppose that a harmonic
of the trajectory is specified as z(¢#) = Asinwt. Then the
acceleration  associated  with  this  trajectory is

alt)=z(t) = Ao’ sinot . For the eyeglass example, let
A=0.0lm, and w=2725 (1500 rpm). Then the maximum
acceleration on such a cut is a,=4w’; in this case
a, =2.47x10" m/sec’. This is 25 times the acceleration of
gravity (25 Gs). This is quite challenging for a long-stroke
device.

The short-stroke application is even more demanding in
terms of bandwidth and acceleration. For example, suppose
we need to cut 720 cycles of a sine wave with an amplitude
of A=1um on the surface of a part which is rotating at
1500 rpm. The fundamental frequency of the cut is then
®=720-2725=1.13x10° rad/sec (18 kHz). This is a very
high frequency of operation for an electromechanical device.
Even worse in some sense is the required acceleration. Here
a,=Aw’ =1.28x10* m/sec’ (1300 Gs).

In summary, fast tool servo design provides a very
challenging environment for precision engineering and
mechatronic design.

2 Prior Art Fast Tool Servos

A significant amount of research effort has been devoted to
FTS design over the years. There are many FTSs reported in
the literature using a variety of actuating mechanisms and
configurations, depending on the application needs. The
articles cited above [5] and [10] and the theses [20] [32] [24]
have significant literature reviews. Some key prior art is

summarized below.
U.S. Patent

June 22, 1976 Sheet 1 of 3

3,964,382

Figure 2: Electromagnetically-driven engraver head from
U.S. Patent 3,964,382.

The earliest prior art relevant to fast tool servos appears to be
from the field of electric engravers, which are used to
produce the precise patterns of fine pits which define the
inking pattern of rotogravure plates used in printing. A
survey of this technical area is given in [32]. As an example,
the image shown in Figure 2 is taken from the patent [2].

Here the diamond cutting tool 15 is attached to an arm which
is mounted on the near end of the slender shaft 13. The shaft
is contoured (feature 11) so as to establish a given resonant
frequency. The actuator consists of fixed core 1 and coils 5
which direct magnetic fields so as to apply a torque to the
wedge-shaped rotor 7, and thereby drive the resonance of the
engraving tool/arm on the shaft. A required source of
biasing magnetic field is not shown in this figure.

A key distinction of the devices used for electric
engraving is that these are operated at a frequency coinciding
with a mechanical resonance. This is possible because the
pits on a rotogravure plate have constant spacing; the
amplitude of the resonant motion is controlled with an
actuator on the engraving head in order to set the pit depth
which controls printed ink quantity. Typical resonance
frequencies for electric engraving heads are in the range of
3-10 kHz. In comparison, fast tool servos are required to
follow arbitrary trajectories with a wide range of frequencies,
and thus cannot take advantage of resonant operation. This
requirement places quite stringent demands upon mechanical
structure, actuators, sensors, and controllers for FTSs which
makes them distinct from the electric engraver application.

The actuation principles for FTSs can be divided into the
following main categories: hydraulic, piezoelectric,
magnetostrictive, Lorentz force (including linear and rotary),
shear-stress electromagnetic, and normal-stress
electromagnetic. These devices can also be categorized
according to their operating range, or stroke. We define
short-stroke as less than 100 pum, intermediate as between
100 pm and 1mm, and long-stroke as above 1 mm.

2.1 Hydraulic FTS

Hydraulic devices are less common in the literature, but
some some good work has been done in this area. Hydraulic
long-stroke FTSs have been studied for non-round piston
turning in for example [41] along with repetitive control
algorithms for following error reduction [21] [17]. A short-
stroke hydraulic FTS with 180 pum stroke and 10 Hz
bandwidth is presented in [40].

2.2 Piezoelectric FTS

Most short-stroke FTSs and similar micro-positioning
devices are based on piezoelectric stacks [37], which have
the advantage of quick response, high acceleration, accurate
micro positioning, and high stiffness (usually greater than 50
N/um in the typical sizes used).

Piezoelectric ceramic materials can produce up to 0.1%
normal strain, readily achieve bandwidth on the order of
several kHz, and are capable of nanometer resolution
positioning. Further, piezo actuators are open-loop stable,
and thus in principle easy to control.

However, piezoelectrically actuated FTSs also have
disadvantages. First, with an attached payload mass, the
resonant frequency of the system is reduced over that of the
actuator alone. This problem is particularly acute when
motion-amplifying mechanisms are used to increase travel,
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since such mechanisms reflect the actuator stiffness as the
amplification ratio squared, and thus the resonant frequency
falls linearly with the amplification ratio. Since the resonant
modes of a piezo-driven system tend to be lightly damped,
this imposes significant limits on the achievable closed-loop
bandwidth of such devices. Another problem is that the
internal structural resonance modes of the piezo stack limit
the working frequency range, because operation near internal
resonances can cause local tensile failure of the PZT
ceramics. It is also somewhat difficult to design coupling
structures which guide the FTS in the desired direction of
actuation and provide sufficient lateral stiffness, but do not
impose unacceptable side loads or moments on the piezo
actuator.

A further limit to dynamic performance are mechanical
and electrical energy losses in the material when undergoing
deformation. Such hysteresis not only degrades the tracking
performance, but also imposes a thermal limit due to the
energy loss which is converted into heat. The allowable
stroke for a piezo actuator therefore reduces significantly at
high frequencies. In some cases liquid cooling must be used
to achieve acceptable performance. Finally, the high-
voltage/high-current amplifiers required to drive a piezo
actuator at high frequencies and large stroke are bulky and
expensive as compared to conventional motor drive
amplifiers which can be used with the electromagnetic
devices.

Nonetheless, piezoelectric actuated FTSs have seen
significant research contributions. In this class of actuators,
we can cite the following contributions from the literature:
Kouno published the design for a piezoelectric fast tool
servo of 6.5 pm stroke, 10 nm resolution, 70 Hz bandwidth
and 300 N/um stiffness [22]. The piezoelectric stack
consists of 18 rings, each of which is 25 mm OD, 15 mm ID,
and 1 mm thick.

Patterson and Magrab designed a fast tool servo for
diamond turning with 2.5 um stroke, 660 Hz bandwidth (-
3dB), and 1.3 nm dynamic repeatability at Lawrence
Livermore National Laboratory [35]. A PZT stack of 6 mm
diameter and 12.5 mm length provided stiffness sufficient to
place the resonance above 1 kHz when supporting the
maximum FTS body weight of 450 gm. The moving portion
of the FTS consisted of a cylindrical shell supported by two
diaphragm flexures fixed to a cylindrical support.

Faulter and Dow developed an FTS of 20 um stroke and
2 kHz open-loop bandwidth using a hollow piezoelectric
actuator (25 mm OD and 18 mm long) [12, 8, 13]. The
resonance frequency was approximately 10 kHz. However,
at 1 kHz this FTS has a maximum stroke of 5 pm and could
not work continuously because of internal heat generated by
losses inside the piezoelectric actuators. Based on similar
concepts, Jared developed a piezoelectric FTS of 11.4 um
stroke and 200 Hz bandwidth for inertial confinement fusion
targets [19].

Okazaki developed a fast tool servo with 5 um stroke,
470 Hz bandwidth, and 5 nm resolution [33]. Later, Okazaki
developed an improved fast tool servo with 15 um stroke,
2.5 kHz bandwidth, 2 N maximum cutting force, and 2 nm
resolution [34]. A stacked ring piezoelectric actuator of 25
mm OD, 14 mm ID and 19 mm length was fixed inside a
stainless steel cylinder, with a size of 53 mm in diameter and
112 mm length. The primary resonance frequency was at 10

13

kHz. However, at 1 kHz continuous operation the effective
stroke is only several micrometers.

Hara designed an FTS of 3.7 um stroke and 2 kHz flat
frequency response in open loop [18]. Rasmussen and Tsao
described a system for asymmetric turning, by using a
piezoelectric actuator to drive a tool through a lever
assembly [36]. The FTS had 50 pm stroke and 200 Hz
bandwidth.

Falter and Youden designed a device that is
commercially available on a machine for contact lens
generation. This fast tool servo has 400 um stroke at DC
and 600 Hz bandwidth. It uses a T lever to achieve 14:1
mechanical motion amplification [11]. A pair of PZT stacks
against the horizontal part of the T lever provides push and
pull motion.

Cuttino developed an FTS of 100 pm stroke and 100 Hz
bandwidth [6]. In order to obtain the 100 um stroke against
the preloaded rod, the PZT stack was 13 cm long and had an
open-loop stiffness of around 70 N um. As a result, the
natural frequency of the piezoelectric system was 250 Hz.

Altintas presented a piezo tool actuator of 370 N/um
stiffness, 36 um stroke, 50 Hz bandwidth for holding or 300
Hz bandwidth for dynamic contour machining, and 10 nm
positioning during finish hard turning [1].

In summary, although piezoelectric actuators have
significant applicability in practice, they appear to be limited
to about 1 kHz operating frequency and become more
difficult to apply as the bandwidth and acceleration
requirements are increased.

2.3 Magnetostrictive FTS

As a dual to piezoelectric materials that respond with strain
to an applied electric field, magnetostrictive materials strain
under an applied magnetic field. This actuation principle
provides another option for FTS devices.

There are some research efforts on such devices in the
literature. Eda developed a giant magnetostriction actuator
with a stroke of 2 um [9], but no frequency response of this
device was reported. Liu et al developed a
magnetostrictively-actuated tool holder of 50 um stroke to
investigate vibration abatement in turning processes [23].
The actuator had a resonance frequency at 1.5 kHz, but no
closed loop bandwidth specification was reported for this
device.

A common magnetostrictive material is called Terfenol,
but it also has hysteresis and heating problems [23]. It is
claimed that magnetostrictive materials have higher
maximum strain and are less temperature dependent, in
comparison to piezoelectric materials. However, their
performance as reported in the literature appears to fall
significantly behind that achieved by piezoelectric devices,
and we do not view these as competitive with piezoelectric
devices or the short-stroke electromagnetic devices discussed
below.

2.4 Lorentz Force FTS
Another broad class of actuators employ the Lorentz force

JxB. Herein we use this term broadly to include permanent
magnet rotary and linear motors, even in the cases where the
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motor coils are housed in slots which mean that the force on

the motor is not primarily due to the Lorentz force. However,

since slots can be approximately modeled as bringing the
slot currents to the surface of a smooth air-gap machine, this
inclusion is reasonable. Said another way, this class then
includes true Lorentz machines such as voice coil actuators,
as well as slotted iron-core machines such as most DC
brushless linear and rotary motors.

An advantage of this type of actuator is that it can have
much longer stroke than those of the piezoelectric FTSs.
However, the maximum steady-state acceleration is limited
by the heat generated in the coil, the method by which the
coil is cooled, and by the achievable magnetic flux density.
Basic electromagnetic and thermal calculations indicate [20],
and the literature confirms, that the steady-state acceleration
of these devices is limited to about 100 Gs.

Within the class of Lorentz actuated fast tool servos,
Douglass used a voice-coil-motor driven slide for a fast tool
servo [7], which had a stroke of 500 um and 100 Hz
bandwidth. Wang described a voice-coil-based actuator to
achieve 0.4 mm stroke and 0.1 pm resolution [42].

Weck et al developed a hybrid long stroke fast tool servo,

which integrated a piezoelectric system and a linear motor
[43]. The piezoelectric system has a stroke of 40 pm at 1
kHz bandwidth, and the linear motor has a stroke of 2 mm at
40 Hz. The piezoelectric translator had a maximum force of
2400 N, a stiffness of 50 N/um and a resonance frequency
with the loaded mass close to 2 kHz. The peak thrust force
was 900 N with a time constant of 5 ms. The power loss of
the linear motor and the piezoelectric translator was
dissipated by a water-cooling system. Temperature
stabilization was guaranteed by Peltier elements, which
control the heat dissipation to the cooling media. A
compensation of these forces to reduce excitation of the
supporting machine was achieved by the use of a balance
mass.

Greene and Shinstock developed a linear voice coil
based fast tool servo [14]. This FTS had a 100 Hz
bandwidth and 6 mm stroke. Because of the low mass of the
actuator-tool assembly and the low bandwidth, the dynamic
stiffness at 15 Hz was so low that it was considered not
feasible for FTS application due to chatter instability.

Todd and Cuttino built a long-range traction-type FTS
for diamond turning applications [39]. The tool shuttle was
driven by a rotary motor through a steel ribbon. The
achieved performance was 1 mm stroke at 20 Hz.

Ludwick and Trumper used a commercial brushless
motor to develop a rotary fast tool servo with a bandwidth of
200 Hz, 50 G peak acceleration, micrometer resolution, and
a stroke of 3 cm [20] [29]. This machine was designed for
the production of plastic spectacle lenses, with shapes such
as shown in Figure 1. Because of the fast tool servo's
balanced rotary design, reaction forces are essentially
cancelled, and only reaction torques are transmitted to the
supporting machine base. A picture of this machine is given
in Figure 3.
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Fig. 3. Picture of rotary fast tool servo based diamond
turning machine for production of eyeglass lenses.

An advantage of this design is that the rotary axis can
carry two or more tools which can be rotated into position,
for example, for roughing and finishing operations that use
two different types of tools. The axis in the photo uses two
tool arms which respectively carry a polycrystalline diamond
tool for roughing and a single-crystal diamond tool for
finishing. A cross-section of the machine is shown in Figure
4.
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Fig. 4. Cross-section of rotary fast tool servo based diamond
turning machine for production of eyeglass lenses.

Adapting the rotary fast tool servo concept to the short-
stroke domain, Montesanti designed a rotary FTS using a
commercial moving magnet motor (galvanometer) to achieve
50 um stroke, 20 Gs tool acceleration, and 2 kHz bandwidth
[30]. Here the rotary axis is supported on flexures rather
than the rolling element bearings used in the long-stroke
eyeglass fast tool servo [29]. This device is the first of two
which Montesanti designed for use in the fabrication of
contoured surfaces for laser fusion targets; the second device
is discussed in the following section.



Fast Tool Servos:

2.5 Normal-Stress Electromagnetically-Driven FTS

As opposed to shear stress actuation in moving-coil or
moving-magnet  motors, normal-stress  solenoid-type
actuators can also be used for FTSs, because normal-stress
motors potentially have higher force density and thus
possibly higher acceleration than shear-stress motors. Very
few people have looked at variable reluctance actuation for
FTSs, probably because of the difficulty of controlling these
devices in the presence of inherent nonlinearities.

Stancil, Gutierrez and Ro developed a normal-stress fast
tool servo with a stroke of 800 um [38]. The achieved
bandwidth was 100 Hz, and the tracking performance at 30
Hz was problematic [15]. Later a sliding mode control
algorithm was applied, and the tracking performance of FTS
at its resonance frequency 200 Hz was improved [16].

As a first design effort towards a short-stroke high-
bandwidth FTS, we studied an electromagnetically actuated
FTS with 50 pm stroke, 160 G acceleration to frequencies of
3 kHz, 10 kHz bandwidth, and 1.4 nm resolution [25, 27]. In
this variable reluctance FTS, opposing solenoids provide
push and pull forces to a steel armature which is attached to
a carbon fiber tube which serves as the structural backbone
of the moving system. The diamond tool is installed at the
other end of the carbon fiber tube. The whole moving
system is suspended by a front flexure and a rear flexure.
These flexures constrain five degrees of freedom of the
moving system while allowing only motion in the axial
direction of the carbon tube. The motion of the armature is
measured by the capacitance probe which passes through the
center of the rear solenoid.

However, the solenoid-type actuators used in this device
are highly nonlinear, because the actuating force is
proportional to current squared and inversely proportional to
air gap squared. This nonlinear behavior will introduce
significant errors in high frequency operation. Flux biasing
can be used to eliminate this nonlinearity [31, 26].

Following ideas for a rotary axis flux-biased short-stroke
FTS, Montesanti designed a hybrid rotary/linear fast tool
servo with a stroke of 70 pm and 10 kHz closed-loop
bandwidth [31, 32]. This fast tool servo achieves 400 G
acceleration at 5 kHz and 870 G acceleration at a mechanical
resonance frequency of 10 kHz. A picture of this device on
the diamond turning machine is shown in Figure 5.
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spindle

Fig. 5. Montesanti's 10 kHz fast tool servo [32] mounted on
the diamond turning machine. A 15 c¢m ruler is included in
the figure to provide a scale.

Section 3 of this paper gives details of our new fast tool
servo which uses a flux-steering actuator to achieve 30 pm
stroke and 23 kHz closed-loop bandwidth [26, 28], and with
experimentally-demonstrated acceleration of 500 G, as well
as positioning noise of 2.1 nm RMS while cutting. A picture
of this FTS is shown in Figure 6.

Fig. 6. Front view of 10 kHz fast tool servo [26, 28]. The
diamond tool and front flexures are visible at the center of
the near face of the device. The back end of the capacitance
probe can be seen at the right side of the figure.

2.6 Performance Comparison

It is instructive to study the relative performance of a
representative set of FTSs. Key performance metrics for a
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fast tool servo are its low-frequency stroke, small-signal
bandwidth, maximum acceleration, and positioning noise
level. Unfortunately, most of the literature references don't
report acceleration limits or the achievable travel as a
function of frequency, but only report travel and small-signal
bandwidth. Using this reported data, we have constructed a
plot of low-frequency (DC) stroke versus small signal

bandwidth as shown in Figure 7.
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Fig. 7. Performance comparison of representative fast tool
servos. Numbers refer to references listed in the table.

In this figure we have also grouped the devices according to
their operating principles. Lorentz actuated FTSs are shown
as squares, piezoelectric devices are shown as stars, and the
new class of normal-stress devices are shown as dots. The
numbers and letters next to these symbols key them to the
references shown in the table below.

In the plot of Figure 7, a possible metric of quality is the
product of stroke times bandwidth. Contours of this metric
are then hyperbolas in the plot axes. The further out on these
level sets a device is the better its performance in this sense.
It can be observed that Lorentz FTSs generally have larger
strokes but lower bandwidth than piezoelectric FTSs. Of the
Lorentz devices, number 5, which is Ludwick's eyeglass
manufacturing machine [20] [29] has the largest stroke-
bandwidth product. The rotary fast tool servo of Montesanti
[30] has the highest bandwidth of the Lorentz devices. The
piezoelectric devices generally have strokes in the range 10-
100 pm, and bandwidth in the range 100 Hz-2 kHz. Finally,
the three short-stroke normal-stress electromagnetic devices
(a,b,c) demonstrate a new performance class, greatly
exceeding the bandwidth of any other reported device.
These devices establish new design principles for fast tool
Servos.
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3 Flux-steering Ultra-Fast Tool Servo

This section describes some of the design features of the
flux-steering linear fast tool servo we have designed, shown
as point ¢ in Figure 7. A picture of this device is shown in
Figure 6. We refer to it herein as the Ultra-Fast Tool Servo
(UFTS). In cross-section, the UFTS appears as shown in
Figure 8.

Middle core Permanent magnet

Front coils L
Rear coils

Front core.

Ceramic tube

Diamond tool

Tool shank ]

Tool holder

Position sensor

Front bearing

Front frame

Middle frame
Fig. 8. Cross-section of Ultra-Fast Tool Servo.

Rear frame

As shown in the figure, the motion of the armature is
transferred to the tool holder by a segment of aluminum
oxide ceramic tube. The moving assembly is suspended by a
spring steel flexure bearing in the front and a rubber pad
bearing in the back. Consequently, the diamond tool moves
primarily along the axial direction of the ceramic tube and
the other five degrees of freedom are fully constrained. The
air gap X, is set at 100 pm to easily ensure 50 um stroke. In

this schematic design, the stator cores are split into three
parts: the front core, the middle core, and the rear core to
simplify manufacturing and fabrication. All frames
(including the front frame, the middle frame, and the rear
frame) are made of Type 304 non-magnetic stainless steel to
provide good structural stiffness. The permanent magnets in
the UFTS are Ne-Fe-B permanent magnets of 1.2 T
remanence, which are rated up to 120° C operation. A
capacitance probe (ADE 5501 active probe) of 100 kHz
bandwidth directly measures the tool holder motion from
behind. Therefore, the tool can be controlled accurately, in
spite of structural length variations induced by thermal
expansion or cutting/inertial forces. Figure 9 shows a
detailed cutaway view of the UFTS.
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Excitation Coils

Soft Magnetic Cores

Capacitance Probe

Fig. 9. Cutaway model of the ultra-fast tool servo.

Figure 10 gives an overall view of the flux-carrying
components in the actuator: the armature core, the front core,
the middle cores, permanent magnets, and the rear core.

Middle Cores

Rear Cores,

Rear Rubber Bearing

Armaturs
Rear Coils._

Permanent Magnets

\From Cores

Front Coils
Diamond Teol

Ceramic Tube- Front Flexural Bearing

Fig. 10. 3-D Magnetic Path of the Ni-Fe based UFTS.

The key assembly of the UFTS is the moving assembly as
shown in Figure 1la, which includes an armature made of
soft magnetic materials, a structural backbone made of
ceramic materials, a flexural front bearing, and a rear bearing
made of four rubber pads interposed between the armature
and the permanent magnets. The moving assembly has a
total mass of about 11 gm.

The rubber bearings used in the UFTS are believed to be
novel in the field of precision engineering, and grew out of
Barton's thesis work [4] [3]. These bearings contribute
stiffness and damping to the actuated mechanism. They also
occupy a far smaller region in the actuator than the
conventional steel flexural bearings at the front of the

actuator, and do not interact with the actuator magnetic fields.

The dynamical model shown in Figure 11b indicates how the
cutting force loads are distributed to the bearings. Because
of the ratio of L, to L,, the tool tip stiffness is dominated by
the steel flexures, which relaxes requirements on the rubber
bearings.

17

Actuating futtlng
force 7.‘0_““
§7Front bearing
Rear bearing
| Lz I_L1 |
(b)

Fig. 11. Moving Assembly. (a) Structure of the moving
assembly. (b) Simplified dynamical model.

3.1 Ultra-Fast Motor

The design motivation for this ultra-fast tool servo derives
from the following simple observation about magnetic
pressure and the possible acceleration capabilities of
magnetically-actuated fast tool servos. The magnetic
pressure on the air gap of a normal stress actuator is given by
P,=B*/2u,. Assuming a flux density of B=1.5 T, which
is below the saturation of many soft magnetic materials, a
normal stress actuator can generate a pressure of about
9x10° Pa. If we can apply this pressure to an armature iron
disk of 3 mm thickness, then the resulting acceleration will
be 4000 G! This large potential acceleration capability is the
motivation for pursuing the work reported here. Based on
this analysis, we predicted that normal-stress actuators can
be used to drive a FTS with unprecedented acceleration and
bandwidth performance. This potential has been well-
realized in the UFTS.

3.2 Fast Tool Servo Control

The compensated loop transmission without adaptive
feedforward controllers (AFC) achieves a crossover
frequency of 10 kHz with 30 degree phase margin as shown
in Figure 12. For large signal response, this actuator has
demonstrated 500 G acceleration at 10 kHz open-loop
operation.
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Fig. 12. The measured negative loop transmission of the

compensated UFTS without AFC control.

We have also developed a new method for AFC controller
implementation/design. By putting the AFC controllers in
parallel with the integrator, as shown in Figure 13, we can
design the conventional motion controller (C,, (s)and K, /s)
and AFC controllers in one consistent loop.  The
effectiveness of the designed AFC controllers has been
demonstrated experimentally by tracking a 16 um p-v sine
wave at 3 kHz, with a resulting tracking error of only 2.1 nm
RMS.

DSP B
AFCn 2

(Ao,
[arci—>

Fig. 13. The controller structure for the SM2-based UFTS.
The controller is composed of three parts: a loop-shaping
controller C,(s), PI term 1+K,/s and adaptive feed-

forward controller AFC(s).

3.3 Experimental Results

We have integrated the UFTS with a commercial diamond
turning machine. Both 1-D and 2-D sinusoidal surfaces have
been cut on aluminum and copper parts with an azimuthal
period of 0.5° at 500 RPM, and a corresponding UFTS
working frequency of 6 kHz. No chatter was observed for
cutting at depths from 0.5 pm to 30 pm. Figure 14 shows an
interferometric microscope image of a machined 2-D surface
which indicates the contoured optical-quality surfaces which
can be produced with the UFTS. These experimental results
confirm that electromagnetically-driven FTSs with flux
steering actuators are a promising new technology for
diamond turning contoured surfaces.
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Fig. 14. Surface metrology for diamond turned 2-D surface
on an OFHC copper workpiece.
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Abstract

Within the automotive industry, micro-electro-mechanical-
systems (MEMS) technology has contributed to the
improved performance, reliability and lower-cost sensors
that support basic automobile functions, including driving,
turning, and stopping. Future goals of the automobile
industry must target the development of environmentally
friendly cars that are capable of obtaining higher gas mileage,
are safer, and more comfortable. Also, these cars should be
capable of the reception and transmission of necessary
information. At this time the automotive industry is currently
focusing its R&D on ultra-low emission vehicles and
intelligent transport systems (ITS). MEMS technology is
expected to play an extremely important role in this future
direction of R&D in the automotive field, particularly in
achieving higher levels of safety. The integration of MEMS
technology in various devices is essential so that the system
maintains a high level of reliability and mass productivity.
This paper discusses how MEMS technologies are used in
current vehicles and will have been used in the future
vehicles.

1 Background of MEMS in the Automotive
Industry

MEMS has made major progress over the past years, due to
advancement in miniature machining techniques, drastic
improvement in performance due to miniaturization, and
realization of new functions which could only be attained by
miniaturization. With progress in electronics, MEMS sensors
have replaced mechanical sensors in many applications.
MEMS sensors have the following advantages:

(1) Deterioration-free and durable for a long period

(2) Low cost (Suitable for mass production)

(3) Small in size, and easy for installation

(4) Good dynamic characteristics

(High response and sensitivity)

(5) Superior impact resistance

(6) Low power consumption

(7) Self-diagnosis function
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Due to these overwhelming merits, use of MEMS sensors
has been naturally increasing in scale. Those sensors permit
sophisticated control, contributing to the improvement in the
basic performance of various kinds of equipment. MEMS
sensors are commonly made by silicon, which is better than
mechanical sensors, due not only to the superior physical
properties of semiconductor silicon but also to their
compactness and light weight (essential requirements for
automotive parts), in addition to their high environmental
resistance and reliability.

Table 1. Physical Properties of Silicon and Iron

Si Fe
Density(g*cm™) 2.33 7.86
, 190(111)
Young’s Modulus(GPa) 130(100) 210
Melt point(‘C) 1412 1534
Specific heat(J- g+ K™ 0.76 0.64
Thermal expansion coefficient
(x 10°K") 2.6 11.8
Heat conduction (W+-m™ K™ 168 48

Table 1 compares the physical properties of iron and silicon
as the substrate material of MEMS sensors. Silicon is
equivalent to steel in its physical properties, is precisely
machined into desired shape by semiconductor processes,
has various effects for converting change in physical
properties to electrical signals (piezo-resistance -effect,
photoelectric effect, Hall effect, etc.), and enables integration
in electrical circuits.

2 Practical MEMS Applications in Automotive
Sensors

The survey by the Japan Electronics and Information
Technology Industries Association (JEITA)" reveals that
approximately 310 million automotive sensors were
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Table 2. Automotive Sensors

Application Drive, stop and turn Safety, Conformity & Environment Information/Communication
Measurement
Temperature Water temp. sensor, Oil temperature sensor
Intake air temp. sensor Room temperature sensor,
Exhaust temp. sensor Air temperature sensor
Refrigerant temp. sensor
Pressure Intake air pressure Air-conditioner coolant pressure
Fuel tank pressure sensor
Atmospheric pressure Brake pressure sensor
Combustion pressure
Acceleration Acceleration sensor for Air bag,
ABS, VSC
Position/Angle Throttle sensor Car height sensor
Steering angle sensor
Rotation Cam angle sensor Wheel-speed sensor
Crank-angle sensor
Vehicle speed sensor
Flow Airflow sensor
Level Fuel sensor Brake oil sensor
Engine oil sensor
Vibration Knock sensor
Gas 02 sensor, A/F sensor Smoke sensor, CO sensor
Humidity sensor
Light/Electromagnetic Solar sensor Laser radar
wave Auto-light sensor Millimeter wave radar
Clearance sonar Satellite communication antenna
Infrared camera
Car recognition camera
Other cameras
Other Gyroscope Geomagnetic sensor,
Magnetic nail

produced in Japan during 2002, and approximately 10.26
million motor vehicles in the same year.

This means that on average about 30 sensors are installed in
each vehicle. Although it is difficult to obtain accurate
figures since the specific number of sensors installed per
vehicle differs according to vehicle model, a recent luxury
car contains some 100 sensors of about 70 types®.

Table 2 lists typical automotive sensors used in current
vehicles. As for the controlling basic vehicle functions of
“drive,” “turn” and “stop”, they are the largest in number, of
which many are of the semiconductor/MEMS type. The
detection objects are temperature, pressure, acceleration,
position/angle, rotation, flow, liquid level, vibration and gas.
The number of MEMS sensors is increasing due to the
advantages mentioned above. In the table, the bold-faced
type is MEMS sensor.

2.1 Pressure sensor

Figure 1(a) and 1(b) show the structure and principle of the
sensing element of pressure that use the piezo-resistance
effect (phenomenon in which solid material changes in
electrical resistivity as it is deformed), respectively. The
pressure sensor is characterized by a thin-wall structure
called a diaphragm. In the figure, the center part of the
silicon substrate is thinner than surrounding part, which is
deformed according to the applied pressure. The diaphragm
is produced by etching part of a silicon wafer using a unique

Bold face: MEMS sensors

single-wafer etching®. Piezo-resistors are formed in a bridge
configuration on this diaphragm, so that when the
diaphragm is deformed by the application of pressure, the
sensor can detect the pressure in terms of change in
resistance.

Pressure

/ Diaphragm

N\

Diffused Resistors resiskance
(Bridge connection)

Fig. 1(a). Structure of Pressure Sensor
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Vo= "R+R,*+R,*R,
1 2 3 4

Fig. 1(b). Principle of Pressure Sensor

Piezo-resistance pressure sensors have been commercialized
handling a wide range of pressure (a factor of 40,000 in the
pressure range), from 5 kPa for gasoline vapor pressure
sensors that detect a trace leakage from gasoline pipe to 200
MPa for common-rail pressure sensors that detect fuel
pressure in the diesel-engine common-rail system®.
Therefore, many different type of pressure sensors are used
in current vehicles, which have different size and thickness
of the diaphragm. A pressure sensor is used for engine
control as well. Specifically, intake air volume is calculated
based on the engine-intake-manifold pressure and
temperature (density) measured by a pressure sensor and
temperature sensor, respectively, to optimally control the
volume of fuel injection into the engine. In this application,
if the ratio of fuel/air is high, carbon mono-oxide and hydro
carbon complex are increased in the exhaust gas, if low,
NOx which is not good for environment is increased. So to
say, the pressure sensor contributes to ensuring cleaner
exhaust gases and enhanced engine output.

The technology employed to form the diaphragm of pressure
sensors is MEMS bulk micromachining or anisotropic
etching, which uses the phenomenon in which the silicon

single crystal etching rate differs with the crystal orientation.

Anisotropic etching uses potassium hydroxide (KOH) as
etchant. The etching condition has been established and
compiled in a database. Simulation technology has also
been developed for this application. Figure 2 shows the
calculated shapes of etched silicon diaphragms”. We used a
silicon (110) substrate on which an octagonal diaphragm can
be formed. An octagonal diaphragm permits thermal stress
distribution well balanced with the piezo-resistive gauges,
making it possible to minimize distortion of a sensor’s
offset-voltage temperature characteristic.
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Si (100)

Si {110}

Fig. 2. Calculated Diaphragm Shape of Si(100) and Si(110)

2.2 Accelerometer

An accelerometer, or acceleration sensor, used in airbag
systems etc. comprises micro beams and inertial mass
formed by etching part of a silicon substrate, and piezo-
resistors formed as strain gauges on the beams, showed in
figure 3.

Weight W
Beam thickness t

Acceleration G

(1) Sensor Chip

B

Fig. 3. Structure and Principle of Accelerometer

(2) Sensor Output

When acceleration is applied, the beams are bent, causing
the resistance of piezo-resistors to change so that the sensor
can measure the acceleration. With progress in silicon-
substrate micromachining technology, sensor chips have
been significantly reduced in size and costs. The overall
volume of an accelerometer has been reduced to one-fiftieth,
and the price to one-tenth, compared with the product in the
early ’90s. This has made it possible to install airbag
systems in almost all vehicles, from luxury cars to light
vehicles. As the most advanced accelerometer, a
capacitance type sensor (an electrostatic sensor capable of
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detecting acceleration in terms of change in static
capacitance) has been developed for practical application.
The capacitance type sensor is far smaller in size than the
strain-gauge-type sensor, and is highly functional with the
self-diagnosis function incorporated. The sensor has micro
comb structure and consists of two different electrodes;
static electrode and movable electrode. When acceleration is
applied, the distance of them is changed and the capacitance
is also changed. In the self-diagnosis function, when a
voltage is applied to the two electrodes, the gap between
them is changed by electrostatic force, and the capacitance
is also change and detected. This diagnosis is done
whenever the engine is started. Applications of an
acceleration sensor are not limited to airbag systems. It is
also used in vehicle motion control systems, such as the
Antilock Braking System (ABS), which prevents wheels
from locking up based on the deceleration and rotation of
wheels during braking. The ABS contributes significantly
to vehicle safety, and has been installed in almost all
vehicles, including low-price compact vehicles.

3 Future Direction of Automotive Industry

One hundred years have passed since the birth of the
modern automobile. While the automobile has provided us
with great convenience, one cannot deny the problems it has
left: environmental pollution from fuel emissions in addition
to an increase in the number of deaths and injuries due to
traffic accidents. Accordingly, future methods of
manufacturing cars must target environmentally friendly
cars that obtain higher gas mileage ratings and safer cars
capable of, if not preventing accidents, a reduction of the
injurious effects of accidents on passengers and pedestrians.
In the early twentieth century, the basic functions of the
automobile were to run, turn, and stop. Recently, in addition
to those basic functions, automobiles have a new function:
communication. Advances in electronic technology have
contributed to this new function. Through various media,
such as satellites, cellular phones, and broadcasts, we have
the ability to drive safer and more comfortably. We call this
"Telematics,” which is derived from the words
Telecommunication and Informatics. Automotive
Telematics includes the transmission of information to and
from  vehicles with advanced telecommunication
technologies. In the future, the world is scheduled to evolve
into ITS (Intelligent Transport Systems) by DSRC
(Dedicated Short-Range Communications) between roads
and vehicles as well as between vehicles. ITS is based on
the principle that humans, roads and vehicles mutually
interact and cooperate through the sharing of information
and cooperate mutual as shown in figure 4. New systems,
such as AHS (Advanced cruise-assist Highway System),
ASV (Advanced Safety Vehicle), HMI (Human Machine
Interface) as well as others are key technologies in the
realization of this principle. After the realization of these
technologies a new relationship between humans, roads and
vehicles will be created.
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Fig. 4. Basic Concept of ITS

Automotive manufacturing technologies for the future must
be aimed at creating vehicles which are fuel-efficient and
environmentally friendly, as well as safe, i.e., collision-free
or minimal in impact to pedestrians and vehicle occupants in
the unfortunate event of a collision. Also important is to
incorporate into vehicles advanced information and
communication technologies that are coordinated with road
infrastructure systems, with the aim of ensuring efficient
vehicle traffic and creating safer and more comfortable
vehicles in which drivers can share necessary information
with other people anywhere and anytime. In future, vehicles
are expected to evolve along the three vectors of ecology,
safety and comfort®. It is therefore necessary to develop
and manufacture vehicles and automotive systems to
comply with these vectors. Of the three vectors, safety
should be given the highest importance since it relates to
human lives. MEMS technology is expected to play an
immense role in realizing the automotive safety.

4 Concept of Advanced Driving Assistance

From this viewpoint, the automotive industry has been
implementing research and development with focus on the
Intelligent Transport Systems (ITS). Typical one is the
development of Advanced Cruise-assist Highway Systems
(AHS) in which the Ministry of Land, Infrastructure and
Transport has taken the initiative in Japan. Through the
AHS, the Ministry intends to provide seven basic services
which are considered necessary for realizing a safe
motorized society in future®. The seven services are
proposed to provide support for: (1) prevention of collisions
with forward obstacles, (2) prevention of overshooting on a
curve, (3) prevention of lane drift, (4) prevention of crossing
collisions, (5) prevention of right-turn collisions, (6)
prevention of collisions with pedestrians on a crossing, and
(7) road surface information for maintaining an appropriate
headway distance etc. The support services of items (1)
through (3) are being realized by a radar system” and lane



keep system by camera, which have already been installed
in some vehicles.

At present, however, these systems are costly and
affordable only on some luxury cars. It is necessary to
further reduce the size and cost of these systems through the
use of MEMS technology. If these systems are to follow the
same course of evolution as automotive sensors, the
reduction in size and cost will make the systems and the
safety secured by them affordable on general-class vehicles
as well. For this reason, a high expectation is placed on
MEMS technology. Recently, many MEMS sensors have
come to be adopted for more advanced vehicle motion
control systems, such as the Vehicle Stability Control (VSC)
system which prevents the vehicle from exceeding the limit
for friction between road surface and tire when turning®. In
the system, several sensors, two accelerometers, speed
sensors and a gyroscope are used for detecting vehicle
dynamics. This system will be improved onto a more
sophisticated system which controls complicated vehicle
dynamics and realize safer driving.

The other support service of item (4) —(7) cannot be
realized by on-vehicle equipment alone. Coordination with
infrastructure systems is indispensable. In the U.S.,
development of a system that supports driver’s decisions at
intersections is under way in a project led by the University
of California”. A device installed at each intersection
identifies vehicles approaching the intersection and advises
each vehicle’s driver whether he/she may make a left turn
(right turn in Japan). Safety-related support for pedestrians
and vehicles at intersections is highly desired for the future.
One of the effective and promising measures for such
support is a wearable human-machine interface (HMI)
device manufactured by micromachining technology. The
HMI device would be embedded in a tag, which is to be
worn by vulnerable road users, i.e., pedestrians. A sensor
installed at each intersection would detect the tag
information and inform vehicle drivers of the presence of
pedestrians. The tag should be manufactured extremely
small in size using MEMS technology, and desirably be
integral with, say, elderly certificates, security labels on

bicycles, name tags worn by elementary-school children, etc.

In those tags, a self power supply system by Power-MEMS
is much desirable than batteries. At each intersection, an
appropriate infrastructure system would inform vehicle
drivers of approaching pedestrians and bicycles, to help the
drivers avoid recognition mistakes and resultant unfortunate
collisions.

Many possibilities can be imagined when contemplating
the contributions of MEMS technology to the needs of
advanced driving assistant systems. Many MEMS
technologies, such as a micro sensor, a micro actuator, an
optical-MEMS, a RF-MEMS, Power-MEMS and an
auditory-MEMS are currently in the research stage and are
regarded as promising technologies for these systems. It is
not an overstatement that advanced driving assistant systems
are realizable with integration of various MEMS
technologies. Here, the word “integration” does not mean
the simple gathering of device functions. Instead, it means
the creation of new standard of production ability, and
robustness.
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5 MEMS Technology as Fabrication
Technology

Manufacturing for the 21st century is recycling-oriented. In
this regard, MEMS, which can save resources and energy,
plays an extremely significant role in the resource-recycling
and resource-saving society. Since MEMS is essentially
based on silicon micromachining techniques, development
and progress of micromachining techniques are
indispensable for further advances in MEMS technology.
At present, our attention is focused on the deep reactive ion
etching (DRIE) process as a promising micromachining
technique. This process offers a deep etching ( more than
100 u m), a highly vertical accuracy, and a high etching
rate ( more than 1 p m/min.) without crystal orientation
dependence. This excellent character realizes state-of-the-art
3-Dimentional MEMS devices built in Si substrate'*'".

In some micro accelerometers operated by electrostatic
force, the key component of comb-structure is fabricated on
Si substrate by the DRIE. In this case, if the trench between
the comb-structured electrodes becomes narrower and
deeper, in other words higher in aspect ratio, a capacitance
between the electrodes becomes higher. This increase makes
the accelerometer more sensible'?. Furthermore, the DRIE
requires a smaller chip area to produce the same mass
portion of an acceleration sensor than with the conventional
micromachining process, which result lower cost and higher
sensitivity. In this DRIE process, only the bottom part of the
trench is possibly etched and the sidewall of the trench is
protected through etching. We have proposed a new DRIE
process to obtain higher aspect ratio of deep trench. In the
process, we use SiO2 layer for protection because a binding
energy between Silicon and Oxygen (106kcal/mol) is higher
than that between Carbon to Carbon (85kcal/mol) in the
polymeric film which is used in conventional DRIE process.
In addition, an etching rate of SiO2 in the SF6 plasma is
about 1/100 to that of Si. Therefore, if a SiO2 layer with
sufficient thickness can be formed only on the trench
sidewall, it would suppress lateral etching completely during
the etching after the formation of it. A new etching process
is shown in Figure 5. In this process, the DRIE process and
SiO2 layer formation are carried out alternately. The
oxidation process is done by Oxygen (O2) plasma
irradiation'”. In this process, oxidation and the DRIE
process can be carried out in the same etching chamber only
by switching the introducing gases. A repetition of the O2
plasma irradiation can be expected much less than that of
passivation step in the conventional DRIE process because
of high etching durability of SiO2 layer. In this process, the
substrate was firstly covered by 10nm thickness of the
polymeric film by the passivation step of the DRIE process.
Then the O2 plasma is irradiated on the substrate. Before
and after the O2 plasma irradiation, the substrate surface
was analyzed by XPS measurement. Before the irradiation,
bond peaks such as C-C, C-Fx are obtained. That means the
polymeric film is formed on the Si surface. However, after
the O2 plasma irradiation, those peaks are decreased, and
Si-O bond is obtained in Si2p peak.

That means the polymeric film is decomposed into gas
phase by the O2 plasma and the exposed Si surface is
oxidized by it. Therefore even if the sidewall of the trench is
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covered by the polymeric film, it can be oxidized and
removed through the plasma oxidization. The O2 plasma
irradiation can oxidize the surface of the trench which
makes a strong protection layer on the sidewall. In addition,
it can remove the polymeric film on the deep trench bottom
and realize an excellent vertical trench profile. Products
manufactured using our DRIE process provide an aspect
ratio of 5 (15 pm/3 pum) in the production level, and an

SiO, layer

aspect ratio of 80 (80 um/1 pum) or higher in the research
level. Figure. 6 shows an example of electrostatic comb
actuator fabricated by our DRIE process. Needless to say, as
MEMS technology is based on fabrication technologies,
further researches not only on etching technology but also
on other MEMS technologies; release process, packaging,
coating, dicing, and etc., will have been being carrying out.

SiO, layer

(a) Conventional DRIE (b) O, plasma irradiation _ .
(c) ConventionalDRIE (d) O, plasma irradiation

Fig. 5. New Etching Process
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Fig. 6. Example of Etched Micro Structure
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6 Conclusion

The above paragraphs describe some practical automotive
application examples of MEMS sensors, and the
evolutionary trend of MEMS technology for the future.
MEMS is highly rregarded as a key technology with
potential to meet the requirements of the coming “ITS-based
society” and “ubiquitous infomation network society” and to
create new systems with new functions. MEMS technology
is expected to play an extremely important role in the future
direction of R&D in the automotive industry, particularly in
achieving new levels of safety. In performing this role, the
degree of integration of MEMS devices is essential so that
these systems maintain a high level of reliability and mass
productivity. However, MEMS is basically a manufacturing
technology.  For further progress in this technology,
therefore, it is vital and indispensable to develop a wide
variety of core technologies, which is time-consuming. To
this end, we believe it necessary to carry out joint technical
development through collaborations among industry,
academia and government, and between companies.
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Abstract
In this article technical requirements and trends in
development of high-precision micromachining and

assembly systems are discussed. As a current example of
research activities on the field of ultra-precision assembly it
is shown the solution of a micro-assembly system for passive
alignment of electric-optical modules in optical circuit
boards. The realized system concept and a method of
innovative component design will be introduced in this

paper.
1 Introduction

Present trend to highest precision micro-machining and
assembly systems bases on continuous miniaturization and
functional integration of products. Application areas with
enormous market growth are automotive, optoelectronics,
biomedicine, micro-chemistry and consumer goods.
Microelectronics needs mechanical interfaces, electrical and
optical connections with smaller geometries, structures and
tolerances down to nano-meters, as shown in fig. 1 [1].

Typical dimension ranges

Wl campanent
_ | structure
B wlerance

macro-  precision mikro-

Areas of ;pplication

Fig. 1: Typical dimension ranges [1]

State of the art is determined by expensive serial processing
steps of micro parts, which tends to future multiprocessing
machines with fast parallel processing units, highest position
repeatability and integrated quality control.
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A key-problem in micro-manufacturing and assembling
is the accurate position assignment between micro-tool,
micro-gripper and work-piece surface or geometry outline.
The processing of complex geometries on a high level of
accuracy and within multiple set-up is not satisfactorily
solved today. This is not only a question of machine-
accuracy and measuring resolution, but also of process set-
up, high-precision alignment methods and additional precise
calibration equipment.

2 Problems and Trends in Development

Precision problems in production systems arise with the
integration and calibration of 3D-sensors and measuring
components, micro-actuators, micro-manipulators and clean
surfaces in a small workspace. Gravitational and inertial
forces lose its influence on handling processes. Mechanical
deformations, thermal elongation in micrometer range and
typical micro-effects, like adhesion, surface tension, slip-
stick, capillary force and electrostatic attraction become
more important to affect the micromachining and assembly
processes. New design ideas and processing strategies for
reducing or compensating these influences are necesarry.

Today’s leading high-precision processing and
assembling machines accomplish a positioning accuracy
below 1 pm, using a special structural design similar to a
measuring device, integrated high-resolution measuring
systems and numeric control correction functions.
Dominating errors in processing or assembling are coming
more from mechanical interfaces between tool-holders and
spindle or between a gripper unit and a positioning axis.

The  development  of  recent  high-precision
micromachining and assembly systems bases on new
methodology and construction principles with mechatronic
design and modeling tools for modular plug-in units.

At the second period of the nineties at Fraunhofer IWU
Chemnitz, Germany, started scientific investigations on
micro-technologies. Main fields are micro-forming (high-
speed-forming and hot-embossing), micro-cutting (milling
and drilling), ECM-technology and the development of
dedicated micro fabrication equipment.

One important research project was the development and
testing of a high-precision guiding system for a laser ablation
on large PCBs with “macro-dimensions” (630x530 mm®)
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and micro-tolerances at + 2 pm. The problem was solved
with a granite-based guiding machine with aerostatic high-
precision (+ 1 pm) axes in combination with a new
developed correction control unit (DE 101 57 983) using a
high-resolution HEIDENHAIN glass-scale and an image
processing system for optical alignment.

In 2003 a new Saxis freeform milling machine KUGLER
Micromaster MM3 has been established at the IWU
laboratory for precision die and prototype manufacturing. It
operates with an positioning accuracy of 0.5 micrometers.

In the last years, the development of high-precision
assembly solutions and innovative component design
became more and more important. There is a growing
demand for complete process chains, beginning with the
manufacturing technology of the single micro-components to
the point of high-precision assembly on today’s market.

3. System Concept for an Ultra-Precision
Assembly Process

3.1 The Assembly Task and Strategy

Optical circuit boards provide an essential technology for
future computer and server techniques. Vertical-Cavity-
Surface-Emitting-Laser (VCSEL) represents a latterly
established class of semiconductor-lasers designed for
transmission sections from centimeter- to meter-ranges. For
transforming the light signal into an electric signal Positive-
Intrinsic-Negative-Diodes (PIN) are employed [2].

Today these components are mounted and adjusted
predominantly manually under special laboratory conditions.
The technical challenge is to develop new methods and
assembling components for high-precision and reproducible
packaging in an automated assembling process. This is an
important step to reduce the fabrication costs drastically and
to smooth the way from a pure laboratory method to an
industrial solution concept. The assembly scheme is
illustrated in the following graphic (fig. 2).

0.4 mm

Carrier board
i

Contacting
\ Joining gap (1mm)
\ e
E Electrical layer I

w
(=1

Optical waveguide & — —

. : L /

Electric-optical circuit board s

VCSEL-array

Fig. 2: Assembly scheme (direct light-coupling principle)
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A key problem in assembly is the accurate alignment of the
light emitting or detecting modules in front of the parallel
arranged wave-guides (see fig. 3) inside the circuit board.
Conventional machines of surface assembly do not achieve
the claimed accuracy and are not able to operate in the
vertical Z-direction.

| EJEI “ i 250 pm

Fig. 3: VCSEL (left) and a polished micro graph section of
the optofoil (right)

The mounted components are in passive state. That means,
there is no active feedback from the optical transmission
section. The highly sensitive components have to be gripped
and taken in a safe and reproducible way to the accurate
assembly position in a milled joining gap. The hot-embossed
buried waveguides for the first application feature a cross
section of 45 x 45 pm? (see fig. 3). The VCSEL surface has a
diameter of 10 um. The pitch between the 12 single wave-
guides is 250 um. The surfaces of the detecting side (PIN)
are approximately 70 um in diameter.

Because of the parallel alignment of the waveguides,
angle errors in the light coupling plane are evaluated more
critical of their influence on light-transmission then
positioning errors in vertical or horizontal direction. The
tolerance in vertical and horizontal direction is taken as

+ 2 pum.
in. 0.07 mrad §
._ min. 0.07 mrad  Z 250 pm g.‘
—— f— o]
max. 2®  ———— \__ [ o
T . o ¥
M B O B B e 18 @ @ @ |
VCSEL1 Waveguide Center of rofation VCSEL 12

Fig. 4: The problem of accurate angle correction

The outer VCSELSs (in this case number 1 and 12, see fig. 4)
should be able to launch the complete optical output into the
wave guide. The outcome of this is a narrow angle tolerance
with £ 0.05 degree. The possible defective angle positions
and the geometrical dimension of the semiconductor chip
requires smallest increments of 0.07 mrad for aligning the
accurate angle position in the light coupling plane. The
major technical challenge is arising thereby, that the center
of rotation for correcting the angle is on the gripped
component and that the center of the axis of rotation is
mechanically not available (component 1 immerses into
component 2 during assembly process).
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The assembly strategy provides a multi-stage catching
and adjusting of the emitter and detecting modules with
following measurement and correction of the current
position. Milled alignment targets in the die are being used
for their replication by embossing in the optofoils. These
visible alignment targets mark the location of the 12 parallel
wave-guides in the optofoil. A gripper integrated camera
measures these alignment targets for the chip position
arrangement relatively to the waveguides. A second frontal
measuring camera determines the tilt angle of the VCSEL or
PIN windows on the chip by means of feature extraction and
image recognition at the two ends of the array. The
automatic assembly process uses image recognition for 2D-
measurements and laser triangulation on the micro parts with
micrometer accuracy. A new developed position correction
control system is embedded in the motion control of the
assembly system. It calculates the correction data from the
detected image processing data in reference to deposited
CAD-coordinates. An essential advantage of the image
processing system is the possibility to detect VCSEL as well
as PIN surfaces in a directly way. So the influence of
imprecise mechanical edges on positioning is being
minimized. The passive assembly strategy contains the main
following steps:

e  Measuring of the optical alignment targets of wave-
guides inside the multilayer-board

e Detecting the current Z-coordinates at these
positions with the help of a laser-triangulation
sensor

e  Pre-alignment of emitter or receiver board before
gripping

e  Measurement of the VCSEL- or PIN-position and
angle position during the gripping process with the
help of a high-resolution measuring camera

e  High-precision angle adjustment in the light
coupling plane using a tilt-gripper

e  Correction of the vertical and horizontal position in
the light coupling plane

e  Positioning of the passive emitter- or receiver board
relative to the waveguides after coordinate
transformations

e Index matching and fixing of the electric-optical
modules in the assembly position

e  Opening and moving away the gripper-unit after
hardening without mechanical contact

3.2 State of the Art

Surface assembly systems, presenting on today’s market are
not able to countersink accurately defined components in
vertical direction. There exist no packaged VCSEL-arrays
with guiding structures. Furthermore, there are no useable
positioning facilities like V-grooves [2].

Now, there is a current german BMBF Project NegIT
[3]. This project deals with the manufacture of circuit boards
with embedded polymer optical waveguides. As part of this
project, a design of an optical coupling in the daughter card
and board backplane interfaces was developed. This NegIT-
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Pin called element exists only for first laboratory tests, it is
not available on the market now.

Commercial available 6-axis-roboter accomplish a
repeatability of 50 um, particulate as well £20 pm. A
good repeatability near 1 um enables the “Autoplace 4117 by
SYSMELEC. Other cartesian or portal robots with a similar
accuracy are offered by SPI and LPKF. A precision gripper
with integrated tilt function is not available for this devices
on the market [4].

A technical implementation of a tilt movement is known
from goniometers. Such precision components are offered
e.g., by NEWPORT (www.newport.com). Goniometers
rotate an object about a point located over the center of the
top platform. The rotation point is unobstructed by the
goniometer itself. These components are usually designed
with sliding or rolling bearings in a compact configuration.
Still existing eccentricity errors and the slip-stick effect are
influencing the positioning accuracy. The design does not
include central-free optical path for image measuring optics.
The heaviness of goniometers is not usable for precision
gripper units.

Solid state hinges are more adapted for superfine
precision motions because of its friction-free functioning and
zero backlash. General properties and design considerations
for “Flexural Bearings” are discussed and exemplified in
“Precision Machine Design” [5] in an extensive way. Therin
are also discussed problems of kinematic coupling design.
This is important for the design of a contact zone e.g.,
between an actuator and a flexural structure.

3.3 System Concept

The master concept of the precision assembly system is
based on a 4-axis positioning system, similar to a measuring
device, that guides the modular gripper unit.

Fig. 5:

Main components of the assembly system

Fig. 5 shows by means of the CAD-model the main
components like the precision-axes (A), the gripper (B), the
integrated camera (C) and the second, fixed measuring
camera (D). In front of the assembly system, magazines for
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the modules (E), the fine alignment station (F) and the circuit
board chuck (G) are arranged.

The working space is defined as follows: X 800 mm,
Y 150 mm, Zl-carriage (for gripper) 50 mm, Z2-carriage
(for camera) 30 mm, 360°-rotation axis on Z1 (with gripper
admission). The system allows a position repeatability of
0.5 um / axis, alternatively 12 arcsec in the rotation axis. The
absolute accuracy in positioning over all axes is = 2 pm.

For the object measurement and the integration of the
vision components in the assembly system, a new developed
software-tool GPP VISION MICROHANDLING was
implemented in the motion control of the positioning system.

Ready raw position

-+

Comrection data X, Y, Z_ ¢

I Operation

Status signal

Ready fine position

Motion Control

Vision Receipt

System

Data
recording

Assembly
System

Result measuring
Z optofoil

Fig. 6: System concept GPP VISION MICROHANDLING
(simplified scheme)

This general system concept was realized with a first
demonstrator at the testing facilities at Fraunhofer IWU in
Chemnitz. The following picture gives an impression from
the testing period.

Fig. 7: Demonstrator of the micro assembly system

In front of the system a new dispensing station with
3 precision-axes is placed. It enables the finally fixing and
index matching in an automated way. So it completes the
process chain of assembling. This is an important premise to
increase the operating speed and therewith the product
acceptance of such a future machine system too.
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3.4 The High-Precision Tilt-Gripper

The key component for this ambitious micro-assembly task
is a new developed precision gripper with an integrated tilt-
function. The modular designed gripper unit is connected
with the positioning system via a special designed
mechanical interface (see fig. 8).

Fig. 8: CAD-model of the tilt-gripper unit

The gripper unit consists of two micro finger grippers, which
are adjusted in a V-shape to keep the center free for a camera
view (see fig.9). These grippers in a first version are
manipulated by shape-memory alloy actuators and in a
second version with the help of a pneumatic actuator.

Fig. 9: The gripper unit with the two micro-finger grippers

Besides very small steps till 0.07 mrad, the angle adjustment
should execute absolutely free of backlash. A sliding bearing
cannot be used for transmitting minimal movements due to
the slip-stick effect. A rolling bearing solution is not
included either, because of existing backlash and
manufacturing difficulties. Starting from the initial kinematic
scheme, a tilt element similar to a tube section only can be
used. The design idea was a pipe segment shaped tilt
element, where solid state hinges are mounted in pairs
radiating around the axis of rotation (see fig. 10). This
symmetrical arrangement of solid state joints effects the
circular movement without additional guide elements. An
actuating force initially effects bending deformation and a
contingent of torsion momentum on the individual solid state
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hinges. The individual movements together produce the
tilted movement at the gripper unit [6].

Fig. 10: FEM-deformation plot of the tilt principle [6]

A technical risk of this principle could be a feasible drifting
of the rotation point during angle correction. In a first step, a
simplified model was deflected to calculate the flexural
strength, the bending stress and the torsional stress of a
variety of materials (plastics and steel) and cross sections to
discover a suitable cross section for the individual joint. The
following initial FEM analysis showed, that the material
POM (= polyoxymethylene) has the most favorable
proportion between potential displacement and appeared
stress. A right-angle cross-section with 1.2 mm x 3 mm and
a joint length of 13 mm was determined as a convenient
dimension of the joints. These geometrical dimensions allow
9 pairs of solid state joints at the pipe shaped segment.

Based on this calculations the precision gripper unit
design was finished and a prototype (shown in fig. 11) of the
tilt-module was manufactured for following experimental
work. For actuating the tilt-module, differential-micrometer
screws (actuating from both directions) were used in the
earlier period of the test program [6].

Fig. 11: POM-made tilt-module with gripper unit

Meanwhile, a mini-servo drive working with the Harmonic
Drive ® principle enables a high resolution positioning in an
automated assembly procedure. In combination with a
special excentric wheel the mini-servo drive is able to pivot
the tilt-module in both directions with 80.000 single steps if
needed.
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Fig. 12: Tilt-gripper with HarmonicDrive® mini-servo in
assembling position

4. Results of Testing

The transmission behavior of the tilt-module was analyzed
with the help of FEM and predominantly on experimental
way. A FE-model gives results for mechanical strength and
kinematics analysis. A separate test stand for measuring the
tilt characteristics was built. Instead of the VCSEL or PIN a
glass plate with chrome markers was clamped into the tilt-
module. The chrome marker positions were measured in x-
and y-direction using a CCD-camera with a high resolution
lens (resolution 1 micron). A second glass plate was
positioned on the top of the tilt-module. The tilt angle was
measured with an autocollimator (resolution 30 arcsec),
using the optical reflections from this second glass plate.

The FEM simulations were made with a slightly
simplified 3D-model of the tilt-module, using
ProE/ProMechanica. The following diagram in fig. 13 shows
both simulation and experimental results in a angle range
from 0 to 60 arcmin. The coherency between tilt angle and
actuator force is linear. The stiffness of the tilt-module is
about 0.1 N per micron. In the complete tilt angle range from
—120 to 120 arcmin a maximum actuator force of 84 N was
measured. The required actuator path was determined with
840 micrometers [6].
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Fig. 13: Measurement results and simulation by comparison
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Based on the described system concept a first test stand was
built up at Fraunhofer IWU in Chemnitz to demonstrate the
micro-assembly process. In several equated experimental
series complete assembly-flows were proven and altogether
10 samples of the electric-optical circuit board could be
finished successfully (fig. 14) [7]. The following high-
frequency tests of the assembled electric-optical circuit
boards in laboratories at the Technical University Dresden
resulted light transmission performances with a data-rate of
2.5 Gigabits per second and over 50% of the injected laser-
activity could be received at the detector side. The
experimental work took place under conditions similar to
real production (not in special clean-room, other machines in
the neighborhood). The surrounding temperature was
controlled at 20°C (£ 1K).

Fig. 14: Mounted emitter and receiver module in the optical
circuit board

The assembling accuracy (including dispensing and
hardening) could be verified with 5 micrometers. The
accuracy of positioning the VCSEL- or PIN-modules was
demonstrated with =2 pm. The targeted precise solution in
angle adjustment was solved with a repeatability of + 0.003°
over a travel range of +2°. Angle tolerances in a range of
1 0.05° have been adjusted during various assembling trials.
So the closely assembling requirements were accomplished.

5. Summary and Outlook

This paper describes the system concept and innovative
component design for passive alignment of electric-optical
modules in optical circuit boards. The key component is a
new developed precision gripper unit with the implemented
possibility to correct the angle position of a gripped part.

For assembling highly sensitive electric-optical modules
succeeded the step from a pure laboratory method to a
controllable automated machine system. The methodology of
accurate positioning and angle adjustment is applicable to
future modular machining and assembling systems with
similar highly precise handling tasks e.g., desktop machine
centers. There are conceivabilities for scaling the tilt-module
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for a wide application area. Future fields of interest and
research activities are 3D-measurements and micro actuation
of micro assembled objects with sub-micrometer
repeatability and the design of flexible, modular assembly
systems.

The goal of a just running German integrated project
(MIMS) [7] is the targeted investigation of assembly
integrated multi-sensor three-dimensional measurement for
increasing reliability and productivity in high accuracy
micro-assembly processes. The combination of vision
systems, laser triangulation sensor and machine-axis
measurement with an intelligent correction control unit
should allow for capturing the precise position of objects
with 6 DOF close to the micro-assembly process. The novel
precision gripper unit with the integrated tilt-function has
central significance for achieving this goal. It facilitates the
local position correction directly in the working space of a
micro-assembly system, following the 3D-measuring.
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1 Backgrounds

Machine tool design has been a rather experience-based
procedure. However, the products machined by those
machine tools tend to have more varieties and quantity
deviation. In response to the situation, not only the products
design, but also the machine tools design should have
efficiencies. For that purpose, a design tool which can
review machine tools design in its early stage whether the
design is appropriate or not, will be helpful. The design tool
does not need to be too accurate in predicting machine tool
performance. But it should review machine tool design
without prototyping or precise modeling. In order to support
machine tool design, the author proposed a design tool [1]-
[3] combines the form-shaping theory [4] of machine tools
and the Taguchi method [5]. Originally, the form-shaping
theory assumes that the structural components of the
machine tool are rigid objects. However, deformation of the
machine tool structures such as deformation caused by static
force or heat affect the machine tool performance
significantly. The proposed design tool offers a simplified
method to consider those deformations of machine tool
structure, combining with component errors which are also
critical for machine tool performances. By this extension, the
design tool can clarify which error factors of machine tools
have considerable effect on the performance. By doing this,
it can support systematic design of machine tools.

2 Design evaluation method

A machine tool structure can be thought of as a chain of
directly linked rigid components extending from the product
through the cutting tool. An orthogonal coordinate system S;
corresponding to element i (i = 0 to k) is defined. The
translation from S; to S;; is represented by a coordinate
transformation. Form-shaping theory represents these
respective coordinate transformations by homogeneous
transformation matrices [7]; 4;. In an ordinary machine tool,
A; is represented by a parallel translation along the x, y or z
axes or rotation around the axes. Each of these six coordinate
transformations is assigned a distinguishing number, with
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movement parallel to the x-axis being 1, and so on. When the
homogeneous transformation matrices A4; are represented by
the transformations j;, (= 1 to 6), and the amount of each
motion is represented by [/, we define A(i)(j)(l) as the
expression of the matrices. Vector 7, represents the relative

displacement between the product and the tool, and the tool

shape vector l_”; is also defined. The relation between 7, and

I7t is as given by equation (1), and 7, is the definition of the

form-shaping function that expresses the cutting motions of
the machine tool. The theory that expresses cutting motions
mathematically is called form-shaping theory. Actual
machine tools have imperfect alignment, and experience
thermal deformation, wear, and many other sources of error.
In order to describe actual cutting motions, one must take
these errors into account. Such errors may for convenience's
sake be treated as errors in transformations between
elements. I defined another homogeneous transformation
matrix 4 (eq. (2))to generally represent transformation error
between elements. By inserting the error component matrix
Ag between A(1)()(1;) and A(i+1)(j+1)(/+1) into equation (1),
the form-shaping function including errors, 7, is written as
equation (3). The form-shaping error function A 1 ,
expressing the error as a quantitative deviation from the
target value, is defined as the difference between the form-
shaping function with and without errors, as equation (4).
The form-shaping error function A 7 is a 4 dimensional

vector which has error lengths in the x, y, z directions for the
first three elements. The last element of A 7y is 0, because

A Iy is defined as the difference between 1y and 7y .

7y = A0)(jo )(Ly) - AD()()

AG+ D)) A= )G E
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1 =7 IBI' 5'(1
A = Vi 1 -a 6, )
-8 o 1 S

Too = A)(J)Ug) Ay - ADGU) A,

A(l + 1)(ji+1 )(li+1 )Aa'+1 o (3)
A(k - 1)(jk—1 )(lk—l )Agk—l ’ ’7z
Afo = fgo - fo 4)

To achieve a machining tolerance that is stable under a
variety of machining conditions, a method is needed to
obtain a design that is robust with respect to unknown local
errors. The Taguchi method is widely used in the field of
quality engineering, and provides an environment for robust
design. This study uses the Taguchi method to evaluate the
dimensional effect imposed on machining errors by the
machine structure, when local errors are unknown. Analysis
was performed by applying the method to the form-shaping
error function. The Taguchi method allows us to calculate
combinations of values of control factors to optimize an
evaluation function, when given noise factors fluctuate
within given ranges. In this study, the primary objective is to
determine the effect on machining performance of structural
design, when some local errors exist in the various
components of the machine tool. Therefore, it is appropriate
to use the design parameters and product dimensions as
control factors and the local errors as noise factors. We
define Ax, Ay, Az as the magnitudes of the errors in each
direction. In other words, Ax, Ay, Az are the first 3 elements
of the form-shaping error function defined by equation (4)
Then (Ax2+Ay2+AZ2)Y2 is used as the evaluation function
and the quantity that indicates machine performance. As the
Taguchi method presents, orthogonal arrays are applied to
the defined control and noise factors. When the value of the
evaluation function at ith trial is expressed as equation (5)
and the number of trials is “n”, the average of the function is
given by equation (6). And with V being the variance of the
function, the SN ratio, which indicates the robustness of
machine performance to the noise factors, is expressed by
equation (7).

for = (A +AY” +AZ)'? )

Som =D foiln (©6)
i=1

Sn =-10log(V + f,,,) (7
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3 Consideration of structural deformations

Although the original form-shaping theory does not handle
structural deformations, those have significant effects on
machine tool performance. Therefore, most CAE tools try to
calculate the deformations. However, CAE tools are not very
efficient in handling component errors such as straightness
errors of slides, etc. Since they based on a modeling of
macroscopic shape of the machine structure, it is difficult to
simulate errors caused by meso/microscopic behaviors of
components, such as repetitive deviation of ball slides
caused by slight differences of ball diameter, and so on. Of
course it can be possible, but focusing on meso/microscopic
behaviors results enormous effort in simulating overall
machine structure. And it is not a practical choice in design
review of machine tools in its early design stage. Because of
that, the paper proposed a method to combine form-shaping
theory with calculation of structural deformation based on
FEM. Considered structural deformations are categorized
and shown below.

(1) Deformation caused by static force.

a) Deformation caused by machine weight

b) Deformation caused by cutting force

(2) Thermal deformation.

a) Thermal deformation of a tool caused by cuttin heat.

b) Thermal deformation of a spindle caused by heat
generation at the motor/bearing.

c¢) Thermal deformation caused by external heat sources

To take these error factors into account, a relatively simple
machine tool structure was assumed and deformation of each
component caused by abovementioned error sources was
calculated. Not only the structural deformation, but also
component errors such as eccentricity of bearings or
straightness errors of slides should be considered.
Component errors are also important for overall machine
performance. As it was mentioned, to calculate component
errors would not be easy. So, the paper assumed component
errors by using guaranteed value in component catalogs.
Sum total of the calculated structural deformation and
component errors are equivalent to the geometric errors of
the machine tool element that can be written generally by
equation (2) in the previous section.

4 Design options

In creating a new design concept, there are many possible
structures that have different sequences of motion axes. The
issue is how to apply the proposed design evaluation method
to create a design concept for a machine tool. The
performance of several designs can be compared by
introducing some assumptions into the Taguchi method. By
assuming that every design concept has the same control
factors, noise factors and their ranges of variation, the results
calculated by the Taguchi method are expected to show the
rank order of the designs directly. By means of this
extension, a machine tool designer can determine the best
design concepts for machine tools from several listed designs.
Tracking the components from the workpiece to the cutting
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tool, it is possible to categorize machine tool structures by
the number of components that appear before the machine
tool base. It is common to represent translational motions
along the X, Y and Z axes as 1, 2 and 3, and rotational
motions around the X, ¥ and Z axes as 4, 5 and 6. Using this
convention, milling machines that have three translational
motions and one spindle rotation can be categorized into 4
major structural types, by the distribution of DOF. Those 4
are shown in Fig. 1. (a) —(d). Type 12036 is frequently seen
in small/medium size drilling machines. Type 20136 is
called a column-traverse type machine and is often used for
relatively large products such as automobile parts, because it
does not require extra space for table movement. Type 01236
is sometimes seen in a manufacturing system called “transfer

line,” while type 12306 is rarely seen in actual machine tools.

A significant question is which of the four commonest types
has the best theoretical performance. To isolate the effect of
machine tool structure, common design parameters and noise
factors were defined. Tables 1 and 2 show the defined noise
and control factors.

Column

| — Spindle
Tool

| Workpiece

Acutator (X)

Actuator (Y)

Actuator (Z)

(a) Type 12306 (b) Type 12036

Ld
Ld

/Actuator (Z2)

Spindle

"

P
l

|_— Actuator (X)
&column

A\

Actuator (Y)

T

Base

——>
(c) Type 20136 (d) Type 01236
Fig.1 Design options of milling machines

Table 1 Control factors

Factor name

Variable
Ws
Db
N
Lt
Ld
Ls

Workpiece size

Bearing diameter

Rotational speed

Tool length

Spindle - column distance

Thickness of the linear actuators
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Table 2 Noise factors

Name of the factor Variable

I ¢ N
Rotational errors of the horizontal guide ways B
yal
Axial error of the horizontal guide ways Ou
Straightness error of the horizontal guide ways (H) O
Straightness error of horizontal guide ways (V) o,
[25]
Rotational errors of the vertical guide way B
&)
Straightness error of the vertical guide way (H) Ox3
Straightness error of the vertical guide way (V) O3
Axial error of the vertical guide way O3
Rotational errors of the spindle a
Eccentricity of the spindle O
Expansion of the spindle O

These factors were defined in four machine tool types to
clarify the effect of machine tool structure on machine
performance. The six control factors, Ws, Db, N, Lt, Ld and
Ls from Table 1 were considered to be independent control
factors. At the same time, Ld was selected to represent the
overall size of the machine tool. An L25 array was used for
the control factors, and an L16 array for 15 noise factors
shown in Table 2. Each form-shaping error function

(Al_";] for the design shown in Fig. 1) can be expressed using

the parameters defined in Tables 1 and 2. Equations (8) —
(11) are the form shaping error functions of milling
machines corresponding to the design candidates shown in
Fig. 1(a) - (d). A designer needs to compare these four
equations to evaluate the performance difference of the
designs with the same control and noise factors.

(S, +6, 46,406, - f, - Lt+ [ (Lz+ 2Ls) |
+a,2Ls+h)+ p(Ls+h)—y,-d
Ax ®)
Ay 8,40, +06,,+6,,—a;-(Lz+2Ls)
&S| B@Ls+hy-a, - (Ls+h)
0
26,+6,,-0.,+a,-d
L 0 ]
(6, + Oy + 63+ —(Bs+ By)- Lt ]|
+o2Ls + h)+ fi(Ls+h)—y, -d
Ax
Ay O + 0y + 0,3 + 0,4 — (a3 + ) Lt ©)
Azl - -QLs+h)—a;-(Ls+h)
0
20,1+0,3—0,4+ay-Ld+a,-d
L 0 ]
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[ 84 +0,+0,+8,—(By+B) Lt ]
+((Z|+ﬁ|)(LS+h)*(}/l+}/3)-Ld

Ax (10)
Ay ) 6,+0,+6,,+6,,—(a;+a,)- Lt
Az || (g + B)Ls+h)+y - w
0

20,+0,-0.,+(a, +a;)Ld —a; - w

L 0 .

(6, +6,+0,+0,,—(By+B) Li+a,2Ls + )]

+ B (Ls+h)=(y, +7;)-Ld =2y, -d
A (11
Av| 0,40, 46,10, +(ay+a,) Lt
Azl -BQLs+h)—a,(Ls+h)+y,-w
0

20,+0,,—-0,,+(a,+ay)Ld -, -w
L 0 .

5 Design review of machine tools

The same ranges of noise factors and design parameters
were estimated roughly, and substituted into the four form-
shaping error functions shown in the previous section. In the
calculation, the scale effects of the noise factors were also
considered. For example, the “expansion of the spindle” is
likely to be smaller, when the machine tool size is small. Fig.
2 shows comparisons of the theoretical performance.
According to the figure, when the design parameters vary
within the defined ranges, the lines marking the positioning
error of type 12036 are always the lowest, and those of type
12306 are the highest. Among the 6 control factors, “Ld,”
which represents the spindle-column distance, is the most
critical parameter affecting machine performance. The figure
shows that type 12036 has better theoretical performance
than types 12306 and01236. Based on these results, type
12036 was selected as the “best” design for a milling
machine from the 4 options shown in fig. 1. Next fig.3 shows
the more detailed analysis of the effect of machine tool size
which is represented by “Ld”. The horizontal axis of the
figure shows that the “Ld” divided by that of the standard
machine tools. The sizes of the machine tools were assumed
to be changed proportionally.
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According to fig.3, it can be said that, considering only the
theoretical positioning errors, a machine tool that is 1/10 of
the standard machine tool has the smallest error. Although
there are many other design constraints and requirements for
machine tools, a miniature machine tool having 1/10 size of
the standard machine tool has a better theoretical
performance. Especially, for micro mechanical fabrication
which is getting practical and important in recent micro
device productions, miniature machine tools are possible
options for design. Actually some miniature machine tools
have been developed and showed practical capability for
machining. [8]-[11]

O Deformation caused by cutting force

M Deformation cuased by selfweight

Thermal deformation caused by external heat
Thermal deformation caused by cutting heat
O Thermal deformation of the spindle

O Components errors
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W
(=]
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Fig.4 Contributions of error sources (standard)
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[ Thermal deformation caused by external heat
Thermal deformation caused by cutting heat
O Thermal deformation of the spindle

O Components errors

Lm
S

~
W

et
W

Lﬁ u

ar Bryr Oxi Oy1 s as Bs ys Oxs O3 Oz Qs Oxt Ot
Fig.5 Contributions of error sources (miniature)

Positioning error shift
W

(=

Fig.2 suggests which design parameter and fig. 4 and 5
indicate which error factors have large influence on the
overall error amount. To calculate the error contributions
shown in fig.4 and 5, noise factros defined in the table 2
were changed accordingly to the assigned range of each
factors. The each bar shows the difference of the overall
error amount when the corresponding noise factors take the
lowes and highest value. The information suggests us to
determine which design parameters should be designed
carefully to obtain higher machining tolerance. And it also
clarifies which machine components should have tight
tolerance to improve the machine performance. From fig.2,
following design suggestions about design parameters can be
derived.

1) The most critical design parameters was the distance of
the spindle from the slide.

2) The thickness of the slides and the product size had the
next largest influence.

3) The diameter of the spindle and the rotational speed has
relatively smaller impacts.

4) The length of the tool has no evident influence on the
machine performance.

From fig.4 and 5, design review concerning error factors is
possible. By comparing two figures, it is also possible to
obtain design guidelines corresponding to the sizes of
machine tools, such as, “when a machine tool designer
designs a miniature machine tool, it these components and
these error sources should be improved”, etc. Following
descriptions are some of the results of the design review.

1) Rotational errors of the vertical guide way have the largest
influence on the performance of the standard machine tool.
2) Rotational errors of the horizontal guide ways have
relatively large impacts.

3) Thermal expansion of the spindle plays an important role
both for the standard machine tool and the miniature
machine. It has to be improved to obtain high accuracy.

4) For miniature machine tools, rotaional errors of the
vertical guide ways are not very important. Straightness
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errors of slides are relatively important.

5) External heat sources are more critical for miniature
machine tools than for standard machine tools.

6) Structural deformations caused by machine weight are
negligible for the miniature machine tool.

6 Examination of the method

As calculated in the previous section, type 12036 was
predicted to have the best performance among the 4 major
types. And a miniature machine tools having 1/10 size of the
standard machine is predicted to be the suitable size for
micro mechanical fabrication. The best way to examine this
result is to make milling machines actually and compare
their positioning accuracies. However, producing milling
machines of practical size would need too much time and
budget, so miniature milling machines were prototyped
based on the theoretical results. Fig. 6 show a schematic
view of the miniature milling machine designed as an
experimental model for the design evaluation tool. The
machine has a 57.5 mm column-spindle distance. Positioning
errors of the model were measured for comparison with the
predicted results. At the same time, the prototyped miniature
milling machine was used in the Microfactory project [6]
and proved to have practical machining capability. Fig. 7
shows the actual miniature milling machine designed in Fig.
6. The machine size being approximately 12 x 12 x 10 cm, it
was able to perform end-milling up to 2 mm in depth, and
surface milling of an area up to 4 x 4 mm. DC servo motors
were used for the linear and rotational motions. Fig.8 is the
results of comparison of the measured errors and calculated
errors for the miniature mill shown in fig.6. The figure
shows that the measured errors are not very different form
the calculated value. The fact leads us to conclude that the
proposing design tool have sufficient accuracy for the usage
in the conceptual design stage of machine tool.

|
Hl

L

Fig. 6 Miniature mill design (type 12036)
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. Fig. 7 Prototyped exerimental model o
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Fig.8 Comparison of measured and calculated errors

7 Conclusions

The proposed design evaluation tool was effective in
identifying the critical design parameters and error factors of
a machine tool. By combining a method which is suitable for
determining which factors are significant for overall machine
performance, and a method which can calculate structural
deformation more precisely, it was possible to obtain
guidelines for conceptual design of machine tools, without
design experience and detailed calculation.

As the results of the design review, machine tool size which
was represented by spindle-column distance had an
important effect on machine performance. Therefore,
designing a machine tool in a proper size is a good strategy
for obtaining better performances by less cost. As for error
sources, geometric errors of components, especially
straightness errors of linear slides had significant influences
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on machine performance. Thermal expansion of the main
spindle was also a critical source of error. The results led us
to conclude that, in designing a precise miniature machine
tool, these errors should be minimized or eliminated.
Calculated and measured errors of a miniature milling
machine which was originally developed for the
microfactory, were compared to prove the effectiveness of
the design tool. The results showed a good match and proved
that the design method was effective enough for conceptual
design of machine tools.
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Abstract

In order to improve the contouring accuracy in machine tool
control, using the contour errors, which is defined as
tracking error component orthogonal to desired contour
curves, as feedback signals is known to be effective. This
paper presents a new contouring control method for multi-
axis feed drive systems. The method is applicable to any
smooth contour curves and achieves better control
performance with small control input variance compared to
the conventional methods. The effectiveness of the proposed
method is demonstrated by experimental results with the
circular and non-circular contour curves.

1 Introduction

Feed drive systems are used in most of machine tool systems,
and positional errors are generally defined with respect to
each axis of the feed drive systems (tracking errors) in their
control systems. From the viewpoint of machining, however,
error components orthogonal to desired contour curves are
rather important than the errors with respect to the feed drive
axes. The orthogonal error components to the contour curves
are called contour errors.

There have been many researches focusing on the reduction
of the contour errors. Koren proposed a cross-coupling
controller that uses the contour errors as feedback signals [1].
Kulkarni and Srinivasan developed an optimal cross-coupled
controller based on a linear quadratic regulator (LQR) [2].
Chiu and Tomizuka presented a controller based on the
technique of integrator backstepping, though implicit
representation of the contour curve is needed for the
controller design [3]. McNab and Tsao formulated the
contour tracking as a receding horizon LQ problem with
variable state weighting matrices. They proved the stability
for linear trajectory case [4].

Since both the contour errors and the tracking errors are used
to calculate control inputs in these methods, there may be
degradation of contour tracking performance. Considering
both the tracking and the contour errors simultaneously
brings some difficulties in adjusting controller parameters.

In order to overcome this problem, Lo and Chung proposed a
contouring control method based on a coordinate
transformation for biaxial feed drive systems [5], in which
tracking errors are transformed into the errors with
orthogonal and tangential components to the desired contour
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curves. They proved the stability of their method only for
straight-line trajectory motion. Since, in their method, two
decoupled single-input single-output systems with respect to
the orthogonal and tangential directions are obtained,
controllers for both directions can be designed independently,
and hence controller parameters are adjusted rather easier.
Their method, however, is effective only for the case that the
mismatch of the dynamics of both feed drive axes is enough
small. The case is practically impossible since one-axial feed
drive system reposes on the other in most of biaxial feed
drive systems.

In this paper, we propose a new contouring control method
based on a complete coordinate transformation of the
tracking errors. The proposed method allows the feed drive
systems to have the dynamics mismatch between each axis.
And also, the stability of control systems is guaranteed to
any smooth contour curves. The effectiveness of the
proposed method is demonstrated by experimental results
with circular and non-circular contour curves.

2 Problem Formulation

2.1 Definition of Contour Errors

In this paper, we consider the 3 dimensional case as shown
in Fig. 1, where the curve ¢ is the desired contour of a point

of the feed drive system. The symbol X is a fixed
coordinate frame whose axes correspond to the feed drive
axes. The symbol 7=[r, 1, 1] is a desired position of the
feed drive system at time ¢, and defined with respect to X .
The actual position of the feed drive system is assumed at
x= [xl X, x3]r . We further define a local coordinate frame
X, whose origin is at » and three axes are /, (i=1,2,3) in
the figure. The axis /, is in the tangential direction of ¢ at
r . The direction of /, is perpendicular to /; and in the
tangential plane of the machined surface at » . The direction
of I, is perpendicular to both /, and /, as shown in Fig. 1.
The tracking error vector e, , which consists of tracking
errors of each feed drive axis, is defined as follows:
=r—x.

@.1)

ew = [ewl ewZ eWB]T
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This error vector can be transformed into that with respect to
%, as follows:

€= [en € ezz]T =R'e,,

(2.2)

where R is a 3x3 rotation matrix that transforms a position
with respect to X, into thatto X .

From the viewpoint of machining, error components
orthogonal to the desired contour curve are rather important
than the tacking errors of feed drive axes. Hence we propose
a controller design that allows us to adjust the control
performance with respect to three axes of X, independently
each other. In the design, we can set the controller gain for
reducing the error along /, to smaller value than that for the
other axes from the reason that the tangential error
component to the contour curve is less important than the
orthogonal ones. It also should be noted that the error
components e, and e, are just approximate values of
contour errors, because even if they are reduced to zero by
some controllers, the position x in Fig. 1 moved from x is
not still on the curve c. It is, however, difficult to calculate
actual contour errors online because we need to solve
nonlinear equations if the contour curve is not a simple one.
For this reason, the control objective of the proposed system
is to reduce the error components e, and e, . They may be

good approximations of contour errors if the error

component e, is small.

2.2 Plant Dynamics

In this paper, we consider the feed drive system driven by
servo motor systems, which are commonly used as industrial
applications. The feed drive dynamics is generally
represented by the following decoupled second order system:

Mi+Cx=F,
M =diag{M,}, C =diag{C,},i=1,2,3,
F=[REFE],

2.3)

where M,(>0),C,(20)and F, are the mass of load, the
viscous friction coefficient and the driving force on the ith
drive axis, respectively. The symbol diag{4,} is a diagonal
matrix with the element 4, at the 7/ th row. Nonlinear

frictions such as Coulomb frictions are not explicitly
considered in this dynamics.

The dynamics of the motors for driving the feed drive
systems is described as follows:

Actual
position
at time ¢

Desired Desired
position at contour
time ¢
Fig. 1. Definition of tracking errors
JO+DO+7r=KV,
J=diag{J,}, D=diag{D,},
) (p) o

K =diag{K,}, i=12,3,
12[117213]T, V:[VleV_z]T’

where J,(>0),D,(20),K,(>0),z, and ¥, are the motor
inertia, the motor viscous friction coefficient, the torque-
voltage conversion ratio, the torque for driving the feed drive
system Eq. (2.3) and the motor input voltage of the i th axis,
respectively.

The relation among the force F, , torque z,, position x, ,

angle 6, and pitch of the ball screw P, are represented as
follows:

2.5)

3 Controller Design

We assume the followings on the controller design:

The desired trajectory 7, and its derivatives 7; and #
are available.

The rotation matrix R, and its derivatives R and R
are available.

The position of the feed drive system x and its
derivative X are measurable.

The plant parameters M,C,J,D, K and E's are all

available.
Since the matrix R is a function of the desired trajectory, we
can calculate it and its derivatives beforehand. Hence the
second assumption is not a strict one.
We propose the following control:
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V=H{i-R(-K¢ - K, - Re,~2R"¢,) +Ex,
2
H:diag{M,.+J,.(2;z/13) }

27K,/ P,
C +D.(27/PY

where K, and K, are the so-called velocity and position

feedback gain matrices, and we assume that they are also the
diagonal matrices with all positive elements. Considering
Egs. (2.1)-(2.5) and (3.1), we have the following relation:

HR(&, + K6+ K e,)=0. (3.2)
Since H and R are nonsingular matrices, we have
é+K,é+K,e=0. (3.3)

From the above equation, it is concluded that by
appropriately assigning the feedback gain matrices K, and

K, inEq. (3.1), we can achieve ¢, — Oas ¢ —> 0. And also

we can independently adjust the error convergence speed
along each axis of X, in Fig. 1 since the matrices K, and

K, are both diagonal. Setting the feedback gains with

respect to ¢, and e, larger than that for ¢, , we may reduce

the contour errors faster than the tracking error tangential to
the desired contour curve.

In order to comparatively see the effectiveness of the
proposed design, we consider the following non-contouring
control using the error signals on X :

V:H('r'+1< e +K e

wlu + K e, )+ EX, (3.4)

where K, and K, are the 3x3 velocity and position

feedback gain matrices on X, . The matrices are assumed

also to be diagonal with positive elements. Then we can have
the following error dynamics on X :

e =0.

pwow

e +K e +K (3.5)

Both in Egs. (3.3) and (3.5), we can have decoupled systems
and assign control system poles to any places on the complex
plane. For symplifying the analysis, we consider the case
that the desired contour is a straight-line (i.e., R= R =0) and
some gains are increased for reducing the contour errors. It is
possible to assign greater values only to the second and third
diagonal elements in K,, and K, in Eq. (3.3) from the
reason that they directly relate to the contour errors. This

assignment is not possible in Eq. (3.5), because the relation
between the controller gains and their effect to the contour

G.1)
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errors is not obvious. The dynamics Eq. (3.3) can be
transformed into the following one on X with Eq. (2.2):

é,+RK,R"¢,+RK, R"e, =0. (3.6)

Note that only the feedback gain matrices are different in
Egs. (3.5) and (3.6). Assuming that the first diagonal
elements of K, and K, which relates only to ¢, , are set

smaller than the others in X,, K,

make the Frobenius norms of RK,R" and RK,R" in Eq.
(3.6) smaller than those of K, and K, in Eq. (3.5). This

means that the proposed design may achieve the similar
contouring control performance with smaller feedback gains
on X, which may provide a wider stability margin.

K, and K, , we can

4 Experiment

We have designed both the control systems in Egs. (3.3) and
(3.5) for an X-Y table, which is driven by DC servo motors
and ball screw drives as shown in Fig. 2, and experimentally
compared the control performances. All the 3-dimensional
vectors and matrices used in the previous sections are
reduced to 2-dimensional ones in the following design. The
2-dimensional definitions of error signals are shown in Fig. 3,
where the contour error is e, . In the 2 dimensional case, the

matrix R in Eq. (2.2) is

{cos@
R=

4.1
sin@ @1

—sin@
cosf |

The nominal parameter values of the X-Y table are shown in
Table 1. The position of the X-Y table is measured by linear
scales attached to each drive axis, and the sensor resolution

is 0.1[um] . The velocities of each drive axis are computed

by the backward difference operation of the position
measurements.

In the experiment, the circular contour curve as shown in Fig.
4 (a) is employed, namely,

n=L.coswt, r,=L sinawt, 4.2)

where L, =3[mm], w=27/5[rad/s]. The control time T

is 10 [s]. The actual contour error e, can be calculated as
follows:

_ 2 2
e, =+x+x;, - L.

The closed loop poles of the dynamics for e, are set to

4.3)

q, =—30 [1/s] as repeated poles, while those for e, are
changed from g,, =-30 to —70 by —20 [1/s] as also the

repeated poles. Namely the following feedback gain matrices
are used for the error dynamics Eq. (3.3).
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Fig. 3. Definition of errors for the experimental system

K, =[-2q, _quz]r » K, = |:q121 q122:|T' (4.4)

On the other hand, in the experiment with the system Eq.
(3.5), both the poles for the dynamics of e, and e, , are

changed from ¢, =¢,,=-30 to =70 by —20 [1/s], and
hence the following feedback gain matrices are used:

K, = [_2qwl - 2qw2]T » K, = [qi»l Qizy- (4.5)

As mentioned above, only in the proposed method, we can
increase the controller gain for reducing the contour error as
in Eq. (4.4), because the relation between the controller gain
and the size of the contour error is obvious. Since the
relation is not obvious in Eq. (3.5), we need to increase the
controller gains for reducing tracking errors in both feed
drive axes as in Eq. (4.5).

The experimental results are shown in Fig. 5, where (a)-(c)
and (d) - (f) are the results by the conventional and the
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Table 1. Parameter Values

Parameters Values
P &P 0.005 [m]
M,(P/27)": load inertia 1.30 [kgmz]
moment of axis 1
M, (P,/27)" : load inertia 0.77 [kgmz]
moment of axis 2
C &C, 0[Ns/m|
J, & J, 0.05[ Kgm’ |
D, & D, 0.31[Nm/(rad/s)]
K &K, 1.42[Nm/V]
ATTTII I ] 20T
x, [ 1 x [ ]
[mm]- - [mm][ i
e 110 L
—4 4 0 20
x,[mm)] x,[mm]
a b
Fig. 4. Desired contour curves used in experiments

proposed methods, respectively.

Comparing the results (a) and (d), and (b) and (e),
respectively, we can see that almost the same contour error
and control input profiles are obtained. However comparing
the results (c¢) and (f), we can confirm that the control input
variance for the system Eq. (3.3) is much smaller than that
for Eq. (3.5), and as a result, the size of the contour error in
(c) is greater than that in (b) and (f).

The stability of the control system with the proposed
methods is guaranteed for any contour curve, though this is
not possible in some existent methods. In order to verify the
effectiveness to non-linear and non-circular contour curves,
we have also applied both the control systems to the

following trajectory:
t 1 . (27t
sin| — |¢, 4.6
F) e

rlanL’ rZZLn A
T T 2r
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Fig. 5. Experimental results (Circular trajectory case, (a)-(c): Conventional, (d)-(f): Proposed)

where L, =20 [mm] and 7 =10 [s]. The desired contour

curve is shown in Fig. 4 (b). The actual contour error size is
calculated by solving the following minimization problem:

e|= mlin{(r1 —xl)z +(n, —xz)z}. 4.7)

The control results are shown in Fig. 6, where (a)-(c) and
(d)-(f) are the results by the conventional and the proposed
methods, respectively. Comparing (b) and (e), we can see
that the variance of the control inputs is greater in (b). Also
in the result (c), the variance of the control inputs is much
greater than that in (f), and as a result, the size of the contour
error in (c) is also greater than those in (b) and (f).

From these experimental results, we can conclude that the
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proposed method achieves the better control performance
with smaller controller gain, because we can adjust the
controller gain for reducing the contour error independently
from the tracking error tangential to the contour curve.

5 Conclusions

We have proposed a new contouring method for multi-axis
feed drive systems. The advantages are that the method can
be applied to any smooth contour curve and the stability of
the control systems is guaranteed if the plant dynamics is
known. We have experimentally confirmed the effectiveness
of the proposed method by comparisons with the
conventional controllers. The proposed method achieves the
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Fig. 6. Experimental results (Non-circular trajectory case, (a)-(c): Conventional, (d)-(f): Proposed)

better control performance with small control input variance
because only the controller gains for reducing the contour
errors can be increased.

In the current controller design, nonlinear frictions such as
Coulomb frictions are not explicitly considered. Adding a
nonlinear friction compensator to the proposed controller is
expected to achieve the further better control performance.
Furthermore, it is also expected to develop robust contouring
controllers with respect to plant modeling errors.
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Abstract

Gear drive designers are confronted with increasing demands
concerning lifetime, power transmission and noise emission,
whereas the size and weight of gear drives is constantly
reduced. Thus, the measurement of gears and gear tools is of
decisive importance for gear production. This paper summa-
rizes new modelling and measuring principles, enabling an
areal description and an optical inspection of gears.

1 Introduction

The gear measurement inspection of today refers to a de-
scription of the nominal gear geometry, which is limited to
only a few prescribed tracks across the flank (profile, lead)
or singular points (pitch). Its origin dates back to the 30°s of
the past century, where only a “mechanical control” of con-
ventional gear measuring devices could generate the required
probing path along a nominal involute curve or a lead screw.

The technology at NC-measuring devices is opposed to
this historical probing and evaluation along prescribed sec-
tion lines. The correct evaluation of measured flanks either
requires ideally mounted gears or a numerical alignment
prior to flank probing. Otherwise the standardized profile
and helix (lead) lines cannot be probed exactly. These re-
quirements can only partially be fulfilled by specialised gear
measuring devices with adapted mechanical alignment or by
CMMs. Thus, errors inevitably occur during evaluation.

Moreover, new optical measuring devices like fringe
projection or holographic systems can obtain several 10 000
points per flank within a few seconds, all containing valuable
information about the actual gear flank. An evaluation
strictly following the valid standards of gear metrology has
to ignore the major part of this information.

Additionally, modern gear drives require more and more
complex flank modifications (lead, crowning, twist, tip and
root relief, k-charts, protuberance etc.), leading to a confus-
ing increase of evaluation rules, conditions and exceptions.

Obviously, all three trends and difficulties explained be-
fore point out into the same direction: future gear metrology
should enable an areal description, measurement and evalua-
tion of (preferably all) gear flanks. It should also avoid time-
consuming gear alignment prior to measurement. Instead, it
is possible to fit all measured points according to the given
nominal surface using a previously published numerical
alignment algorithm. The self-contained mathematical sur-
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face description of all tooth flanks offers a versatile, reliable
and even more precise assessment of profile, helix and pitch
deviations. This contribution gives a survey about the theo-
retical approaches, a series of simulations, evaluations and
results.

2 Areal description and inspection of gear flanks

2.1 Areal mathematical description of involute gear flanks

The basic numerical equations describing the nominal sur-
face of involute gears are known since about 70 years [1, 2].
Due to some manufacturing requirements, several ap-
proaches were published already in the 70’s and 80’s aiming
at a complete mathematical description of gear flanks. But,
due to restrictions in terms of calculation times, computer
memory and computer hardware costs, these approaches
were based on simple mathematical functions (polynoms,
splines, etc.) and a low point density.

Today the continuing dramatically change in available
computational resources offers new options in gear metrol-
ogy and quality control for gear manufacturing processes [3-
10]. They include the complete 3D-model of the whole gear,
i. e. the gear body (shaft, wheel) and all gear flanks. The
basic mathematical equation is a 3-dimensional extension of
an involute function, shown in Figure 2.1. A point P is given
in cartesian coordinates by

x=r- (cos(& + A)+ - sin(& + A))
) 2-1)
y=r-(sin(g+A)-&-cos(&+A))
with
E=o+inva =tana 2-2)
r: base radius, o pressure angle, &: roll angle, B: helix angle

The quantity A determines the origin of the involute at
the base diameter. For helical gears, these intersection points
follow a conventional screw.

—zp)-tanp

(25

AN = Az) = A(z) = (2-3)

r

A pair of one left and right flanks differ by AA =2np,
where 1y, is the tooth space half angle at base diameter.
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Fig. 2.1. Gear involute [3]

Thus, the 3D description of an involute flank without
modifications is generated by a conventional involute func-
tion “screwed” along one helix line (Figure 2.2).

For further calculations, a certain intersection point of
involute profile and lead screw is assumed at (x, y, z) = (r, A,
0). Then equation (2-3) changes to

A=ny +z-tan(B)/r (2-4)

where lead and profile is limited by

0<z<h; b : gear width

E;min <E< gmax

This approach must be extended by introducing the flank
modifications common for modern involute gears. The
amount of modification is assumed as symmetrical for left
and right flank. Profile inclination and profile crowning
depicted in Figure 2.3 and described by equation (2-5) are
linearly superimposed to the involute equations (2-1). In the
same way, other profile modifications like protuberance, tip
and root relief, k-charts, etc. may be added to the mathe-
matical profile description. This still 2-dimensional involute

Az gear flank

Reference
element for
gear axis

measuring point
MGZG-03GG 177 eA

Fig. 2.2. 3D-model of a helical gear flank [10].

flank origin
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Alfit» Cy s 1) profile inclination
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Cy, : Profile crowning, fio: Profile inclination, L Profile evaluation length

Fig. 2.3. Profile modifications [3, 5]

profile may end up in a rather complex function of 10 to 15
gear parameters.

_4'Ca .u2+4‘Ca+fHa
L’ L

o o

Alfitar Cartt) =

u (2-5)

The coordinate u in Figure 2.3 and equation (2-5) is a
curved coordinate, determining the position of a nominal
point along the profile and extending from root to tip.

Superpositioning of regular involute and profile correc-
tion A is performed in the normal direction, i.e. correspond-
ing points of the two curves (2-1) and (2-5) can be calculated
along the u-coordinate by the intersection of the normal
vector nEyo] at one specific profile point Pg with the profile
correction function A. The unit normal direction vector rEvyol,
expressed in cartesian coordinates, is given by

+sin(g, + A) |y

M Evol (PS ) =17 COS(EJS + A)/|"Ev01| (2-6)
r- tan(B)/(rt '|”Evol|)
with  [npyor] = 1+ (- tan(B)/ 1, )* 2-7)

rt: pitch radius

Again, an areal gear flank description can be obtained by
screwing this modified profile, consisting of equations (2-1)
to (2-7) and given at a certain height (z-axis), along one helix
line as depicted in Figure 2.2.

In order to include also lead modifications, a similar cor-
rection function is linearly superimposed to the conventional
screw line. Here, different angles and signs for lead inclina-
tion of left and right flank may be foreseen [3, 5]. Equation
(2-8) describes this modification along a v-axis, which is also
a curved coordinate along the lead screw line on the base
cylinder.

V2+

Lﬁz Lﬁ

~4-Cg 4.Cy

B(Cﬁ,v):

y (2-8)

All these calculations end up with complex areal descrip-
tions of gear flanks, given in cartesian coordinates by equa-
tion (2-9). [3, 5] alternatively present a gear flank description
in cylinder coordinates. Within these equations, ngyo] gives
the normal direction at a certain unmodified flank point
(&s, A, zg), crossing the modified profile at (xk, vk, zk)-

Cartesian coordinates:
xg =r-(cos(gg + A)+ &g -sin(gg + A))
+ (A(fl-low Ca!&s )+ B(Cﬁ’zs )) Sin(&s + A)/|nEv01|

2-9)
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yi = r-(sin(gg + A)— & -cos(gg + A))
- (A(fHa!Caﬁ &)+ B(CB!ZS )) cos(&s + A)/|ngy]
2 = 2 + (Af11, Cor &)+ B(Cp 2, ) 7 tan B/ gy
with :
A= f(ﬂb:[ifﬂﬁszs)
Sup vl

-

=My +2z | tanp/r +

tanp'/r,

The new options of areal gear flank descriptions (mainly
restricted to involute gears and worms) are summarized in
[3-11].

2.2 Areal mathematical description of bevel gears

Also for bevel gears, an areal mathematical description of
gear flanks would substantially improve the inspection pro-
cedure, the measuring uncertainty and thus the production of
bevel gear sets.

The current industry approach for presentation of nomi-
nal bevel gear data and inspection results uses the cutter
geometry and the theoretical machine motions to describe
the tooth surface. Consequently, all inspection data are refer-
enced from that surface.

A transfer of the approach described in section 2.1 to
bevel gears, was partially realised in industry [12-15]. They
propose the conjugate reference system as an alternative to
the machine settings reference system. This approach uses a
theoretically perfect gear as reference for gear inspection and
the surface conjugate to the theoretically perfect gear as
reference for pinion inspections. The reasons for proposing
this system are outlined in [11]. [15] provides further infor-
mation regarding the two approaches and discusses the
advantages of each in more detail. [12] records the conjugate
approach as an alternative presentation method for bevel
CMM inspection data. [14] describes the reasoning for using
the conjugate system for engineering analysis.

3 Areal measurement
3.1 General aspects

The 3-dimensional description of involute gear flanks and
their geometric relationship, given by the pitch (angular
distance between equal sided flanks) and the tooth thickness
(distance between left and right flanks) results in a complete
3-dimensional nominal description of the whole gear work-
piece. As described in section 2.1, this areal description is
able to reflect all kinds of geometric modifications without
any simplifications or neglections. It also includes the rela-
tionship of gear flanks to the gear body and possibly, in
cases of a layshaft, the geometric relationship between two
and more gears, mounted on one shaft.

The totality of all nominal points contains information
about the desired functionality of the gear wheel. It also
reflects the intended result of the manufacturing processes.
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On the other hand, all actual flank points, obtained by meas-
urement of a real gear workpiece, contain valuable informa-
tion reflecting both, the probable functional behavior of the
workpiece and the actual state of the manufacturing process.
Conventional gear metrology is restricted to a few prescribed
section lines (profile, lead) and singular points (pitch). The
historical reasons for this standardized measurement were
outlined in section 1. But, at least for nominal/actual points
situated at the centre of a gear flank and belonging to the
tooth contact area, an equal importance concerning their
functionality and production process assessment can be as-
sumed. Thus, such restrictions can be regarded as fully his-
torical, but still important, since all national and international
gear metrology standards are based on these restrictions.

This leads to a major demand for all future gear metrol-
ogy, using an areal description of gear flanks:

a) All measurement results must be directly compara-
ble to standardized conventional (2-dimensional)
gear deviations and parameters.

b) Even though the areal gear flank description offers

completely new aligning principles of the actual
gear with respect to the nominal gear, all conven-
tional aligning procedures must still be available.
Otherwise, direct comparisons of measuring results
according to demand a) are not possible.

As long as the measurement procedures obtain data sets of
high lateral density, demand a) can easily be fulfilled. For
example, optical probing methods like stripe pattern projec-
tions or interferometric measurements register several
10 000 points up to more than 200 000 points per flank
within a few seconds. This point density is high enough to
generate the standardized section lines by filtering out sub-
sets of the measured data, representing the section lines with
a sufficient accuracy.

3.2 Areal measurements using optical instruments

Tactile gear metrology using GMIs or CMMs has reached a
state-of-the-art, where significant further improvements in
terms of accuracy and velocity are hardly expected. On the
other hand, increasing demands in functionality and produc-
tion efficiency require faster inspections, preferably close to
the production line, at an enhanced information content and
(at least) equal accuracy level. The study [21] states that
various optical measurements (Figure 3.1) offer the potential
to fulfil all these demands. Especially methods based on the
triangulation principle promise a good feasibility concerning
accessibility of gear flanks, speed and accuracy, whereas
interferometric measurements are supposed to fail, mainly
due to a minor accessibility [21, 22]. Namely stripe pattern
projection gives access to both, a high and complete infor-
mation content (areal recording of a whole flank at once) and
a sufficient accuracy (coded light approach [4, 23-26, 32, 33]
and phase shift procedure [24, 27-29]).

Figure 3.2 illustrates the triangulation principle and the ba-
sic set-up, where a well-defined black and white pattern (mostly
parallel stripes) illuminates the curved measuring object. A
camera (CCD or CMOS) observes the projected pattern at a
defined (and previously verified) triangulation angle, extracting
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ple scattering, “blooming” or distant light noise lead to inva-
lid coordinate values [31]. CMOS cameras significantly
reduce problems caused by exceeding reflected light intensi-
ties. Problems due to ray tracing can be avoided by superim-
posing several evaluated data sets, obtained at different
angular positions of the flank.

Instead of triangulation principle also a conoscopy sen-
sor was investigated in [21]. As explained in [11] today these
sensors are not under inspection in gear metrology.

[4, 11] summarize the main advantages and disadvan-
tages of both the tactile and optical measurement of gears.

4 Evaluation of measured areal gear data

Fig. 3.1. Scope of optical measuring methods available for
gear metrology

the object’s 3D-surface coordinates from the distortion of the
recorded pattern, caused by the sculptured surface.
The main advantages of this measuring principle are

e simple and fast implementation,

e stripe density and phase shift adaptable to the meas-
uring problem,

e measuring area from mm?” to m*

e depth resolution down to 1/10.000 of diagonal of
measuring area possible,

e improved cameras and image processing directly
applicable

One major difficulty occurs on evaluating the registered
pattern, caused by the so-called “order problem” [23, 24,
33]: one certain camera pixel cannot identify the number
(order) of an observed stripe period, leading to an ambiguity
in the detected distance d between the inspected surface
point and the corresponding camera pixel (Figure 3.2).

An elegant procedure labelled “coded light approach”
avoids this problem [24], where a series of pattern (e.g. 8)
with varying period lengths illuminate the (static) object
surface. Thus, each pixel “sees” a sequence of dark and light
spot intensities, transformed into a binary code. Moreover,
phase shifting of the “finest” stripe pattern further increases
the depth resolution of this measuring principle. [30] reports
another method for identifying the order of a certain stripe
by varying the pattern.

Another problem arises from the complex shape of gear
flanks (namely bevel gears), where a large portion of illumi-
nation rays do not hit the detector or the percepted camera
spot at the triangulation angle. Therefore, effects like multi-

Stripe pattern on

i i Projected stripe .
Triangulation Jpa[[em P measuring object

ek b x '\f'-'.,l”
f(’;é ICCD-Camera l’\\\‘l"
s ] T
~ hinmm
2
&‘ o
1777} L X
Cyftittts el o
TTNITT iy d O
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Fig. 3.2. Geometry measurement using fringe projection.

4.1 Distance definitions

Provided the gear alignment is given and all measured points
have been transformed to the workpiece-related coordinate
system using the transformation 7, all transformed measured
points (labelled actual points) are in the “vicinity” of their
corresponding nominal points. The phrase “in the vicinity”
characterizes a spatial distance. It should be small enough to
clearly define, which nominal point corresponds to a certain
actual point.

Then, the deviation d; determines the distance between
this pair of points no. i. Three options are explained in [3, 5,
6] to express the distance mathematically:

o the Euclidean distance,

e the projected distance (Figure 4.1),

e the plumb line distance from the actual point, cross-
ing the nominal surface perpendicularly (Figure 4.2).

The Euclidean distance is given by equation (4-1). The
projected distance in equation (4-2) and the plumb line
distance in equation (4-3) require the knowledge of the
normal unit vector rg = HEyo] (equation (2-6), (2-7)).

They thus more sensitively reflect the influences of any
alignment/surface changes on the compound dislocation of
the whole actual surface. The projected distance d,,,; is
simply the scalar product of Euclidean distance and unit
normal vector.

dpuwia =P — Py

2 2 2 S
|dEuklid|:\/(xi —x P+ i -y ) + (5 - 2)
|dproj = dgyklid * MEvol 4-2)
P =P+ dlot
d 4-3
:Ps+|dlot|'”Evol:Ps+¢'"Evol 43)
|nEvol|
dptum = —— (4-4)
|”EV01|

—Yi tMp + 2z -tan(ﬁ)/rt

The plumb line distance dplumb according to equation (4-3)

is more difficult to evaluate, since the point Ps, where the
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Fig. 4.2. Plumb line distance dplumb between a measured

point Pj and the root point (intersection point) at Pg [3, 6]

plumb line crosses the (modified) involute profile, is initially
unknown (Figure 4.2).

For the non-modified gear flank the distance dplymb was
derived analytically in [6, 7]. Apart from the nominal gear
parameters, dplumb in equation (4-4) fortunately depends on
the actual coordinates sj, y; and z;j (in cylindrical coordinates).
Thus, a search or calculation of the corresponding nominal
point coordinates is not necessary, which saves a large por-
tion of the formerly required calculation time.

Now the major advantage of adding the modifications A
and B in section 2.1 perpendicularly to the involute profile
occurs: as explained in [6, 7], the distance dplumb between
an actual point Pj and the modified nominal surface is very
accurately given by substracting the modifications A+B
from the distance dplymb of equation (4-4). [6, 7] gives more
details of the approach explained here.

4.2 Deviation Function Method

The calculation of distance and deviation between nominal
and actual points with respect to all the distance definitions
in equations (4-1), (4-2) and (4-4) require the knowledge of
the transformed actual point Pi. On the other hand, any
alignment by a coordinate transformation T leading to the
transformed measured points and minimizing an objective
function assumes that all the distances dj are already known,
i.e. the mapping of the cloud of measured points to their
corresponding nominal points was already realized. A con-
venient and transferable method guiding an exit out of this
dilemma is the deviation function method, explained in
detail in [17, 18, 20]. The main idea behind this approach is
to perform the numerical alignment and the nominal-actual
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comparison in one step, i.e. to define an approximation
problem, where all the independent variables (workpiece-
related deviation parameters) plus the 6 degrees of freedom
for alignment are calculated during one iteration procedure.
Therefore, the distance dj must be expressed as a function of
all these independent variables. For basic geometric elements
like a circle, plane, sphere or cylinder, this leads to compara-
bly simple functions. They usually depend on less than ten
independent variables, including the transformation parame-
ters. For an involute gear, the number of independent vari-
ables regularly exceeds 10 per flank for all the standardized
profile, lead and pitch deviation parameters including the
modification functions A and B of equations (2-5) and (2-8).

Based on the plumb line distance definition of Figure 4.2,
this deviation function can be expressed by equation (4-3),
where the quantity dplymb must be replaced by expression
(4-4) and nEyo] by expression (2-6) and (2-7). Within these
detailed mathematical expressions, the coordinates sj, Vi, zj
and the involute parameters &s, A themselves must be ex-
pressed as functions of the six alignment parameters. This
requires a rather complex analytical deviation function,
representing the major challenge for this approximation
approach. Once the deviation function is known, the proce-
dure follows standardized steps easy to perform [11, 17-20].
First, the objective function comprising all the (detailed)
deviations dj is partially derived to all the independent vari-
ables. This leads to a linearized equation system of all un-
known independent variables, which are iteratively approxi-
mated. In the end, this leads to a self-contained measurement
and evaluation of both, the complete set of all gear deviation
parameters for all measured flanks plus the alignment of the
whole gear with respect to the workpiece body. Moreover,
this approach offers to define different alignment parameters
for the gear wheel itself and the workpiece body. This option
enables to separate deviations induced e.g. by shrinkage,
hardening and residual stress deformation from those caused
by the gear manufacturing process itself.

If optical probing methods or high speed scanning de-
vices are applied for measurement, several thousand measur-
ing points up to more than 1 million points are incorporated
into the approximation procedure. Therefore, the results will
be very stable in statistical terms and are less affected by
local measuring errors (“outliers”). But, due to the large
amount of independent variables, the convergency of the
approximation procedure may cause difficulties. By provid-
ing good starting values for the iteration loop and by includ-
ing significance and verification tests within the algorithms,
these problems can be reduced to a reasonable minimum.

[3] and [7] report results obtained by simulations, indi-
cating a sufficient convergency behavior and accuracy of the
implenented algorithms. Results of [9] based on both simula-
tions and experiments support these findings even though the
theoretical approach differs from the one reported here.

5 Summary

Gear metrology following the current state-of-the-art repre-
sents a key technology for the production of modern gear
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drives. Further improvements aiming at a reduction of
weight, noise and manufacturing costs as well as the produc-
tion of very small (< 2 mm) and very large (up to 16 m)
gears require new approaches concerning the mathematical
flank description, areal probing and evaluation methods.
Therefore, areal research efforts will be necessary, carried
out with new measuring devices and verified using new
calibration methods.
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Abstract

This research aims at the development and verification of a
system that can detect the occurrence of perturbation during
walking for walking-assist as soon as possible by from
output signals of an artificial sensor system fitted on users'
body. In this research, a back-propagation based artificial
neural network (ANN) model was employed to build pattern
recognition unit that can deal with the individual variation
and time-varying characteristics. Results showed that the
occurrence could be detected from four channels within
87.5ms, which could be considered as short enough for
walking assist systems to response to the perturbation.

1 Introduction

It is very difficult for most walking-impaired people to cope
with obstacles and uneven ground, and other perturbation
during walking, because their afferent, efferent pathways and
musculoskeletal functions were both impaired to a certain
extent. As a result, the perturbation during walking becomes
one of the serious risk factors for falling-down of the
walking-impaired people. Thus, assist systems for the real-
world environment walking, should be able to appropriately
deal with the perturbation. However, most walking assist
systems reported, including robotics systems [1] and those
using Functional Electrical Stimulation (FES) [2] couldn’t
deal with the purturbation, because the research work has not
taken into consideration the perturbation like uneven terrain
and slip, which frequently occur in daily-life walking.

A prerequisite for building a walking assist system for daily-
life is that, the perturbation could be detected after its
occurrence within a period short enough for balance
recovery by means of certain assistive technology, such as
Functional Electrical Stimulation or robotics power assists.
That is, a right triggering signal and a suitable power assist
could form so called artificial reflex to help the balance
recovery in the case of perturbation occurrence during
walking.

Little has been done on the automatic detection of
perturbation during walking. There have been research
efforts to study the role of reflexes during human walking
[31[4]. In [5] the role of afferent information during animal
walking has been studied using a simulation model. It
showed that virtual reflexes triggered by afferent informaiton
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could improve walking stability However, the onset of the
the virtual reflexes was not sufficiently studied because the
simulator “knows” the right timing to trigger the reflexes. In
another research [6], a “vestibulospinal” reflex was coupled
to its control mechinism of a robot dog. Since the reflex is a
posture-related one, a simple threshold mechanism is enough
to process gyro sensor data to trigger the reflex.

This research aims at the development and verification of a
system that can detect the occurrence of perturbation during
walking as soon as possible by an artificial sensor system
fitted on users' body and an Artificial-Neural-Network based
pattern recogintion system.

2 Method

Since responses to perturbation during walking are the
results of the interaction between human neuro-musculo-
skeletal system and walking environment, they might be
entangled sequences of body sway and muscle activation. So
that, the motion sensors that can reflect fast body motion,
and sensors that can directly reflect muscle activation,
should be employed. However, there has been no such
measuring data available in the research field, nor research
results indicating sensor combination that could result in
effective detection of perturbation occurrence.

In this study, an experiment was performed to accquire the
data concerning responses to the slip perturbation occurrence
during walking. Then, Davis Information Criterion [7] was
employed to analyze effective feature vectors for slip
perturbation occurrence detection. Finally, an Artificial-
Neural-Network based pattern recogintion system was built
to detect the occurrence. In this study, the analyzation and
detection were conducted in an off-line manner.
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2.1 Measurement of perturbation occurrence during
walking

Fig.1.1. Fittings and sensitivity axial direction of each sensor

A. Subject

10 male subjects, with age 24.84SDS5.1, height
176.9£SD5.7cm, weight 68.2+SD5.9 kg and with no
previous history of musculoskeletal or neurological disease,
participated in the experiments. The subjects signed their
written informed consent and were asked to report their
dominant lower limbs prior to the experimental procedures.
Besides, a pre-test (see Procedures for details) for safety-
assurance was conducted for all subjects.

B. Equipment

8 Dry-type EMG surface differential electrodes (Model DE-
2.3, DELSYS) were fitted on the skin surface above the belly
of the following muscles: gluteus medius, rectus femoris ,
vastus lateralis, vatus medialis, semitendinosus, tibialis
anterior, gastrocnemius medialis, gastrocnemius lateralis.
Three 3-Axis accelerometers+gyro Sensors
(GYROCUBE/3A, O-navi) were fitted on the head, waist
and ankle (Fig. 1.1). Two A/D cards (DAQ3024, NI) were
used to collect all the sensor data, at a 1.6 kHz sampling rate.
The EMG signals were amplified to 2000 times, by the pre-
amp equipped in the surface EMG electrodes, and a hand-
made EMG amplifier.

Perturbation to gait was realized by a split-belt (PW-21,
HITACHI), for which the speed of each belt could be
independently and accurately controlled from 0-3km/hr.,
within  270ms (200ms for PC split-belt machine
communication and 70ms for speed change), which could be
treated as a constant delay to control signal. The real speed
was monitored using a rotary-encoder (RP-721
ONOSOKKI). A slip perturbation could be generated by
slowing down one side at the moment of heel-strike.

C. Procedures

A pre-test was first applied to the subjects. In the pre-test, all
subjects experienced the perturbation weaker than that would
occur in the experiment, that is, the speed down from
2km/h—1km/hr, and 3km/h—1km/hr. The subjects were
asked to describe their feeling, and they can decide to quit or
continue the experiment. Or if the experimenters recognized

54

that one subject is not suitable for the experiment, by
observing the subject’s movement and behavior, they could
suggest a quit to the subject.

After all the sensors were fitted to the specified places of
subjects’ dominant lower limbs, each subject was asked to
walk on the split-belt at a speed of 3 km/hr. The gait of the
subject was monitored using x-axis accelerometer fitted to
the ankle of the subject. Concretely, the heel strike was
detected according to the method described in [8], which
decides heel strike by comparing the peak of x-axis of
accelerometer fitting to the ankle with a preset threshold (Fig.
2). After the gait reaches a steady state, that is, the heel strike
to heel strike interval tends to be similar, the perturbation, a
speed down (3 km/hr—0.5km/hr) would be given to the belt
of the dominant side of the subject, at the moment of heel
strike of the dominant lower limb. 10 perturbations would be
given to a subject in one trial. Then the perturbation would
be given to another side of the same subject for 10 times in
another trial. That is, for each subject, 2 trials, corresponding
to left and right sides, would be conducted. There was a rest
for at least 10 minutes between each two trials.

2.2 Extraction and selection of feature vectors

In consideration of convenience of use in everyday life and
rapidity of processing, the minimum feature vector of the
artificial sensor system necessary and sufficient for the
detection of perturbation occurrence should be determined.
To choose the feature vectors, the Davis’s cluster separation
measure [7] was employed as an index to make difference
between normal walking and perturbed walking. Davis’s
cluster separation measure could be expressed in equation

(1.1)

(1.1)

foe = +up) /e — 2

Where u and ¢ are standard deviation and average of one
cluster, respectively, / denotesof the data cluster of normal
walking, and 2 denotes the data cluster of perturbed walking.
The raw and Short Time Fourier Transformed (STFT)
accelerometers+gyro data from head, hip and ankle were
used. The Davis’s cluster separation measure was calculated
for each walking cycle (from heel-strike to heel-strike). The
sensors and the moments with lower Davis’s cluster
separation measure value would be considered as the
candidates for the features.

2.3 Discrimination of the perturbation occurrence from
normal walking

Responses to perturbation is varing with individuals and time,
therefore information processing should be able to adapt to
the changes. Also because, in future, the detection of the
perturbation is expected to perform in an on-line manner, an
back-propagation based Artificial-Neural-Network [9],
which is characterized by its learning facility, was used for
pattern recognition . The inputs of the ANN include the
features from the sensors fitted on foot, waist, head. The
neuron number of middle layer is 10, and that of output layer



is 1.Training was performed for each 40 strides using the
data from all nine subjects, and test was perfomed using the
data of unused 5 strides from nine subjects. If the output of
the network doesn’t agree with the walking condition of the
test sample (that is normal or perturbed) , the data set of the
subject with recoginition errors would be excluded from the
training data set and added to test data set, and the training
would be performed again for the remaining training data set.
In addition, for the data set with at least one recognition error,
another training and test would be performed for this
individual subject.

3 Results

The raw data of Z-axis of accelerometers fitted on head is
shown in Fig.1.2, and Davis’s cluster separation measure
value of the sensor is shown in Fig.1.3.

il 875ms [ 87.5ms [ 87.5ms |

ik

Heel strike Heel strike |} Heel strike of
6f  normal of  normal |} perturbation
walking walking walking
O 418 835 1254 1669 2086 2503 2820 3337 3754 417134588 5005 5422 5889 6256 6673 7090 I507 7924
Time[s]

Fig.1.2. Raw data of Z-axis of accelerometers fitted on head

| =2 direction

—==-Y direction

X direction

Davis Value

Time[ms]

Fig.1.3. Davis’s cluster separation value for Z-axis of

accelerometers fitted on head

According to the these results, the feature candidates could
be chosen. If the Davis’s cluster separation value is lower, it
might contain more information for discriminating
perturbation occurrence from normal walking. The index
value for all subjects is caluculated by summing and
averaging the index values of all subjects. The feature
candidates are listed in Table.1.1 with their index values.

Moreover, the test results when combining 3 or 4 feature
candidates into sensor groups and taking the respective
feature vectors as the input of of the ANN are shown in
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Table.1.2. The values of those feature vectors in both normal
walking and perturbed walking are also shown in Fig.1.4.
The horizontal axis denotes the feature candidate number,
and the vertical axis shows the input value and the output
value (calculation result).

Furthermore, learning curves are shown for in Fig.1.5. The
vertical axis stands for the number of mis-recognition.

Table 1.1 Feature candidatesr and Davis’s cluster separation
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value
Feature candidates
sensor Wave Time(heel Davis’s
pattern strike+) value
1 acceleration original Oms 0.893
X-axis of ankle
2 | angular velocity | original Oms 0.519
Z-axis of ankle
3 acceleration original 15ms 3.92
Z-axis of hip
4 | angular velocity STFT 40ms 5.27
Z-axis of hip
5 | angular velocity | original 40ms 6.87
Z-axis of hip
6 acceleration original 50ms 2.78
Z-axis of head
7 acceleration original 87.5ms 1.47
Z-axis of head
1
0.9
08
0.7
0.6
= Ex1
05 — & - Ex2
—&— Ex3

04

03

0.2

0.1

output

Fig.1.4.1 Feature vectors for sensor group A in the case of
normal walking
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Fig.1.4.2 Feature vectors for sensor group A in the case of
perturbation occurrence
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Fig.1.4.3 Feature vectors for sensor group E in the case of
normal walking

——Ex1
— - Ex2
—&—Ex3
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Fig.1.4.4 Feature vectors for sensor group E in the case of
perturbation occurrence

Fig.1.4. Feature vectors for sensor group a and e in the case
of normal walking and perturbation occurrence

Table 1.2 Judgment by ANN

Group feature success rate success rate
vector (Training for all (Training by

9) oneself)

A 1,2,4,7 45/45 -

B 1,2,7 83/85 5/5

C 1,2,5,7 82/85 5/5

D 1,2,3,6 137/141 9/10

E 1,2,6 137/141 10/10
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Number of times of learning

Fig.1.5.1 Learning curve for data set for all 9 subjects

1

101 201 301 401 501 601 701 801 901 100
Number of times of learning

Fig.1.5.2 Learning curve for data set of one individual
subject with at least one mis-recognition in the first learning
trial

4 Discussion

From table 1.1 and 1.2, it is clear that feature 1 and 2 are
basic features for perturbation detection. They are from X-
axis acceleration of and Z-axis angular velocity of ankle
Those two features could be related to the physical motion
caused by the slip before the neuro-control mechanism
begins to response. But these two features might be slip
perturbation dependent.

The sensor groups containing feature 4,5,7 are the important



ones other than feature 1 and 2, reflecting the reflexive
response of hip and head. The success rate of the test is high
when these features were included in the feature vectors.
However, feature 4 needs more computation for Short time
fourier transform, and feature 7 needs 87.5ms after the heel-
strike moment.

Sensor group e(1,2,6) could result in fast detection, however
4 samples from 2 subjects were failed.

5 Conclusion

In this study, by using ANN whose input were the selected
feature vectors from an artificial sensor system containing
accelerometers+gyro on hip, hip and ankle, and EMG, the
possibility of detecting perturbation occurrence during
walking was shown

We suppose that, the feature vectors selected by Davis’s
cluster separation measure are slip-perturbation dependent.
However, in order to realize an on-line perturbation
detection, it is necessary to consider specialty (early
detection) and generality (robust and could coped with other
perturbation).
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Abstract

For the effective re-use of parts, each re-usable part is
required to be under appropriate management throughout
their life cycle. A hindrance to the circulation of re-used
parts is behavior of users. The flow of re-used parts around
the user is uncontrollable and unpredictable. Authors are
proposing “Part agent system” that is the combination of
network agent called “Part agent” and radio frequency
identification chip RFID. This paper discusses the
mechanisms how Part agents use the operation history of the
parts and the user's preference on maintenance of the parts to
support their effective reuse.

1 Introduction

To achieve the effective re-use of parts, authors are
proposing a system that is the combination of network agent
and RFID where the network agent is assigned to a particular
part and is programmed to follow their real counter-part
wherever it goes. We call this agent a "Part agent" [1][6].

Behavior of users is a hindrance to the circulation of re-
used parts. The flow of re-used parts around the user is
uncontrollable and unpredictable in spite of the great effort
of the manufacturer. The cause of such instability may
include user’s inability to manage all the parts in his
products as well as his inaccessibility to the correct
information on maintenance.

The purpose of our proposal of Part agent is to give users
appropriate advices on the re-use of parts and to promote the
circulation of the re-used parts. In previous work [2], it has
been shown by simulation of Part agents that advices can be
generated in consideration to user's preference and operation
histories of products. However, it is revealed that the
retrieval of operation history of a part is difficult when it is a
reused part. It is also understood that some means are
required to provide users with the information of part. In
this paper, we discuss the mechanism how Part agents
retrieve the operation history of the part and how they
provide information to the owner of part.

First, the concept of Part agent is described in section 2.
In section 3, how the operation history and user's preference
is used in maintenance is discussed. Proposed mechanisms
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are discussed in sections 4 and 5 how Part agents retrieve the
operation history and how the information is provided to
users. Preliminary results of the prototype system for these
mechanisms are shown in section 6. Section 7 summarizes
the paper.

2 Life Cycle Support of Products Using
Network Agent

We are proposing Part agent system that manages the life
cycle of mechanical parts by using network agent and RFID.
The system is to manage all the information on the
individual part throughout its life cycle on the assumption
that network environment is available ubiquitously.

&

other Part Agents

of deterioration | | information information

I~

network
[ prediction ] [hlghtlc ] [ market ]

management
and
wontrol of product

individual
part data

SENsOrY

function

local site i

Fig. 1.1. Conceptual Scheme of Part Agent

2.1 Concept of Part Agent

The concept of Part agent is shown in Fig. 1.1. In our
scheme, Part agent has the following functions.

(a) It follows the corresponding part through the network.
Part agent uses Radio Frequency Identification (RFID) [5]
attached to the part as the key to find and to identify its
corresponding part.
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(b) It gets the design information of part from the

product database in the network, provided by the
manufacturer.

(c) It manages the current information of the
corresponding  individual part, including assembly
configuration, historical records, deterioration level,

environmental status, etc. that may be stored in databases in
the network, in the local site or in RFID.

(d) It may activate the sensors in the local site and gets
the information of part such as applied load and wear, and
environmental information around the part such as
temperature.

(e) It uses the application in the network to decide the
action of the part. We assume applications are available that
provide Part agents the information such as prediction of
deterioration, logistic information and market information.
Part agent uses the information as well as the current status
for its decision.

(f) Based on the decision, it requests the operator or
function that controls the product to take the necessary
action.

Combining these functions, Part agent autonomously and
intelligently supports the life cycle of the part. Based on this
concept, we are currently developing functions using
network agents and RFIDs to realize Part agent system.

2.2 Part Agents to Support User's Activity [2]

As described previously, user's behavior is a hindrance to the
circulation-oriented society. Part agent is applied to provide
users with advices on maintenance of parts, which will
promote the circulation of re-used parts.

We have performed simulation where Part agents give
users advice on replacement of the part. Advice is created
with the following factors in consideration.

Current and predicted deterioration

Availability of the alternative part in market

Cost required for the replacement

Logistic cost to transfer the part to and from the
maintenance site,

e  Predicted operation cost

e  Environmental load

In this simulation, the models for deterioration, logistic

cost and operation cost are linear to the duration of operation.

The model of environmental load is constant except for
production and disposal. Though the models are simple, the
re-use of parts achieves less environmental load when the
factor of environmental load is large.

We have added the function to this system that allows user's
preference on maintenance to the simulation. Following
kinds of users are assumed that are;

e  Users who cares only about the current deterioration
of the part,

e  Users who cares about the current deterioration of
the part and the deterioration of the replacement part
in market,

e  Users who cares about the trade-in price of the part
and the price of replacement part in market,
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e Users who cares about all the characteristics, i.e.,
the current deterioration of the part, its trade-in price,
the deterioration and price of the replacement,

Result of the simulation shows that the users who only
cares about the current deterioration of the part, in other
words, who will not accept Part agents advice pay more than
other type of users.

The simulation showed that, if several types of users
with different preference in maintenance exist, Part agent
will promote effective circulation of re-used parts by
providing appropriate advice to users.

3 Maintenance Using Operation Histories of
Products and Preference of Consumers

Maintenance of products is provided depending on the
characteristics of product, maintenance cost and owner's
strategy on maintenance. In some cases, mechanical parts are
repaired only after their breakdown. In other cases, diagnosis
is performed periodically and parts are replaced when
symptoms such as large deterioration are detected on the
diagnosis. More advanced maintenance may predict the
process of deterioration based on the operation history of the
part, such as monitored motor revolutions against time.

We have implemented a prototype system for Part agent.
In the system, three types of maintenance are provided as
shown in Fig. 1.2. Type (a) is the corrective maintenance
where parts are repaired only after their breakage. Type (b)
and (c) are the preventive maintenance. For (b), the
degradation of part is measured by sensors or calculated
based on the operation data. Failure is predicted if the
cumulative value reaches the threshold and the part is
replaced. For type (c), in addition to these values, the
operation history is used to determine if the part should be
replaced or not.

[e]  [oek Uso -
_ , l
Detection of Check Check Check
failure il i il i P ion history
i_l_l
former || cument
X product || product
_Failufa~,_ |,
<_predicted
L
_Failuie~_
Repair | [ Repair ""-\:_‘?//-"
Repajr]
Fig. 1.2. Options of Maintenance; (a) Corrective
Maintenance, (b) Preventive Maintenance Based on

Accumulated Data on Deterioration and (c) Preventive
Maintenance Based on Operation History.

When the part is a reused one, its operation history must be
collected not only from the current product data but also
from the former product that the part once belonged. Details
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of proposed mechanism for collecting the operation history
is described in the next section.

Parts or products that are re-used through used parts
market such as cars or small computers have difficulty in

reducing total environmental burden of their whole life cycle.

For manufacturers, it is difficult to predict the behavior of
their customers that affects the quality and quantity of take-
back parts. Such information is a requisite to perform
efficient and effective circulation oriented production.

For users of products, it is not easy to behave truly in
favor of the environment, as it is difficult to give adequate
maintenance to every goods they are using. Users may not
know the precise deterioration level of their products or the
available options of the maintenance. It is also difficult to
decide what is good for environment, as they do not have a
measure to evaluate the greenness of a specific option.

Furthermore, users may want an option on their own strategy.

Some users may prefer new version of products, and others
may prefer to use it longer.

We consider that the behavior of users is essential
element to reduce the environmental burden of total life
cycle of products and that it is important to provide adequate
assistance to the users. Mechanism to provide the owner of
the part with its information is discussed in section 5

4 Using Operation Histories of Products

Use of the operation history is an important element to
realize an advanced maintenance system. However it also
brings out an issue when we consider the re-use of parts.

Usually, operation history is recorded for the product and
not for each part to avoid redundancy. When a failed part is
taken back and repaired to be re-used in a different product,
its operation history in the former product will be lost.

4.1 Requirement of Operation History

If the maintenance can be achieved with simple values such
as accumulated duration of usage, operation history is not
required. Operation history is required when the diagnosis
criteria are changing and a single value to be monitored
cannot be determined beforehand.

When a phenomenon that leads to the failure of part is
found, new diagnosis criterion will be established and the
operation history of each part should be analyzed according
to the new criterion. We consider that recalls of vehicles may
be fallen into this type. The current recall is performed for all
the possible vehicles due to the lack of traceability of
operation history. If the function to check the operation
history on site, unnecessary recalling will be avoided.

Operation history is also required for complex cases
where multiple diagnosis criteria are combined.

4.2 Retrieval of Operation History

For Part agent to retrieve operation history, the following
procedure shown in Fig. 1.3 is developed for the prototype
system.
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Fig. 1.3. Retrieving the Operation History.

When diagnosis requires the operation history of a part,
the part agent creates an information agent to find the former
and current assembly that contains the part. The information
agent visits every candidate sites and checks if the
designated assembly exists in the site. If it finds the
assembly, the required operation history is obtained. The
information agent goes back to the site of the original Part
agent with the retrieved information on the operation history.

For assemblies disassembled, the part agents
representing the assembly should be kept for some period in
order to provide operation history in response to the request
from its former parts that are re-used. Special site shown as
Waste in the figure is established for that purpose.

4.3 Technical and Social Issues

Retrieving the operation history contains both technical and
social issues.

In the above procedure every sites are checked to find
the former assembly. However, it may not be feasible to
check all possible sites. We need a robust mechanism to
trace the former assembly, especially when we cannot rely
on the manufacturer of the part for that role.

When an assembly is taken back for maintenance, it may
be reused with new alternative part installed for the failed
part, but it may be discarded. The information of operation
history of those discarded assembly should be kept somehow.
Our solution in the prototype system is to establish the Waste
site shown above, but an issue still remains who manages
such a site in real world.

When a part is reused, the owner of the current assembly
that contains the part may be different from the owner of the
former assembly that contained the part in the past. It is
difficult to determine who is the owner of the operation
history of a part that is recorded in the former assembly.

There exist privacy issue [4] for the retrieval of operation
history. Users may not accept the idea that the operation
history of his or her product is transferred to the other person.
Careful management is also required for keeping information
of discarded assemblies.

Security is another big issue for not only managing the
operation history but also for Part agent system itself.
Mechanism that assures the valid motion of agents should be
developed. Effective encrypting of the information of agents
or RFIDs is also required to avoid the stealing.



N. Fukuda, H. Hiraoka and T. Ihara

ég Part ownar

Raport and
advice

Web page

Stratagy and
dirgction :

Information
agent

Fig. 1.4. Communication of Part Owner with Part Agent.

5 Consumer's Preferences

As described above, one of the problems for consumers is
that they cannot perform the maintenance on his parts
according to his preference.

Preliminary results of previous research [2] suggest that
when consumers have various preferences in maintenance,
the adequate support of their preference promotes the
effective reuse of parts.

Method is required for users to communicate easily with
Part agent. For that purpose, we are developing web-based
communication between users and part agent as shown in
Fig. 1.4. Part agent sends subordinate information agent to
the web site. Report and advice from Part agent is provided
via web page to the user. Inversely, user can send the
preference of maintenance strategy or the direction to the
Part agent through this mechanism.

6 Usage of Operation History in Prototype
System

Prototype system for Part agent is developed with function
using the operation history in maintenance.

| Y P 7l I

BB} < TerminalWindow ]

6.1 Prototype Part Agent System

Prototype Part agent system is developed based on agent
function of CORBA system Voyager [3]. The developed
system has ability to communicate RFIDs but it is not used
in the following simulation where only Part agents moves in
the system. The supposed product is a vacuum cleaner, an
assembly with five components that are a motor, a body, a
hose, a nozzle and a filter.

Fig. 1.5 shows the display of the system. Windows in the
figure shows, from top left in clockwise,

e Production site that produces Part agents,

e Assembly site that assembles 5 components in one
assembly,

e Two Use sites where the products are operated,

e  Maintenance site that disassembles assembly and
send re-usable parts back into assembly site, and

e Waste site that keeps disassembled assembly
information.

6.2 Results on Use of Operation History

Simulation is performed based on the following assumptions.
Part is assumed to deteriorate by the turns of motor that turns
600 revolutions per minute. Duration of operation is defined
randomly from 5 to 20 minutes. For each operation of
cleaner, each part is deteriorated. The level of deterioration
is represented with a single integer value. The level of
deterioration for each part increases 2 to 6 in one operation.
The rate of deterioration depends on the kind of part. When
the level of deterioration reaches 200 the part breaks down.
For each operation whose duration is more than 15 minutes,
motor is assumed to receive additional damage. Furthermore,
part breaks down accidentally with the probability of once
per 30 operations.

Two kinds of maintenance are assumed; corrective
maintenance that is performed after the detection of breakage
and preventive maintenance that is performed based on the
prediction. Cost of maintenance is assumed respectively
1000 for the former and 100 for the latter.

Prediction is made based on the deterioration level of the
part derived from the cumulative turns of motor. Different
threshold value is assigned for each kind of part to send the
part to maintenance.

For motors, additional prediction may be performed
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based on the number of damages caused by the operation
with long period. This damage information is stored only in
assembly and, although it is a single value, is supposed to be
operation history in this simulation. If the maintenance
requires this information, Part agent should send a
subordinate information agent to find the assembly that
contains the part now and one that contained the part

previously.
Three types of maintenance are performed for
comparison. Type A is the case where corrective

maintenance is applied to all the parts. Type B is the case
where predictive maintenance is applied for all the parts
whenever possible. If the cumulative turns of motor exceeds
100,000 under this type of maintenance, the agent suggests
repair of the assembly. Type C is the case where the
operation history is checked for motors in addition to the
predictive maintenance based on cumulative turns of motor.
If the cumulative turns of motor exceeds 100,000 under this
type of maintenance, the agent sends information agent and
suggests repair of the assembly based on the historical
damage information acquired by the information agent.

30 sets of vacuum cleaner are manufactured in the
simulation. Part agent system as well as the mechanism
searching the former assembly to obtain the operation history
works well. Maintenance using the operation history is
successfuly performed.

The result of simulation is shown in Figs. 1.6 and 1.7.
Fig. 1.6 shows the cumulative cost of maintenance against
the number of operations of cleaner. The difference between
corrective maintenance and preventive maintenance is due to
the difference of their cost. Effect of use of the operation
history can be seen.
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Fig. 1.6. Comparison of Maintenance Cost.

Fig. 1.7 shows the number of maintenance actions. Even if
the preventive maintenance is performed, corrective
maintenance is also required due to the randomness of
failure and unpredictable cause of deterioration. Examining
the operation history reduces the number of corrective
maintenance.

Though the result shows the effectiveness of the scheme,
it is not fully persuasive becouse the simulation is based on a
simple model. We should further research the applicability
and effectiveness of the method.
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7 Conclusion

To achieve the effective re-use of parts, Part agent system is
proposed that helps the users on maintenance of the part. In
this paper, two functions of the system are focused. The
mechanism is proposed to obtain the operation history stored
in the former assembly that contained the part previously and
web-based communication mechanism between user and
Part agent is proposed. Preliminary result of simulation on
retrieval of the operation history is reported. Related
remaining issues are also discussed.
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Abstract

A genetic algorithm based reactive scheduling method was
proposed in the previous research, in oder to modify and
improve a disturbed initial production schedule without
suspending the progress of manufacturing process. This
paper proposes a new crossover method to improve the
performance of the reactive scheduling method for total
tardiness minimization problems and total flow time
minimization problems. A  multi-objective  reactive
scheduling method is also proposed based on the reactive
scheduling method improved in this research. A prototype of
multi-objective reactive scheduling system is developed and
applied to computational experiments for job-shop type
scheduling problems.

1 Introduction

It is assumed, in the traditional scheduling researches, that
manufacturing environments are stable and controllable.
However, unscheduled disruptions, such as delays of
manufacturing operations, inputs of additional jobs and
failures in manufacturing equipment, often occur in the agile
manufacturing systems. If the disruptions occur during the
progress of manufacturing process, the initial production
schedule is disturbed and the manufacturing system cannot
satisfy the predetermined constraints on the make-span and
the due dates. Therefore, a systematic scheduling method is
required to modify the disturbed initial production schedule
to cope with the unforeseen disruptions in the agile
manufacturing systems.

Several scheduling methods have been proposed to cope
with the disruptions in the manufacturing systems. The
proposed methods are basically classified into two types.
They are, real-time scheduling and reactive scheduling. Most
of the existing researches on the real-time scheduling use the
heuristic rules, such as FCFS, SPT and MWKR, to select the
next job to be manufactured, when manufacturing equipment
finishes its present job in the manufacturing system [1]-[2].
There are still some remaining problems in the existing real-
time scheduling methods from the viewpoint of the
optimization of the production schedules. The reactive
scheduling method modifies the predetermined initial
production schedule, when unscheduled disruptions occur in
the manufacturing system [3]. The existing reactive
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scheduling methods are not enough to generate optimal
production schedules during the progress of manufacturing
process.

The previous research proposed a Genetic Algorithm
(GA) based reactive scheduling method [4]. The proposed
reactive scheduling method can modify and improve the
disturbed initial production schedule without interrupting the
manufacturing processes, when unscheduled disruptions
occur in the manufacturing system and the production
schedule cannot satisfy the given due-date of products.

This paper deals with a new crossover method to
improve the performance of the GA based reactive
scheduling method for the total tardiness minimization
problems and the total flow time minimization problems.
The multi-objective reactive scheduling method is also
proposed based on the reactive scheduling method improved
in this research. A prototype of reactive scheduling system is
developed and applied to the multi-objective reactive
scheduling problem of the total tardiness minimization and
the total flow time minimization.

2 Reactive Scheduling Method Using GA

2.1 Reactive Scheduling Concept

The reactive scheduling process is activated, only when
unscheduled disruptions occur during the manufacturing
process. It is necessary to consider the progress of
manufacturing process in the reactive scheduling process.

It is assumed in this research that the reactive scheduling
process improves the disturbed production schedule, without
suspending the progress of manufacturing process. Figure 1
shows the whole reactive scheduling process proposed in this
research. The reactive scheduling process is activated at the
present time 77, only when some unscheduled disruptions
occur and the predetermined production schedule does not
satisfy the given constraint. It is assumed that the reactive
scheduling process takes computation time df to generate
new feasible schedule. Therefore, the schedules of the
operations starting before (77 + df) cannot be modified
through the reactive scheduling process.

A modified production schedule is applied to the
manufacturing system, if the modified production schedule is
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better than the current production schedule. When the newly
generated production schedule does not satisfy the given
constraint, the reactive scheduling process is activated
continuously until new production schedule satisfies the
given constraints, or until all the manufacturing operations
have already started.
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Fig. 1. Reactive scheduling process

2.2 Basic Reactive Scheduling Method Using GA

The proposed reactive scheduling method uses GA to
improve the disturbed initial production schedule [4]. The
GA is a probabilistic search technique based on the evolution
mechanism [5]. The algorithms start with a population of
parent individuals from which offspring are generated. Each
individual has a chromosome, and it is evaluated based on a
fitness value.

A production schedule is represented as a chromosome
in the GA based scheduling method. The genes in the
chromosome represent the job names of the operations to be
completed. The job names are allocated to an array in the
order of the execution sequence of the operations, as shown
in Figure 2. This array of the job names represents the
chromosome of the first individual. Other individuals in the
initial population are randomly created by changing the
positions of the genes of the first individual. The number of
the individuals in the initial population equals to the
population size s.

7 (a)Produdién sefedule”  Tme
createl ]
Genetic operator
. (Selection, Cross-over, Mutation)
Individual—_ il New I‘
2 B et
: Gene ' Chromosome Modified

s schedule

(b) Initial population: P,(T;)

Manufacturing system

Fig. 2. Generation of initial population using GA

A fitness value, such as the value of make-span, total

tardiness and total flow time, is evaluated for each individual.

Based on the fitness value, genetic operators, such as
selection, crossover and mutation, are applied to the
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individuals, in order to create new individuals representing
the modified production schedules. The current schedule of
the manufacturing system is replaced by the new schedule. If
the improved schedule does not satisfy the constraint on the
make-span, the genetic operators are applied to the
individuals. The reactive scheduling processes are repeated
until new production schedule satisfies the given constraints,
or until all the manufacturing operations have already started.

3 Advanced Crossover Method

A new crossover method is proposed, in this research, to
generate suitable individuals faster than the basic reactive
scheduling method using the conventional crossover method.
The conventional crossover method exchanges all the genes
between two crossover points, which are randomly selected
in two parent individuals, and generates two offspring
individuals. The new crossover method exchanges genes of
two individuals in consideration of the dominance and
recessiveness of genes from the viewpoint of the objective
functions, such as the total tardiness and the total flow time.

3.1 Evaluation of Genes for Tardiness Minimization

The total tardiness of jobs is calculated by using the
following equation.

n
D" max(0,C; - dd;)

i=l1

(M

Where,

C;: completion time, which represents maximum value of
the finishing time of the job J..

dd; . due date of the job J;.

n:  total number of jobs.

When the &-th gene is decoded to the A-th operation of job J,,
the lower bound of the finishing time of the operation is
estimated for the k-th gene of the individual by using the
following equation.

n
Lo =] AP+ 3 |-

s=h+1

@)

whrere,

6™ . finishing time of the A-th operation of the job J;.

pt!Y : processing time of the remaining operations of the job
Ji.

If the value of Lby is more than 0, it is impossible for the job
J; to finish the remaining operations by its due date.
Therefore, the evaluation value for the recessiveness of
genes is defined for the tardiness minimization problem as
the following equation.
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e, -0 (LB <0)
U“ TN (Lb > 0) )

3.2 Evaluation of Genes for Flow Time Minimization

The total flow time of jobs is defined by the following
equation.

< 1
DA = st

i=1

“4)

Where,
7t - finishing time of the last operation of the job J;.
stV : starting time of the first operation of the job J;.

The waiting time of the /-th operation of the job J; is defined
by the following equation.

wi® = g _ =D 5)

Where,
st : starting time of the h-th operation of the job J,.
ftD- finishing time of the (h-1)-th operation of the job J;.

The decrease of the waiting time makes the flow time of the
job short in the production schedule. Therefore, the waiting
time of each operation is compared with the average waiting
time of operations for all the jobs, in order to evaluate the
recessiveness of gene in the individual. When the -th gene
is decoded to the h-th operation of job J;, the evaluation
value for the recessiveness of genes is defined as the
following equation for flow time minimization problems,

0 wti(h) < Wty
RCk = )
1 \w™ > wt gy,

average waiting time of operations of all the jobs.

(6)

Where,
Whyye -

3.3 Exchange of Genes in Crossover Process

Two crossover points are randomly selected in two parent
individuals. The individuals exchange the genes between the
crossover points with each other. The advanced crossover
method proposed in this research changes only the recessive
genes, which have the evaluation value of 0. The rest of
genes are inherited to offspring individuals as the dominant
genes, which have the evaluation value of 1.

The genes whose job names are same as the job name of
the allele are searched from the front of the former crossover
point as the candidate of the gene to be exchanged, since the
jobs allocated former in the individual are executed earlier
than the ones allocated latter. The position of the gene is
exchanged with the one of the genes selected from the
candidate, as shown in Fig. 3.
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Crossover points

Parentt | -~ [4,0)] - (4]~ [ « | ~ ]

Parent2 | ...

(a) Evaluation of genes

J5(0)

PSS
offspring? [ [4()] ~ [s©@) ~ [ ~ [ ~ ]
OffspringZ‘ ‘ ‘ e a0y ‘ ‘

(b) Exchange of genes

Fig. 3. Crossover process

4 Multi-objective Reactive Scheduling

4.1 Advanced Crossover for Multi-objective Problem

More than one objective function is simultaneously
considered in the multi-objective scheduling problems. The
combination of the evaluation values for recessiveness of
gene is discussed in this section for the multi-objective
reactive scheduling problems.

If p kinds of objective functions are considered in the
reactive scheduling problems, each gene has p evaluation
values for recessiveness of gene. The advanced crossover
method changes the recessive genes, which have more than
one evaluation value of 1, and inherits the dominant genes,
which have all the evaluation value of 0, to offspring
individuals.

In case of the combination of the total tardiness and the
total flow time, the genes whose job names are same as the
job name of the allele are searched from the front of the
former crossover point as the candidate of the gene to be
exchanged. The position of the gene is exchanged with the
one of the genes selected from the candidate.

4.2 Multi-objective Reactive Scheduling Process

The multi-objective reactive scheduling processes consist of
the following five steps.

Step 1: Setting up of present time Ti
The present time 7; (=1, 2, ... ) is set up.

Step 2: Estimation of computation time dt

The computation time df is the time in which GA creates a
new generation of the populations representing the modified
production schedules. The time df is estimated based on the
time needed to generate a new population in the GA based
initial production scheduling process, and it is modified
based on the time for creating the modified production
schedules through Step 3 to Step 5.
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Step 3: Creation of initial population
Two cases are considered in the creation of the initial
population constituted of the individuals.

Step 3-1: First activation of the reactive scheduling process
In case of the first activation of the reactive scheduling
process at time 7, the reactive scheduling system has only
the initial production schedule. Therefore, the reactive
scheduling process generates the initial population based on
the initial production schedule as shown in Figure 2. The
first individual is generated by allocating the job names of
the operations starting after (7} + df) to an array. Other
individuals in the initial population are randomly created by
changing the positions of the job names of the first
individual.

Step 3-2: Second or later activations of the reactive
scheduling process

In case of the second or later activations of the reactive
scheduling process at time 7, or later, the reactive scheduling
process can inherit the population created in the previous
reactive scheduling process. In other words, the last
population of the previous reactive scheduling process can
be the initial population. Two cases are considered for the
inheritance process of the population as shown in the
followings.

Case-A: No operations start between Ti and (Ti + dt)

If no operations start between 7; and (7; + dft), all the
individuals of the last population of the previous reactive
scheduling process are inherited to a new reactive scheduling
process between 7; and (7; + df).

Case-B: Some operations start between Ti and (Ti + dt)

If some operations start between 7; and (7; + df), the
production schedules of these operations should be fixed.
Therefore, a new reactive scheduling process can inherit
only the individuals, which are consistent with the schedules
of the fixed operations, from the last population created in
the previous reactive scheduling process. The other
individuals are deleted, and new individuals are randomly
created from the inherited ones.

Step 4: Creation of next population
All the individuals in the population created in Step 3 are
evaluated, and applied the genetic operators, such as
selection, crossover and mutation, in order to create new
individuals of the next population.

Step 4-1: Pareto rankings

The pareto ranking method proposed by Goldberg [6] is used
to provide the rank for the individuals in the population. All
non-dominated individuals have same rank, which represents
equal probability of being selected. Non-dominated
individuals in the population are firstly assigned rank 1 in the
ranking process. Then, the individuals having rank 1 are
removed from a set of candidates of individuals. The ranking
method gives rank 2 to non-dominated individuals in the
remaining individuals and removes them from the candidates.
This ranking process is repeated, until all the individuals in
the population are assigned the rank.
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Step 4-2: Application of selection operator

Based on the rank, the selection operator is applied to the
individuals of the population created in Step 3. All of the
individual having rank 1 are selected and inherited to the
next population.

Step 4-3: Application of crossover operator

The crossover operator is applied to the individuals, in order
to create new individuals. Based on the rank, two individuals
are selected by using the roulette selection. Two crossover
points are randomly selected in the individuals. If the gene
between the crossover points in an individual has more than
one evaluation value of 1, the position of gene is changed
with the one of gene whose job name is same as the job
name of the allele in the other individual. The rest of genes
are inherited to offspring individuals in the next population.

Step 4-4: Application of mutation operator
The mutation operator inverts the positions of genes between
two points selected randomly in the individual.

Step 5: Evaluation of modified production schedule

Step 5-1: Selection of most suitable production schedule

The most suitable production schedule is selected in the new
individuals created in Step 4, in order to exchange it for the
current production schedule. The value of each objective
function is firstly normalized by using the following
equation. This equation makes it lie between 0 and 1.

Of, —minQ

maxOf,, —min0f), )
Where,
Of’, : normalized value of the objective function f,.
Of, : value of the objective function f,.
min0f, : minimum value of the objective function f,.
maxOf, : maximum value of the objective function f,,.
All the normalized objective functions are secondly

combined as an integrated objective function by using the
following equation. Each individual is provided with an
integrated objective function as a criterion for the selection
of the most suitable production schedule in the new
individuals.

.
OF =) w,0f, @®)
p=1
B
> w, =1 )
p=l1
Where,
w, :  weight for the objective function f,.

Step 5-2: Exchange of current production schedule
If the most suitable production schedule in the new
individuals makes one of the objective functions, such as the
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total tardiness and total flow time, shorter than the one of the
current production schedule, the new production schedule is
substituted for the current production schedule. If all the
objective functions of the new production schedule are
shorter than the constraint on the objective functions, the
reactive scheduling process is terminated.

All the steps from Step 1 to Step 5 are repeated, until the
created production schedule satisfies the given constraint on
all the objective functions or all the manufacturing
operations have started in the manufacturing system.

5 Computational Experiments for Multi-
objective Scheduling Problems

A prototype of multi-objective reactive scheduling system
has been implemented and applied to the computational
experiments for job-shop type scheduling problems. The
experimental results of the new reactive scheduling method
with the advanced crossover method were compared with the
ones of the previous reactive scheduling method with the
conventional crossover method. Numbers of jobs,
manufacturing equipment and operations considered in the
experiments were 50, 10 and 500, respectively. Parameters
of GA, such as population size, crossover rate and mutation
rate, were 30, 0.8 and 0.2, respectively. These parameter
values were estimated based on preliminary case studies of
job-shop type production scheduling problems.

Operations were randomly selected and their processing
time was enlarged to less than five times. The prototype
system automatically started reactive scheduling, in order to
modify the disturbed production schedule. Figures 4 and 5
show experimental results of the previous reactive
scheduling method and the new reactive scheduling method.
The horizontal axis shows the time for reactive scheduling
process and manufacturing process. The vertical axis shows
the total tardiness and the total flow time of the modified
production schedule in Figs. 4 and 5, respectively. These
figures show that the new reactive scheduling method
improves the disturbed production schedule faster than the
previous method from the viewpoint of the minimization of
the total tardiness and the total flow time.
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Time for reactive scheduling process and manufacturing process (sec)
Fig. 4. Experimental results of total tardiness
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Fig. 5. Experimental results of total flow time

Ten cases of computational experiments were carried out
based on the same initial production schedule. Different
operations were randomly selected on each experiment and
their processing time was enlarged. Figure 6 summarizes
experimental results of the previous reactive scheduling
method and the new reactive scheduling method. The
vertical axis shows the decrease rate of the increased total
tardiness and the decrease rate of the increased total flow
time. This figure shows that the new reactive scheduling
method improves the disturbed production schedule better
than the previous method from the viewpoint of the
minimization of the total tardiness and the total flow time.
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Fig. 6. Ten cases of experimental results

Figures 7 and 8 show the variations of individuals of all the
populations generated in the previous reactive scheduling
method and the new reactive scheduling method,
respectively. The horizontal axis shows the total tardiness.
The vertical axis shows the total flow time. Through the
analysis of the variations of individuals, the new reactive
scheduling method generates more various individuals for
searching feasible production schedules than the previous
reactive scheduling method.
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Fig. 8. Variations of individuals in new method

6 Conclusions

This paper proposed a new crossover method to improve the
performance of the GA based reactive scheduling method for
the total tardiness minimization problems and the total flow
time minimization problems. The new crossover method
exchanges genes of two individuals in consideration of the
dominance and the recessiveness of genes, in order to
improve the production schedule faster than the conventional
method. The multi-objective reactive scheduling method was
also proposed based on the improved reactive scheduling
method in this research. The combination of the evaluation
value for recessiveness of genes was discussed for the multi-
objective reactive scheduling problems of the total tardiness
minimization and the total flow time minimization. A
prototype of multi-objective reactive scheduling system was
developed and applied to the multi-objective reactive
scheduling problems for the total tardiness minimization and
the total flow time minimization. The experimental results
have shown that the new reactive scheduling method is
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superior to the previous reactive scheduling method from the
viewpoint of the minimization of the total tardiness and the
total flow time.
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Abstract

This chapter introduces a newly-developed profile measuring
method with air-bearing cylinder slant probes to measure the
profile in the wide range of angles with high accuracy. The
air-bearing cylinder can be moved by electric-pneumatic
regulator accurately with low friction. Since the measuring
force can be controlled in a very low value, high measuring
accuracy can be obtained. And the combination of multiple
measurements by using slant probes enables to achieve high
measuring accuracy in the points with steep angles. The air-
bearing cylinder slant probe can be also applied to general
3D-CMM to improve the measuring accuracy.

1 Introduction

Demands for CCD camera lens of cellular phones or pick-up
lens for CD or DVD players have been increasing in these
days. Some of these lens profile have steep angle of over 70
degrees to achieve high quality and multi-functions. In many
cases, it is very difficult not only to machine lens or lens
molds with steep angle, but also to measure the profile with
high repeatability and accuracy.

In this chapter, a new profile measuring method with an
air-bearing cylinder slant probe or probes is introduced to
achieve high repeatability and accuracy in the profile
measurement of the surface with steep angles.

2 Difficulties with Wide-Angle Profile
Measurement

2.1 Probe Structure

Fig. 1 shows the schematic view of the profile measuring
probe for ultraprecision optics with an air-bearing cylinder.
The air-bearing cylinder has large stiffness in the radial
direction and much small stiffness in the axial direction, and
it can be moved in the axial direction with no friction by air
pressure. By controlling the air pressure in a low value with
the high resolution electro-pnumatic regulator, the measuring
force can be controlled precisely in about 100mgf or lower.
Gravity cancel port is used when the probe is installed
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vertically or slantly in the vertical direction to cancel the
gravity force to the probe shaft.

The tip of the probe shaft has a sphere ball which is
contacted with the surface of the measured object. The
movement of the probe shaft can be measured with the
displacement sensor attached to the opposite side of the
probe shaft.

Laser interferometric
displacement sensor
with optical fiber

Measuring force port

Gravity cancel port l Bearing port

Ruby ball

Reflection mirror

Fig. 1. Schematic view of a profile measuring probe

2.1 Kinematic Analysis

Fig. 2 shows the kinematic model of the profile measuring
probe when the tilt surface whose angle is ¢ is measured
with the measuring force Fy. The tip sphere ball of the probe
whose radius is 7 is contact with the surface of the measured
object. The probe shaft is supported by two air bearings,
whose lengths are /; and /5, and the lengths between the
center of the tip ball of the probe and the endface of the air
bearings are a and b.

Step to generate the measuring force

First air bearing

=

fx1 F‘}&

Second air bearing
Reflection mirror

—

fxz [

Displacement
sensor

Contact
point

A

B

L

Fig. 2. Kinematic model of the profile measuring probe
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During the measurement, the probe shaft is affected by the
normal drag N and friction force 4N from the measured
object, so the probe shaft is tilted and slipped.

Assuming that the probe shaft is slipped between the
length of p along the tangential line from the contact point P
to P’ and tilted in the angle of 6, the cross points 4, B
between the probe shaft and the first and second airbearings
move to 4°, B’ shown in Fig. 3. The probe shaft is balancing
during the measurement among the forces N, uN, Fy and
thrust forces at the air bearings, f,;, f.,. The case that no
change in acceleration (constant velocity) during the
measurement is discussed.

Fig. 3. Slip and tilt model of the probe shaft

First the forces and moments generated at the air bearings
are calculated. Assuming that the forces only in the radial
direction are generated, the spring constants of the first and
second air bearings along X axis, k,;, k,,, are expressed as
follows:

kg = pl, M
ky, = pil, 2

where p; and p; are the spring constant per unit length of the
first and second air bearings.

Assuming that the forces in X direction and the moments
around the center of the probe tip ball affected at the air
bearings are f;, f.», and M;, M, respectively, the following
equations can be expressed by using the equation (1) and (2).

+ .
fu=[" ppcosg—ysinO)dy

3)
= k/{p cos¢—(a +121j sin 0}
+, .
fio= [ pa(peosg— ysin0)dy “
S kﬂ{p cos¢—(b+122)sin 9}
M= " p(peosg - ysinO)ydy o

2
= kﬂ{p cosq{a +121j—[a2 +al, +2Jsin€}

+1, .
M, = f py(pcosg— ysin0)ydy

; 2 (6
= kx{p cos ¢(b + sz - (bz +bl, + ;] sin 0}
Here the equations of motion are following,

0=—f,—f., + Nsing+ uN cos ¢ N
0=F,—Ncosg¢+ uN sin ¢ (®)
0=M,+M,+r-uN+c-F,sin6 ®

The normal drag N is solved from the equation (8);
f (10)

N=—-*+——
cos¢@— psin g

Under the approximation that the stiffness of the air bearings
in the axial direction is ignorable to that in the radial
direction, the tilt angle & and the slip length p are expressed
from the equations (3) to (10) as follows;

_ {A(sin ¢+ pcos )+ ,u(kxl +k, )F}F; (11)
{(k + k., )B— 4" cos ¢ — usin )

{B(sin @+ pcos ¢)+ ,uAr}Fy (12)
Wk, + k., )B— 4% f(cos ¢ — usin ¢)cos ¢

where some parameters are replaced as follows;

Azkxl(a+llj+krz[b+lzj (13)
2 ’ 2

2 2
B= l’cx{a2 +al, +llj+ kx{b2 +bl, +12] (14)
’ 3 3

When the same two air bearings are used, the spring
constants k,;, k., and lengths /;, [, are the same k, and /
respectively. The equations (11), (12) can be simplifed;

0=C-&-@ (15)

=D % 4 (16)

cos ¢



Ultraprecision Wide-angle Profile Measurement with Air-bearing Cylinder Slant Probes

where some parameters are replaced as follows;

(4

C= \ : (17)
b 1(1
) (0
a 3\a
(&) ()50
_\a a a) 3\a (18)
) (0
a 3\a
= (19)
o Singtucosg (20)

cos @ — psin ¢

The measurement error 8 in the normal axis caused by the
tilt and slip of the probe shaft is expressed as follows;

8 =psing+L(1-cos)

(L @1
{Dtan;é-cp.mz(j(c-(:-cb)z]a
a

In the equation (21), the first term is the error caused by the
tilt of the probe shaft and the second term is the error caused
by the slip of the probe shaft. Since the probe is designed as
the stiffness of the air bearings bigger and the measuring
force smaller to achieve high accuracy, the absolute value of
& is thought to be much smaller than 1. When the tilt angle of
the measured object ¢ is relatively big, the measurement
error d is mainly caused by the tilt of the probe shaft. The
equation (21) is simplified as follows;

d~Dtang-®-&£-a
=D-(-a-tang- @

Ek1~tan¢sm¢+’u0(_)s¢
cos¢@— psin g

(22)

When the measured surface is ideally smooth and the friction
force is almost zero (x= 0), the equation (22) is simplied as
follows;

8=k, -tan” ¢ (23)

When the measurement error at the measured surface angle ¢
of 45 degree is defined d;s,
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=% s 24)
tan” 45°
The equation (23) can be expressed as follows;
§=0, -tan’ ¢ (25)

The measurement error d caused by the tilt of the probe shaft
increases in proportion to (tang)”, and has very big value in
the steep surface near 90 degree.

From the equations of (19) and (22), the relation
between the measuring force F, and the measured surface
angle ¢ can be expressed as follows;

szkx -g: k"g
’ Dtang-O® (26)
iy cos¢@— psing

> tan ¢(sin @+ 1 cos ¢)

In the same way at the discussion of the measurement error J,
when the measured surface is ideally smooth and the
measuring force at the measured surface angle ¢@of 45
degree is defined Fs, the equation (26) can be expressed as
follows;

F,

45

=T @7
tan® ¢

y

The measuring force F),, with which the measurement error &
is less than the desirable measurement accuracy, is in
proportion to (tang)?, and must be controlled almost zero in
the steep surface near 90 degree.

2.2 Maximum Scanning Speed Analysis

To conduct a profile measurement successfully, the probe
shaft must be always contact with the surface of the
measured object. Too fast scanning leads the probe tip to
jumping from the surface of the measured object, and it is
impossible to measure accurately along the surface profile.
The following discussion is the analysis of the maximum
scanning speed in which the profile measurement can be
successfully conducted along the surface of the measured
object.

Assuming that the measured surface is ideal periodic sine
wave surface shown in Fig. 4, whose amplitude is 4, angular
frequency is @, wave length is d, the mass of the probe shaft
is m, the measuring force is F,, and the acceralation of the
probe shaft in the amplitude direction is a, the equation of
the motion is as follows;

ma=F, (.28)

On the other hand, the position y in the amplitude direction
on the measured surface can be expressed as follows;
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29

L —_A@’sinw (30)

Here it is necessary that the acceralation of the probe shaft a
is always more than the maximum acceralation of the
measured object to keep the probe tip contact with the
measured surface.

Bes!

ay

2

’ (€2))

m

=Aw*<a=

max

In case of satisfying the equation, the maximum angle
frequency @, = 27 nma(fmar: Maximum scanning frequency),
the following equation is satisfied,

F
P -

ar’ : 2 (32)
ﬂ. m fmax

The maximum scanning speed v,,,, can be expressed with the
measuring data pitch d as follows;

d F

— — Y
vmax_fmax.d_zﬂ_. mA

(33)

To improve the maximum scanning speed, it is necessary to
make the measuring force F, bigger or the mass of the probe
shaft lighter. It is impossible in the conventional way to keep
the measuring force F, bigger in the measurement of a steep
angle to maintain high measuring accuracy. So it is
necessary to achieve high measuring accuracy to keep the
mass of the probe shaft m lighter and shortly design the
probe smaller and lighter. This means that it is necessary to
use special micro machining method or special light material
to design and manufacture the probe or to make a high-
resolution controlling unit to keep the measuring force
extremely light. It is so complicated that the cost of the total
measuring system becomes up.

Measured surface

d

Fig. 4. Profile measurement of the ideal periodic sine wave
surface
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2.3 Conventional Improvements

Some improvements for the wide-angle profile measurement
have been proposed as follows, but no way is the radical
solution.

e  Controlling the relative angle between measuring
object and probe with the rotational table and
calculate the profile.

e  Controlling the measuring force as the normal force
of the measured object is kept constant.

e Scanning only along the downward path.

3 Wide-angle Profile Measurement with Slant
Probes

3.1 Concepts and Procedures

In the conventional measurement of axis-symmetrical
aspherical shape, a probe is attached pararell to the axis of
the measured object. In the slant probe measurement, a probe
or several probes are attached with an angle of the axis, for
example, 30 degree to 90 degree. The area which is
measured with one probe is limited within the area which
can be measrued good, for example, from —45 degree to 45
degree or from -60 degree to 60 degree. In the whole surface
measurement, the probe is dettached and attached again in
the different angle or several probes which are attached in
the different angle from the beginning of the measurement
are used. The whole surface profile are evaluated by
connecting the multiple measured data with different angles.

Fig. 5 shows the advantage of the slant probe
measurement compared with the conventional measurement.
In the slant probe measurement, it is possible to achieve high
accuracy in the profile measurement of a steep surface in a
poor accuracy in the conventional way, for example, 60
degree to 75 degree or a steeper surface which cannot be
measured by the conventional way, for example, 75 degree
to 90 degree and over 90 degree. In the conventional way, it
is necessary to control the measuring force in a small value
according to the increase of the surface angle to achieve high
measuring acuracy. In the slant probe measurement, it is not
necessary to control the measuring force in a low value to
achieve high measuring accuracy in the measurement of a
steep angle surface. This makes the free room for the design
of the probe.

It is also possible to increase the measuring force Fy to
improve the maximum scanning speed vmax, so it is not
necessary to use a compact and light-weight probe and high-
resolution controlling unit of the measuring force. This
contributes the total cost down.
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Direct-axis probe Slant-axis probe

Measured

Accuracy poor

Connect the multiple data
Unable to measure P

(a) Conventional measurement

(b) Slant-probe measurement

Fig. 5. Advantage of the slant probe measurement compared
with the conventional measurement

3.2 Single Slant Probe Measurement

Single slant probe system is the simplest hardware set-up, in
which several measurements are conducted with the probe
attached angles changed, and the total profile is evaluated by
connecting the multiple measured data.

However, it is necessary in each measurement to
evaluate the initial probe attached angle in high accuracy and
to conduct the centering procedure to search the center point
of the measured object, so it is troublesome.

A system, in which a rotational stage is used to change
the probe attached angle automatically in high accurcy, is
useful, but it causes to the total cost up. Even if an automatic
rotational stage is used, the reevaluation and recentering
procedures are necessary when the positioning accuracy is
not high enough.

3.3 Multi-probe Measurement

By using multiple probes, measurement procedures can be
much simplified, because the reevaluation is conducted only
when the probe is attached at the first time, and the centering
is conducted only when the measured object is attached.
When you want to measure the profile of wide-angle optics,
for example, it is possible to measure the whole surface from
the angle of —90 degree to 90 degree by installing three
measuring probes in the angle of —45 degree, 0 degree and
45 degree, and each probe measurement is conducted from
the angle of —45 degree to 45 degree. The area where
multiple measurements are overlapped can be used to check
if the measurement process is good, or to connect data by the
root mean square method when the initial probe attached
angle could not be evaluated accurate enough. The number
of probes, attached angles and measuring area, etc. should be
decided according to the maximum angle of the measured
object and the characteristics of the probes. Fig. 6 shows the
example of installing two probes in the angle of 0 degree and
45 degree.

3.4 On-machine Measurement

When an axis-symmetrical aspherical shape is measured on
the machine, the axis of the measured object is precisely
equal to the axis of the spindle because the measured object
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is machined by rotating the workpiece spindle. So the three
dimensional profile measurement can be conducted by using
only one slant probe and the rotational angle positioning
table (C axis).

Normal probe

Slant probe

Measured object

Fig. 6. An example of slant probe system with two probes in
the angle of 0 degree and 45 degree

3.5 Application of Air-bearing Cylinder Probe to 3D-
CMM

Slant probes have not been used in the conventional profile
measurement for ultraprecision optics. On the other hand, the
slant probe measurement with a touch probe is popular in the
3D-CMM, but the air-bearing cylinder probe whose
measuring force can be precisely controlled by the air
pressure has not been used in the 3D-CMM yet. To improve
the measuring accuracy of 3D-CMM, the usage of the air-
bearing cylinder probe instead of a touch probe is much
effective. Fig. 7 shows the samples of the probe head
proposed for the higher-accuracy 3D-CMM with air-bearing
cylinders.

Rotational angle adjusting
, mechanism

i Air-bearing cylinder
i slant probe

\

Air-bearing cylinder Air-bearing cylinder
slant probe normal probe
Fig. 7. Examples of the probe heads proposed for the higher-
accuracy 3D-CMM with air-bearing cylinders
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4 Experiments

4.1 Experimental Set-up and Procedures

A profile measurement with a slant probe was conducted on
the lens cutting and grinding machine. Fig. 8 shows the
schematic view of the experimental set-up. The machine had
three linear stages (X-Y-Z axes) whose positioning
resolution was 10nm. A profile measuring probe was
attached in the angle of 45 degree to the Z axis in the X-Z
plane on the machine. The measuring force of the probe was
controlled in a low value of about 100mgf(0.98mN) by the
electro-pnumatic regulator. A measured object whose shape
was a sphere was attached on the workpiece spindle with the
vacuum chuck. Profile measurements were conducted by
sending NC data from PC to the NC controller to control the
relative position between the measured object and the probe
tip.

The centering procedure was conducted at the point with
the angle of 0 degree to Z axis to adjust the tip ball of the
probe with the center of the measured object. A profile
measurement was conducted at the surface tilt angle from —
50 degree to 50 degree with the 45-degree slant probe. This
means the measurement from —5 degree to 95 degree against
Z axis. Measured data was fitted to the ideal shape of sphere
by the least mean square method and the profile error was
calculated.

Measured object

Slant probe

Fig. 8. Schematic view of the experimental set-up

Measured profile data
. 95°

5_
g 4 |
E |
g3
.8 [
h=1 I
22 /|
2 |
N 1 |
-5°0°  Probe axis direction
0 T T . . .
0 1 2 3 4 5

X position (mm)

Fig. 9. Measured profile data with a slant probe
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4.2 Experimental Results

Fig. 9 shows the measured profile data. Steep surface which
is difficult or impossible to be measured by the conventional
method with a pararell probe could be measured successfully.

Fig. 10 shows the profile error deviated from the sphere
shape along the axis perpendicular to the probe shaft (-45
degree), because the measured data in the area near 90
degree can not be well fitted by calculating along X axis and
the measured data in the area near 0 degree also can not be
well fitted by calculating along Z axis.

5 Conclusion

In this chapter, a new profile measuring method by using air-
bearing cylinder slant probes was introduced. This makes it
possible to measure the profile with a steep angle in a good
accuracy. It is expected that this measuring method is
applied for the profile measurement of micro lenses or lens
molds for CCD camera or DVD players, and the air-bearing
cylinder probes make it possible to improve the measuring
accuracy with 3D-CMM.
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Abstract

It is very difficult to precisely measure the shape of a deep
hole when the ratio of length to diameter(L/D) is large. Until
now, each accuracy have measured by each measuring
device. To evaluate the accuracy of such a deep hole, the
autocollimation principle is applied to a measuring system.
The measuring system consists of a measuring unit, an
actuator unit and a laser diode. The measuring unit is
installed in the front end of the actuator unit. In this study,
we examine the performance of the measuring unit by
measuring the roundness of holes.

1 Introduction

Axial hole deviation in deep hole boring results in
degradation of quality and a decrease in the yield rate of the
products. In order to solve such problems, a 110-mm-
diameter prototype laser-guided deep-hole boring tool is
developed to prevent hole deviation; the attitude of this tool
is controlled by piezoelectric actuators[1].However, the
evaluation of the hole after the boring process is problematic.
Similarly, it is very difficult to precisely measure the shape
of a deep hole when the ratio of length to diameter(Z/D) is
large, e.g., a shaft of a jet engine, cylinder for plastic
injection molding, cylinder liner of an engine of a large ship,

@ Probe
(@ Double disc coupling

@ Optical system for measuring tool attitude

@ Optical system for light reception

x£~Z ®

a cannon, etc. To date, the accuracy of a deep hole is
determined by using measurement devices that can measure
only one parameter. For example, the diameter, roundness,
and straightness of a deep hole are measured by using a
cylinder gage, a roundness tester, and an autocollimator,
respectively.

To evaluate the accuracy of such a deep hole, the
autocollimation principle is applied to a measuring system
[2]. Figure 1 shows a measuring apparatus, i.e., the
measuring system. This system consists of a measuring unit,
an actuator unit, which controls the probe position and its
inclination, and a laser diode. The laser diode is set at the
back end of the actuator unit and is used to detect the
position and inclination of the probe. The measuring unit is
installed in the front end of the actuator unit, which is guided
by the laser. The accuracy of the hole is measured by
scanning the hole wall spirally. In this study, we examine the
performance of the measuring unit by measuring the
roundness of holes.

2 Measuring principle

Figures 2 and 3 show the measurement principle and the
measuring unit, respectively.

® Machine table
® Workpiece

@ Guide bush
Rotary encoder
(@ Measuring unit

@I
O

Fig. 1. Measuring apparatus
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Measuring Unit

Main shaft

Laser diode

Lens
PF

Workpiece Spot-R
>

Optical system for light rleception
Lens CCD
{?‘“\ S [Dr
"&:4 """""""""""""" T gDy Spot-M

f
Feeler Y

Laser spot images on CCD

X

The diameter of the Measuring Measuring uncertainly Measurable workpiece length (in the case of
measured hole range (1 standard deviation) 50-mm-diameter lens)
110 mm 0.4 mm 0.12 zm 2.5m

Fig. 2. Measurement principle of the topography of the hole wall

Fig. 3. Measuring unit

2.1 Measuring unit

The measuring unit detects the displacement of a feeler on
the basis of the autocollimation principle (Fig.2). Mirror-M
is used to measure the hole wall and is connected to the
feeler. Mirror-R is used to detect the rotating angle of the
main spindle and is installed on its rotation axis. After the
laser beam is radiated to the polarizing beam splitter, it is
divided into the transmitting and reflecting laser beams.
These divided laser beams pass through the 1/4 wave plates,
and reach Mirror-M and Mirror-R. They are then reflected
toward the 1/4 wave plate. The beams passing through the
1/4 wave plate then reach the polarizing beam splitter and
are reflected toward the measuring unit (X-direction).
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2.2 Optical system for light reception

The optical system for light reception comprises a lens
(plano-convex lens, forcal distance f =100mm ) and a CCD
camera  (CS5110, teli) and receives the laser beam
irradiated from the measuring unit. The CCD images of the
laser beams reflected in the Mirror-M and Mirror-R are
defined as Spot-M and Spot-R, respectively. The ratio of
incoming light at Spots-M and R is maintained at
approximately 6:4 by adjusting the two 1/4 wave plates. The
region with more than 100 gray level of the laser spot images
on the CCD is labeled. Thus, there are two labeled regions,
namely, Spot-M, where the luminance value is high, and
Spot-R, where the luminance value is low. The two
coordinates (x, y) of Spots-M and -R on the CCD are
obtained by calculating the center of gravity of the labeled
regions. Spots-M and -R on the CCD are displaced in the
optical system for light reception when there is a tilting of
the axis of the laser beam irradiated from the measuring unit.
In other words, the tilting of Mirror-M causes the
displacement of Spot-M on the CCD when the feeler of the
measuring unit scans the hole wall and displaces due to its
forms (by d) (Fig.2). Consequently, the position of the wall
surface is obtained. In a similar manner, a slight tilting of
Mirror-R causes the displacement of Spot-R when the main
spindle rotates. Consequently, the rotation angle and the
inclination of the measuring unit can be obtained.

f is the focal distance of the lens. Dy, and Dy are the

distance between the focus (the center in CCD) and the
image points of the laser beams on the focuses of the Mirror-
M and Mirror-R, respectively. 8, and @ are the tilting

angles of Mirror-M and Mirror-R, respectively. D, and Dp
can be expressed as follows:
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Dy =2f0y,Dg =20 . (M

2.3 Correction of spherical aberration

Since a plano-convex lens is used, the optical system for
light reception is accompanied by an aberration. Spherical
aberration is a phenomenon in which the ray that passes
through the circumference of the lens and the ray that passes
through the near center of the lens do not coincide at a point
on the optic axis for the ray emitted from a point on the
axis[3]. It is necessary to correct spherical aberration
because it greatly influences the measurement accuracy. In
this study, we use ray tracing to correct the spherical
aberration of the lens.

Plane-0 Plane-1 Plane-2 Plane-3
Nomal direction of'
i ~
%Q a spherical surface\\A L 6, Ytan 8 o X Z 4+ Wi
0, Wr

6>

W3

L2

n:

Fig. 4. Ray tracing of the optical system for light reception

Figure 4 shows the ray tracing of the optical system for
light reception. Plane-0, plane-1, plane-2, and plane-3
correspond to Mirror-M and Mirror-R, the spherical tip of
the plano-convex lens, the plane of the plano-convex lens,
and the CCD image surface, respectively. The angle between
the rotating axis and the laser beam axis is defined as 6.

The spot coordinate of the CCD is defined as W3 . The
following equations hold.
Wr =(Ly+r)tané, 2)

Z =(~tan6y - W, —Jtanz By - W2 —(1+ tan 6y )W} —r2))/l +tan’ 6,

3)
Al=r+Z 4)
W1=(Ly+Al)tan6, )
W2=W1+(Ll-Al)tan6, (6)
B=sin”! (-w1/r) (7
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0,=00—f, O =sin"'(ngsind, /n) (8)
6, = B +sin"'(ngsind, /ny) )
0, =sin"! (n;sin 6, /n,) (10)
W3=W2+L, tan6, (11)

f(go) = —W3 +(L0 +A1)tan00 +(L1 —Al)tan@l +L2 tan02 (12)

where 7 is the radius of curvature of the lens; Lg,L;,
and L, are the distances between plane-0 and plane-1,

plane-1 and plane-2, and plane-2 and plane-3; Z is the
distance from the center of curvature in the optic axis
direction; ng,n; , and n, are the refractive indices of the

target planes; W;,W,,W5, and W, are the beam heights of
the target planes; 6, and 6, are the tilt angles for the optic
axis; f is the angle between the normal line drawn on the
object curved surface and the optic axis; 6, is the angle of
incidence; 6, is the angle of refraction; and Al is the offset
from the top of a curved surface.

Thus, the tilting angles of Mirror-M and Mirror-R can be
evaluated using Eq.12. The evaluation function f(6,) can

be calculated by using the quasi-newton method[4]. The
displacement of the feeler d is then calculated besed on the
tilting angles of Mirror-M and Mirror-R.

2.4 Roundness error

The roundness error is measured as follows. Using the
relative distance between the sequences of points (Spot-M)
and those acquired by measuring a ring gage for the
calibration of the 110-mm-diameter, we calculate the tilting
angle of Mirror-M. Consequently, the displacement of the
feeler can be obtained using Eq.(1).

3 Experimental method and result

3.1 Spherical aberration correction

The effect of spherical aberration is determined by
measuring the aberration during a change in the optical axis
inclination. Subsequently, the spherical aberration on the
CCD is compared before and after the correction.

Figures 5 a and 5 b show the schematic diagram of the
experimental apparatus and its photograph, respectively. The
laser is installed in the main spindle of the NC machine tool
(BN8, MAKINO). The laser is rotated at € =0.1° pitch
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angle. The laser spot image on the CCD is recorded, and the
spherical aberration Ah is evaluated. The distance d
between the laser and the optical system for light reception is
800 mm.

Figure 6 shows the comparison between the spherical
aberrations on the CCD before and after the correction. The
horizontal axis shows the optic axis inclination of the laser,
while the vertical axis shows the spherical aberration on the
CCD from the theoretical focal position to the actual focal
position. As shown in Fig. 6, the maximum spherical
aberration on the CCD is 0.233 and 0.005 mm before and
after the correction, respectively, according to Eq.12. The
displacement of 0.005mm on the CCD corresponds to that of
0.87 um the feeler. These results show that the spherical

aberration can be reduced by the calibration in which the ray
tracing is used.

Plano-convex lens CCD image

Theoretical focal position

Laser diode A h (Spherical aberration)

W3(Actual focal position)
|

Optical system for light reception

Fig. 5. Experimental apparatus for the measurement of the
spherical aberration error: a. schematic diagram and b.
photograph of the experimental apparatus.
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Fig. 6. Comparison between the spherical aberration on the
CCD before and after the correction: a. d =200 mm and
b. d =800 mm.

3.2 Roundness

The experiment is carried out by using basic apparatus for
evaluating the accuracy of the roundness measurement.
Figure 7 shows the basic experimental apparatus. The
measuring unit is installed in the spindle that is fixed in the
bearing holder. The spindle is coupled to a servo motor
through a coupling.

The workpiece with a 110-mm-diameter hole is
machined for roundness measurement by using a wire cut
discharge processing machine (AQ325L, Sodik). A total of
163 waves with a 0.1 mm amplitude are machined on the
circumference of the hole. The hole is measured at a rotation
speed of 0.75 min ' and a sampling frequency of 25.6 Hz.
The cutoff filter is not used.
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Figures 8 a and 8 b show the roundness of the workpiece
measured by using the roundness tester (TALYROND252,
Rank Taylor Hobson) and the measuring unit, respectively.
The shapes and values determined using both the tools are
very similar. However, Fig. 8 b shows that the measured
roundness is slightly oval-shaped. This is because the center
of the workpiece deviates from the rotation axis of the
measuring unit.

Servo motor)Optical system for light reception [J{

I— -

1div=50 zm

Fig. 8. Comparison of the roundness profiles by using the
roundness tester and the measuring unit
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- by the measuring unit
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Fig. 9. Comparison between the waveforms of the roundness
profiles determined using the roundness tester and the
measuring unit: a. before correction (¢ = 200 mm), b. after
correction ( d = 200 mm), c. before correction ( d = 800
mm), d. after correction ( d= 800 mm).
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Figure 9 shows the comparison between the waveforms of
the roundness profiles determined by using the roundness
tester and the measuring unit. Figures 9 a and 9 b show
waveforms before and after the correction, respectively,
when d is 200 mm. Figures 9 ¢ and 9 d show waveforms
before and after the correction, respectively, when d is 800
mm. As shown in Fig. 9, the effect of the spherical
aberration is small when d = 200 mm; however, the effect is
large when d = 800 mm. Figures 9 b and 9 d show that the
roundness wave after the correction determined by the
measuring unit is very similar to that determined by the
roundness tester. Due to a difference in the sampling points
(2000 in the roundness tester and 2048 in the measuring unit),
the shapes of the waves differ slightly at their top. Thus, we
confirmed the effect of the spherical aberration correction.

4 Conclusions

The autocollimation principle is applied to the measuring
system to determine the accuracy of a deep hole. The
determination of accuracy is improved by correcting the
spherical aberration of the optical system for light reception
using ray tracing. The improvement is evaluated by
measuring the roundness of the hole.

The following results are obtained.

1. The spherical aberration on the CCD decreases to
less than 0.005 mm by the calibration method of the
aberration using ray tracing. The displacement of
0.005mm on the CCD corresponds to that of
0.87 um of the feeler.

The roundness measured by using the measuring
unit shows good agreement with that measured by
using the roundness tester. Based on the comparison
between the waveforms of the roundness profiles
determined by using the roundness tester and the
measuring unit, the effect of the spherical aberration
correction is clarified.

In future studies, the correction of the spherical
aberration by using lens (aspherical lens, etc.) and
combination lens with a small spherical aberration is
essential in order to improve the accuracy. From now on,
straightness and cylindricity are measured on basic
experimental apparatus. The systematic errors, which occur
when the measuring unit is used on the measuring apparatus,
are then examined.
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Abstract

It is very difficult to measure the rotation accuracy of
miniaturized spindles running at high-speed with a common
measuring method which uses capacitive displacement
sensors. Therefore the authors have proposed a new optical
measuring method using a small reflection sphere as a
measurement target. In this paper, the basic principle of the
optical measuring method, the configuration of the measuring
device and some of the measurement data are shown.

1 Introduction

The measurement of the spindle rotation accuracy is very
important to verify the machining accuracy. Some measuring
methods for the rotation accuracy of spindles have been
proposed [1]-[14], but a measuring method for micro-spindles,
which are miniaturized spindles, has not yet been established.
A common measuring method uses capacitive displacement
sensors and a master target, which is a high-precision ball or
cylinder. However, the target attached to a micro-spindle
must be small to avoid an unbalance of the spindle. In addition,
capacitive displacement sensors have limitations in the
applicable radius of the target [15] and are not suitable for
measuring the displacement of a small target at ultra-high
speed. One of the authors has developed an optical measuring
method based on Holster’s method [16], which evaluates the
rotation accuracy by the movement of a reflected light beam
from a concave mirror attached to the spindle end [17].
However, it is difficult to obtain a small and precise target and
to attach it accurately to a spindle. Therefore, we have
proposed a measuring method using a reflection sphere as the
measurement target. For reference’s sake, a similar system
has been proposed for a dimensional position measurement of
the CMM (coordinate measuring machine), and so on [18]. To
be precise, the run-out of the spindle axis is composed of three
components, which are the radial motion, the axial motion
and the angular motion [19]. In this study, the measurment of
the run-out composed of the radial motion and the angular
motion at a point has been targeted.

In this paper, first we describe the principle of the optical
measuring method and the configuration of the trial device.
Then, we show some of the results of measurements with a
small steel ball and a high-speed, high-precision spindle.
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2 Measurement Principle

Figure 1 shows the optical layout of the measurement system.
A target sphere is attached to the spindle end. First, the
collimated laser beam goes through a beam splitter and an
objective lens, and then it is reflected on the surface of the
target sphere. The reflected beam goes through the lens again
and is reflected by the beam splitter. Finally, it enters a
quadrant photo diode (QPD). The QPD consists of four photo
cells and can sense the parallel displacement of an optical spot
by the difference between the outputs of each photo cell. The
outputs V, and V), of the QPD in the directions X and ¥ are
shown as follows with the outputs Sy, S, S3, S4 of the photo
cells.

_8,-S8,-S,+8,
S +8,+S8,+58,
_8,+8,-8,-8,
VS 48, +8,+8,

Spindle Quadrant photo diode

S

¥

Target sphere

Objective lens

Laser diode module :

Fig. 1. Optical layout of the measurement system

Figure 2 shows an example of the relationship between
the displacement &, of the target sphere in direction X and the
output V,. It is found that this curve is non-linear, but it can be
regarded as a linear curve near & = 0 pum. Therefore, the
run-out of the spindle is expressed as the output divided by the
measurement sensitivity K, which is the slope of the
characteristic curve near &, = 0 um.
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Fig. 2. An example of a characteristic curve of the output

In this measuring method, the resolution and the response
speed is very high because the QPD is used as a position
detector of the optical spot. And, a small sphere can be
targeted because the laser beam is condensed by the objective
lens. Therefore, this measuring method is suitable for
evaluating the rotation accuracy of micro-spindles.

3 Analysis of the Basic Characteristics

Here, the analysis of the basic characteristics of this
measurement system is described. It is assumed that the
movement of the optical spot on the QPD follows a parallel
displacement in proportion with the displacement of the target
sphere.

The displacement rate k is given by the following
equation.

P displacement of optical spot on QPD

3.1
displacement of target sphere 6D

Figure 3 shows the light intensity distribution on the QPD.
This is a Gaussian distribution with radius r when the
displacement of the target sphere in the direction X is &,. The
light intensity distribution 7 is

(3.2)

I(x,y)=1, exp(—%{(x—kax)z +y2}j

Here, the peak I, of the light intensity distribution is
expressed as the following, where P is the light power.

2P
I, =—; (3.3)
nr
In addition, the light power P is
P=S+S5,+S8,+8S, (34)

The output V, of the QPD in the direction X is derived as the
following with the above equations.
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_8,-S,-5,+8,
YOS +S,+8,+S,

_ 2" ["1(x,y)dxdy—P

I (3.5)
=%\/%I:exp —2(’61#*)2 dx—1
Therefore, the differentiation of V, with respect to &, is
v, = 2\/ZEexp -2 [ ke, Jz (3.6)
de, Tr r

Because this is constant at |ke,| << r, the measurement
sensitivity K is expressed with the radius r of the optical spot
on the QPD and the displacement rate k.

3.7)

zﬁz
Tr

Fig. 3. Light intensity distribution on the QPD

Figure 4 shows the characteristic curve of the QPD in the
direction X, which is computed by the numerical integration
in Equation (3.5). The reason that this curve inverts in
comparison with Figure 2 is that an optical spot on the QPD
normally moves in a direction opposite to the target sphere.

1 T T

. 05f
a2
-
3 O '
5
o]
_0‘5_ .................. 4
-1
-2 2

Displacement Kk&x/F

Fig. 4. Characteristic curve of the output in the direction X on
the QPD
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The values r and k are derived as follows by geometric
optics theories with five parameters, which are the radius R of
a target sphere, the focal distance f of an objective lens, the
beam radius ry of a light source, the distance L, between a
QPD and an objective lens, and the distance L, between an
objective lens and the center of a target sphere. At &, <<R,

k =%{(Ls - ) (L -R)- 11} (3.8)
r=n =21, - (L)1 -1)(x,~ L) + L}
(r+w)s-r2L-n} | 69
2 (L=1)5 -2 (L 1) + 1R
Here, xp is
Y = roz(Lt _f)+\/(f2 +r02)f2R2 _fzroz(Lt _f)z

fZ + rol
(3.10)

4 Validation Testing

The configuration of the optical measuring device is shown in
Figure 5. This is almost the same layout as in Figure 1. The
outputs from the photo cells of a QPD are faint current signals
and must be converted to voltage signals by trans-impedance
amplifiers before being sampled by the A/D converter.
Therefore, the QPD and amplifier ICs are placed on one
circuit board because the outputs are susceptible to electric
noises between the QPD and the amplifiers. The response
frequency is about 1 MHz after considering the specifications
of these electronic components. Calculations of Equations
(2.1) and (2.2) are done on a PC.

In this paper, a high-speed, high-precision spindle is used
as the measuring object in order to validate the measuring
results of this trial device; this method is compared with the
conventional method, which uses a high-precision master ball
and two capacitive displacement sensors.

QPD & Amplifier

Steel ball  Objective lens
/

Positioning stage

Beam splitter Laser diode module

Fig. 5. Configuration of the optical measuring device
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Figure 6 shows the simultaneous measurement method in
the optical measuring device and the capacitive displacement
sensors. The measurement sensitivity K of the optical
measuring device is -0.20 pm’l, and the resolution is about 3
nm. In addition, the steel ball has a diameter of
11.90 mm, the spindle speed is 2447 rpm and the sampling
frequency of the A/D converter is 1 MHz. The resolution of
the capacitive displacement sensor is 3 nm and the response
frequency is 40 kHz.

Spindle |

Capacitive
displacement
sensor

Optical
measuring

Wobble plate device

Steel ball

Fig. 6. Simultaneous measurement in the optical measuring
device and the capacitive displacement sensors

Figure 7 shows the results of the run-out in the directions X
and ¥, simultaneously measured by the optical measuring
device and the capacitive displacement sensors. Figure 8
shows the trajectories of the center of the steel ball. The
frequency components above 30 upr (undulations per
revolution) in these results have been cut off. Considering that
the results measured by the capacitive displacement sensors
could have errors of about 0.08 pm, which is the sphericity of
the steel ball, the result of the optical measuring device is in
excellent agreement with the result of the capacitive sensors.
The differences between these results are about 0.1-0.2 um at
a maximum. Therefore, the accuracy of the optical measuring
device is at least on a sub-micrometer order.

Run—-out tm

Time sec

— Optical measuring device
Capacitive displacement sensor

Fig. 7. Comparison of the measurement results of the run-out
(4 revolutions)



K. Fujimaki and K. Mitsui

(0.2 £ m/div) (0.2 4 m/div)

Zq 068 um
(a) Optical measuring device (b) Capacitive displacement sensor

Fig. 8. Measurement results of the run-out (Lissajous display,
4 revolutions)

5 Measurement of a High-speed Spindle

The validation of the optical measuring device mentioned
above was made by measuring the spindle running at about
2000 rpm. Here, the optical measuring device is applied to the
spindle running at a much higher speed.

A small steel ball of diameter 3 mm is attached to the
collet chuck of the high-speed, high-precision spindle (Figure
9). This condition is almost the same as that for the
measurement of the micro-spindle. The characteristic curve of
the output with respect to the displacement &, of the spindle in
the direction X is shown in Figure 10, and the measurement
sensivity is -0.11 um™". The resolution evaluated by the bit
number and the input range of the A/D converter is about 7
nm.

Spindle

Lo

Steel ball
Optical measuring device

Fig. 9. Measurement using a small steel ball
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Fig. 10. Charateristic curve of the output

Figure 11 shows the measurement results of the run-out at
a rotational speed of about 5000-30000 rpm in increments of
about 5000 rpm, where the cut-off frequency is 30 upr.
Because the validity of the optical measuring device at a low
rotational speed has been verified and the response speed is
enough, it can be regarded that this optical measuring device
can measure the rotation accuracy of a high-speed,
high-precision spindle attached to a small steel ball, which is
almost the same in measurement conditions as those for a
micro-spindle. Here, because a wobble plate is not used,
unlike in the above validation testing, the eccentricity of the
steel ball has widened.

Y71 (um/div) Y (1 ¢ m/div)
X X
{ !
:AZq 1.41 tm AZq 060um
(a) 5006 rpm (b) 9978 rpm
Y] (um/div) Y (1 m/div)
X X
:AZq 1.26 4 m AZg 097um
(c) 14879 rpm (d) 19876 rpm
Y (1 g m/div) Y, (1 ¢t m/div)
f:. X
AZg 1.65um

(e) 24798 rpm (f) 29760 rpm

Fig. 11. Measurement results of the run-out (Lissajous display,
8 revolutions)

The results of the measurement of the vibration of the
spindle holder by the capacitive displacement sensors (Figure
12) are shown in Figure 13. From these results, it is found that
the spindle vibrates mechanically at high rotational speeds,
and this is the reason that some of the results in Figure 11
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show elliptical trajectories. Therefore, the holding method of
the spindle should be reconsidered in future work in order to
measure the pure run-out of the spindle running at a high
rotational speed.

Fig. 12. Measurement of the vibration of the spindle holder by
the capacitive displacement sensors
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Fig. 13. Vibration of the spindle holder with respect to the
rotational speeds

6 Conclusions

In this paper, the principle of the measurement method for the
rotation accuracy of micro-spindles has been described, and
the results of the analysis and experiments have been shown.
The results are summarized as follows.

1. With the analysis of the light intensity distribution, it
was derived that the characteristic curve of the output
in this optical measuring method is determined by
the displacement rate and the radius of an optical spot
on the QPD.

2. It was shown that the displacement rate and the
radius of an optical spot on a QPD can be expressed
by five parameters of the optical system.

3. By integrating the QPD and high-speed amplifier
ICs into one circuit board, the reduction of noises and
the high-speed response of output signals were
realized.

4. The validity of the optical measuring device was
verified by the simultaneous measurement with
capacitive displacement sensors. The accuracy of
this trial device was at least on the order of
sub-micrometers.
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By applying the optical measuring device to a
high-speed, high-precision spindle attached to a
small steel ball, which is almost the same in
measurement conditions as those for a micro-spindle,
it was shown that the optical measuring device can
measure the rotation accuracy of a micro-spindle.
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Abstract

The vibration of gear is one of the serious problems for
vehicles. The characteristics of vibration are influenced by
tooth flank form of sub micron meter order and therefore
strict quality control of tooth flank form is demanded.
However, involute artifact, which is used to calibrate the
measuring machine of tooth flank form of gear, must be
measured with extreme precision. In this report, the method
to measure the profile of involute artifact by laser
interferometer is proposed. Fundamental research is carried
out and it is confirmed that highly precise measurement is
possible.

1 Introduction

Reduction of vibration / noise is one of the serious problems
for involute spur and helical gears, which are used for drive
train of vehicles such as automobiles. Gear tooth flank form
of submicron meter order largely influences gear vibration
and noise of gears, and therefore high-level quality control of
tooth flank form is needed to realize excellent performance.

Tooth profile of involute gear in mass production is
usually measured by a tooth profile measuring machine. For
inspection and calibration of the measuring machine,
involute artifact is usually used. Then the involute artifact is
calibrated with a special tooth profile measuring machine
which is adjusted more precisely. However the accuracy of
the measuring machine is claimed to be from 1 pum to several
pm, and it cannot achieve measurement of involute artifact
at the submicron meter accuracy. In addition, it is the
problem that this calibration system is usually not traceable
to national standard and measured value is not guaranteed.
Therefore highly precise and traceable measuring technology
of involute artifact is required.!"!

In this research, highly precise measuring method of
involute artifact is proposed. The geometric feature of
involute curve is utilized in this method. Laser interference
displacement measurement is used, in which laser is
irradiated to the surface of measured object directly. In this
report, the measuring device is proposed, the investigation of
the fundamental performance of it is carried out, and the
possibility of highly precise measurement is examined.
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2 Fundamentals of measurement

2.1 Characteristic of involute curve and measurement
principle

Bold line in fig.1 shows the base circle and involute curve
which is defined by the base circle, where base circle
contacts on line AB. Suppose that the base circle and
involute curve roll as one body on line AB to the left
direction in fig.1 without slip between base circle and line
AB and then get to the position shown by the broken line in
fig.1. During this rolling movement, the involute curve and
line AB always intersect perpendicularly at point P, which is
the characteristic point of the involute curve. Conversely, if
this curve is not a true involute curve, in other words, it has
form deviation from involute curve, the position of crossing
point P changes. The displacement of the crossing point P in
the direction of line AB means profile form deviation. Tooth
profile deviation curve is expressed by the graph with profile
form deviation on the y-axis and rolling length of the base
circle on x. Therefore, tooth profile deviation curve can be
known by measuring the displacement of the crossing point
P while measuring the rolling length of the base circle. In
this research, rolling length of base circle and the
displacement of crossing point P is measured by laser
interferometry as shown in the right side in fig.1. The
principle of measuring method by rolling involute artifact is
developed by Dr.W.Beyer of PTB and it was used for
inspection of involute artifact.” In PTB, displacement was

— Rolling  p,co circle

*.. Displacement
measurement by

B
s Crossing point P
2 Involute profile

Fig.1 Measurement principle of involute artifact

< laser interferometer
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Fig. 2. Involute artifact with base cylinder
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Fig. 3. Measured points of involute artifact

measured by contact stylus. In this research, non-contact
measurement by laser interferometry is incorporated, which
makes it easier to guarantee the traceability. This kind of
non-contact tooth profile measurement has never been
reported.

2.2 Involute artifact

Involute artifact, being used in all the experiments, is shown
in fig.2. It consists of the involute-form tooth flank section
and two base cylinders which correspond to base circle of
the involute tooth flank. The base cylinders are installed on
the both sides of the tooth flank section. There are disks
between the base cylinder and the tooth flank to protect tooth
flank. Tooth flank is produced so that base circle radius of its
involute curve is 57.5 mm and is polished as mirror surface.
The middle area of the circumferential surface of base
cylinder is polished and the radius of polished part is smaller
than the radius of base circle. The rolling length of the base
cylinder is measured by irradiating laser to the polished area.
The designed radius of non-mirror surface area of base
cylinder is identical with base circle radius (57.5 mm).
Radius and roundness of non-polished part of the base
cylinder was measured by coordinate measuring machine
(Leitz PMM12106) and roundness measuring machine
(Kosaka laboratory corporation roncorder EC3400). The
radius is 57.5010 mm and roundness is 77 nm on the left
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Fig.5 Optical configuration for measurement

base cylinder in fig.2 and 57.5008 mm and 82 nm at base
cylinder on the right side under 20 degrees C.

3 Measuring device and method

3.1 Measuring device

Fig.3 shows measured points of involute artifact and fig. 4
shows a photo of the measuring device. As shown in fig.3
and fig.4, involute artifact is set on the rail and the
displacement is measured at the points Q , Q' on two base
cylinders and at the point P on tooth flank. The top surface
of the rail corresponds to the line AB in fig.1. The outline of
optical system of measurement is shown in fig.5. The
collimated beam from laser head (beam diameter is about 3
mm) is bent by a beam bender. Then it is divided into 3
beams equally by beamsplitters and they are irradiated to
involute artifact. 2 beams are irradiated to the mirror surface
area of base cylinders (point Q and Q' in fig.3). They pass
convex lens and concave lens, and become parallel light
laser whose diameter is about 1 mm. If large diameter laser
beam is irradiated to the cylindrical surface, reflected light
diffuses to circumferential direction and enough light
intensity for laser interferometry cannot be obtained.
Therefore the diameter of laser beam is reduced. The height
of central beam is lowered by two beam benders. The
convex lens is installed to focus the beam on the point P of
the tooth flank (c.f. fig.3), and the beam is irradiated to tooth
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Fig.6 Wound-belt driving system for involute artifact
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Fig.7 Measured profile deviation curve driven by motor
driving system

flank. The measurement spot diameter of the beam is about 6
pm. Displacement of tooth flank is measured by acquiring
reflected light through the interferometer. Focus beam is
used in order to make a spot diameter small enough, which is
needed to measure the detailed form of tooth flank. Laser
position transducer processes the input signal with the pulse
converter, when measurement resolution is 1/4 of wave
length of the laser (about 158 nm). The output pulse from the
pulse converter, whose resolution is enlarged (about 10 nm),
is added up in the position counter and is output as position
data. Output data are taken in the computer through GP-IB
interface.

The laser interference measuring system in this
experiment is HP5507B Laser Position Transducer System
(HP5517C  Laser Head, HP10507A Single Beam
Interferometer, HP10700A 33% Beam Splitter and the
HP10701A 50% Beam Splitter, HP10710A Beam Bender) of
the Hewlett-Packard corporation. The lens to change the
beam diameter is biconvex lens for base cylinder (focal
length is about 150 mm), the biconcave lens for base
cylinder (focal length is about 50 mm) and biconvex lens for
tooth flank (focal length is about 50 mm).

3.2 Processing of measured data

It is desirable to acquire the displacement data of two base
cylinders and tooth flank simultaneously but in this device it
is impossible to acquire all data at the same time. Then data
are taken in the order of Q, P, Q', Q, P, ... at about 0.015s of
sampling interval. The measured data of each point P, Q and
Q' are interpolated based on measurement time. In the profile
deviation measurement, the data of point P is the most
important, and therefore displacement of the point Q and Q'
at the data acquisition time of point P is calculated by linear
interpolation. The average of displacement of point Q and Q'
is regarded as rolling length of involute artifact.
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Fig.8 Result of Fourier transformation of measured profile
deviation curve under different weight conditions

4 Measurement by driving system of involute
artifact

Involute artifact is rolled automatically by motor. Outline of
the driving system is shown in fig.6. It referred to PTB
driving system in principle. The steel belt is fixed to winding
disk (diameter 145 mm) of stepping motor and is hung on
the protector disk (diameter 145 mm, the black disk in fig.2)
of involute artifact set on the rail. At the end of the steel belt,
pedestal (200 g) and the weight (1 kg) are equipped. Steel
belt is wound and released by rotating stepping motor and
involute artifact rolls on the rail according to the rotation of
motor. The involute artifact rolls 0.0072° in 1 pulse as well
as the rotation of stepping motor for belt winding disk and
the protector disk of involute artifact has the same diameter.
Motor driving frequency is 100 Hz in the experiment.

The profile form of the middle area of tooth width is
measured. The result is shown in fig.7. The number of points
is 1115. The whole tooth flank between tip and root can be
measured. In the profile deviation curve, minute uneven
form is observed, which is considered as the grinding mark.
This result means that it is possible to measure detailed form
of involute artifact by this method. Standard deviation of the
total profile error™ of 10 measurements is 25.5 nm.

5 Influence of driving conditions of involute
artifact

5.1 Influence of weight size

5 repeatitive measurements are carried out under 4 different
weight conditions(c.f. fig.6), which is 0.0 kg (only pedestal),
0.5 kg, 1.0 kg and 2.0 kg. Standard deviation of each
measured total profile errors is 12 nm, 18 nm, 22 nm and 38
nm. It means that the repeatability deteriorates as the weight
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Fig.10 Profile deviation curves of 10 measurements under
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increases. Fig.8 shows the result of Fourier transformation of
tooth profile deviation expressed as a function of time. The
peak near 8.5 Hz becomes outstanding under large weight
conditions. It is one of the reason of repeatability
deterioration. In addition, it was observed the weight swings
by the motion of belt, which influences the motion of
involute artifact and its influence is larger under large weight
condition. Those above might be reasons of repeatability
deterioration under large weight. However, light weight
causes the loss of stability of the motion of involute artifact.
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Therefore, weight should be adjusted to the appropriate state
in the measurement.

5.2 Influence of motor driving frequency

Profile curve of involute artifact is measured 10 times under
different driving frequency of stepping motor. Average and
standard deviation of measured total profile errors are shown
in fig.9 and measured profile deviation curves at motor
driving frequency of 50, 75 and 100 Hz are shown in fig.10.
At frequency of 50 Hz and 100 Hz, high-frequency
fluctuation can be observed in tooth profile curve and
repeatability gets worse. The result indicates that natural
frequency of driving system is about 100 Hz and therefore
resonance occurs at driving frequency of 50 and 100 Hz. It is
necessary to avoid motor driving frequency close to natural
frequency.

6 Conclusion

The measuring method of tooth profile of involute artifact
which is used for inspection and calibration of the tooth
profile measuring machine was proposed, where geometric
feature of involute curve and direct interferometry are used.
The measurement device based on this principle was
constructed and it is confirmed that minute form can be
measured by this device. The influence of weight and motor
driving frequency on measured profile is clarified.
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Abstract

This paper presents a new manufacturing and estimating
method of motors to achieve low torque ripple. We have
developed the manufacturing method to increase the coil fill
factor of motors by using separate core. That caused high
efficiency of motor, however, the core precision tends to be
bad in the case of separate core and that causes large torque
ripple. In this paper we declared the relationship between
core precision and torque ripple. And a new evaluation
method which predicts torque ripple more precisely than the
evaluation method from the circularity of inner core has been
established.

1 Introduction

With the brushless DC motors coming into increased use in
recent years due to high efficiency requirements, the
concentrated winding coil structure has become popular. The
authors have studied on the manufacturing method(1)
applying separate cores for a concentrated winding motor in
order to reduce the coil resistance for higher efficiency. A
brusshless DC motor is expected to have higher accuracy
rotation, lower vibration and noise, which can be achieved
by reducing cogging torque. The separate core, however, is
more likely to cause machining errors than the unit core, and
even a slight machining error may lead to unbalanced
magnetic flux distribution at the time of motor rotation,
resulting in increased cogging torque. The inner diameter
shape largely influences the cogging torque, but the effect of
the slight error as per region of the inner diameter shape on
the cogging torque is not clear yet.

In this paper, therefore, the occurrence mechanism of
cogging torque attributed to the machining error is analyzed,
and an evaluation method for the inner diameter shape in
order to prevent cogging torque during manufacturing
process of the stator is studied.

2. Motor structure and cogging torque

Fig. 1 shows the structure of an 8-pole, 12-slot machine to be
used in the research. The stator uses a separate core per
magnetic pole tooth, and the rotor uses ring-shaped sintered
neodymium magnet. The coil, which is not illustrated in the
figure, is wound around each magnetic pole tooth of the
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stator. The torque pulsation caused by one turn of rotor
rotation with no current passed through the coil is called the
cogging torque. It is known that for each turn of rotor
rotation the component with 8-cycle pulsation and the
component with 16-cycle pulsation are caused by the stator
machining error, while the component with 24-cycle
pulsation is caused by combination of the number of poles
and the number of slots(2). This paper especially aims at
reducing the 8-cycle component which is largely affected by
the inner diameter shape of the stator. The 8-cycle
compornent is called 2f component, with f indicating the
basic wave frequency of armature current.

stator core

—

Level difference
(b)
Fig. 1. Motor structure



H. Akita, Y. Nakahara, T. Yoshioka, T. Miyoshi

3. Relation between circularity of stator inner
diameter and cogging torque

Fig. 2 shows the measurement results of circularity and
cogging torque 2f component for 20 sample stators used in
the experiment in terms of the ratio of the stator inner
diameter and the rated torque respectively. The correlation
coefficient of circularity with cogging torque 2f component
is low at 0.48, so that the circularity is considered
inappropriate as an evaluation index to estimate the cogging
torque 2f component.

The reason why the circularity cannot be used for evaluation
of cogging torque 2f component lies in the fact that the
circularity is a figure that merely expresses the size of
configurational error and does not reflect the shape or
position of the error. Especially in the case of the separate
core shown in Fig. 1(a), the neighboring magnetic pole teeth
have their ends radially deviated causing level difference in
the inner circumference, as shown in Fig. 1(b), so that the
core tends to have larger cogging torque 2f component than
the stator with lenient configurational change in general.
Thus, in consideration that the sharp change in inner
diameter shape inflicts a large effect on the cogging torque
2f component, study is carried out on the relationship
between change in the inner diameter shape and the cogging
torque 2f component.
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Fig. 2. Relation between circularity and cogging torque

4. Introduction of evaluation index taking
account of the effect of change in inner
diameter shape

If a point s is taken in the polar coordinates of rotor, and
when this point s reaches the position of rotational angle q
against the stator as the rotor rotates, a torque T (s, q) is
generated at the point s due to the change in magnetic energy
E (s, q), and can be expressed as equation (1).

If a point s is taken in the polar coordinates of rotor, and
when this point s reaches the position of rotational angle q
against the stator as the rotor rotates, a torque T (s, q) is
generated at the point s due to the change in magnetic energy
E (s, q), and can be expressed as equation (1).

7(5.6)= OE(s,0)

1
20 (M
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The magnetic energy E (s, q) is directly proportional to the
square of the product of rotor magnetomotive force F(s) and
magnet permeance including magnetoresistance, and can be
expressed as equation (2).

E(s,0) < {F(s)}" {P(s, 0))" @)

Torque TO(q) can be obtained by subustituting equation (2)
into equation (1), and integrating for s over one cycle of
rotor. A (s, q) is defined as in equation (3) which is a
component of torque T (s, q).

P

Torque T (s, q) is a function of A (s, q) and magnetomotive
force F(s). Here, permeance P (s, q) is both a function of an
air gap between the stator and the rotor and a function of the
stator inner diameter accuracy. Hence, A (s, q) is a function
of the change in stator inner diameter as point s rotates in the
stator, and it is aslo a function of change in stator inner
diameter in q direction. In the present model, since the
magnet has 8 poles, if the rotor has ideal shape without any
configurational error or any characteristic difference of the
magnet, the same magnetomotive force should appear at
every 45 degrees. As mentioned previously, torque TO (q) at
the rotational angle q is the T (s, q) integrated over one cycle
of the rotor. Here, the integration is carried out after taking
the scalar sum of A (s, q) per 45 degrees in order to visually
grasp the stator inner diameter accuracy and the effect of
cogging torque 2f component.

Fig. 3 shows the inner diameter shape measured as a distance
from a standard circle using a sample with level difference
between the magnetic pole teeth. Fig. 4 shows the result of A
(s, q) calculated from measured inner diameters for each
division A1 ~ A8 in Fig. 3, and expressed as a curve, which
we call “A curve”. Here, the inner diameter shape of the
stator is supposed to be same in the direction of the stator
length, with the 45 deg division expressed in 360 deg as one
cycle of the magnet. Next, the scalar sum for each A curve
phase is calculated and expressed as AO curve in polar
coordinates in Fig. 5, where the vector sum of the curves is
one cyclic component of AQ curve and is expressed in the
figure as Y vector, with the size and phase indicated by the
arrow mark.

3)

015

Fig. 3.. Measured inner diameter shape
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The sample shown in Fig. 2 is arranged by using the size of
Y vector, whichi we call “Y value”, and shown in Fig. 6,
indicating a high correlation coefficient 0.96 between the Y
value and the cogging torque 2f component. Thus, it can be
deduced that the Y value can be used as a indicator to
estimate the cogging torque 2f component.

0.003
Correlation coefficient : 096

P

0.0025

0002

00015

0.001

Cogging torque 2f/Rated torque

0.0005 [

0
0 1000 2000

Y value(1/mm)

3000
(x10E~6)

4000 5000

Fig. 6. Relation between Y value and cogging torque 2f
component

Further, since Fig. 5 is a visual expression of the cause of the
Y vector occurrence, it can be learned that the value of A (s,
0 ) near 0 degrees and 240 degrees, which we call “A value”,
inflicts effect on the size of Y vector. Fig. 4 indicates that the
A value near 0 degrees largely depends on Al curve, and the
A value near 240 degrees depends on Al and A3 curves.
Further, Fig. 3 indicates that the aforesaid values are
influenced by the level difference in the separate sections No.
1, No. 2 and No. 5, and thus the region inflicting effect on
cogging torque 2f component can be identified.

Although the level difference is attributed to the
configurational error due to the mold accuracy and the
assembly error due to the tool accuracy, the cogging torque
2f component can obviously be restrained by reflecting the
cause clearly indicated by A curve in manufacturing process.
On the other hand, it is possible to reduce the cogging torque
2f component by changing the level difference shape after
assembling.

Fig. 7. Experimental equipment
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5. Experimental verification 1

Here, in order to verify the supposition in previous chapter,
the change in the cogging torque 2f component caused by the
change in level difference between magnetic pole teeth will
be examined. Fig. 7 shows the photograph of the
experimental equipment, where the stator has its outer
periphery fixed by the frame before being pressed. The stator
composed by core press-fitted into motor frame is located on
the pedestal with its outer circumference supported by
cylindrical tool, and is subjected to deformation through
pressing by a punch installed to the sub-press. The punch
touches the inner periphery of the magnetic pole tooth before
causing plastic deformation of the magnetic pole tooth end
as shown in Fig. 8. As the stator is supported by cylindrical
tool, the deformations at places other than motor frame and
core end are of ignorable levels. Once the magnetic pole
tooth undergoes plastic deformation, a change is seen in the
level difference with the neighboring magnetic pole tooth.
The plastic deformation is controlled by the push-in rate of
the sub-press from the position the punch touches the core.
Fig. 9 shows a graph indicating the measured push-in rate of
the sub-press and deformation of magnetic pole tooth. The
linear relation between the two suggests that the level
difference can be controlled by the push-in rate.

1 <———— punch

cylindrical core
tool
motor frame
pedestal —

Fig. 8. Punch shape

120
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Fig. 9. Relation between push-in rate of sub-press and
deformation of magnetic pole tooth

We describe the result of the change in level difference of
the 2 samples with large level difference between magnetic
pole teeth at 0 degrees, which is similar to the sample shown
in Fig. 3.

First of all, Fig. 10 shows the changes in inner diameter
shape, A0 curve and Y vector when one of the samples was
pressed to plastic deformation gradually in 3 steps in the
direction of reducing the level difference at 0 degrees
position. The cogging torque 2f component was measured at
each step of deformation. The measurement result of inner
diameter shape in Fig. 10 indicates that the level difference
gradually decreases as the plastic deformation is applied.
Further, this also leads the A0 curve near 0 degrees to
decrease and Y vector to become smaller. Fig. 11 shows the
change in the level difference and Y vector, and Fig. 12 the
change in the Y value and the cogging torque 2f component.
As the level difference decreases, the Y value becomes
smaller, leading to the reduction in the cogging torque 2f
component. In other words, the cogging torque 2 f
component can be reduced by making the Y value smaller by
slight deformation of the level difference through pressing.
Thus, the supposition was verified through active application
of deformation.
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Fig. 10. Changes in inner diameter (top), A curve and Y vector (bottom) through pressing
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Fig. 11. Changes in level difference and Y value through
pressing
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Fig. 12. Changes in Y value and cogging torque 2f
component through pressing

6. Experimental verification 2

By applying the supposition the experiment was conducted
for eliminating the level difference by creating a new level
difference. Fig. 13 shows the changes in the inner diameter
shape, AO curve and Y vector when another sample, with
level difference at 0 degrees position, is pressed to plastic
deformation gradually near 90 degrees to form a level
difference, indicating clearly that the level difference near 90
degrees increases as the plastic deformation proceeds. The
level difference at 0 degrees was made to opposite direction
to the level difference at 90 degrees, with the level difference
at 0 degrees showing clockwise inward change while the one
at 90 degrees showing clockwise outward change. The value
of A0 curve near 0 degrees was found to decrease as the
level difference increases by machining, and so was the case
with Y vector. Fig. 14 shows the changes in the level
difference and Y vector while Fig. 15 the changes in the Y
value and the cogging torque 2f component, indicating the Y
value getting smaller as the level difference increases and
subsequently the cogging torque 2f component getting
reduced. In other words, by creating a level difference
against an existing level difference at a different position
using a press, the A value can be nullified and the Y value
decreased, leading to the reduction in the cogging torque 2f
component. According to the experimental result in previous
chapter, the circularity can be improved by reducing the
level difference through machining. According to the
experimental result in this chapter, however, the cogging
torque 2f component decreases in spite of the circularity
getting deteriorated because of the newly made the level
difference. This suggests that the cogging torque 2f
component depends not on the circularity but on the inner
diameter shape, and that its size is determined by the
combined effect of the respective regions. And this can be
regarded as one of the grounds to verify the supposition of
this paper. According to the supposition, therefore, the
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Fig. 13. Changes in inner diameter (top), A curve and Y vector (bottom) through pressing
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minute control of the inner diameter shape as well as the due
attention to the circularity of the inner diameter is required to
reduce the cogging torque 2f component. The fact that the
superposition leads to the reduction of the cogging torque 2f
component further suggests that the cogging torque 2f
component caused by items other than configurational errors
such as stress distribution, distribution of machining
deterioration, etc. could be nullified by adding new level
difference.
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Fig. 14. Changes in level difference and Y value through
pressing
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Fig. 15. Changes in Y value and cogging torque 2f
component through pressing
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7. Conclusions

The following points can be deduced from the study of the
effect of the stator inner diameter shape on the cogging
torque 2f component.

1. IfY vector is defined as an index of the magnetic
effect of the stator inner diameter, a high correlation
is found to exist between Y value and cogging
torque 2f component.

The analysis of A curve can lead to identification of
the region causing Y vector occurrence.

From the experiment showing the level difference
reduced through post-machining, it is learned that
the cogging torque 2f component can be reduce by
reducing Y vector.

From the experiment showing addition of new level
difference through post-machining, it is learned that
the cogging torque 2f component can be reduced by
reducing Y vector in spite of the deterioration of
circularity.

In order to reduce the cogging torque 2f component,
fine control of the inner diameter shape as well as
the circularity is required.

From the two experiments showing creation of level
difference, it is learned that the Y vector is an index
to evaluate the cogging torque 2f component, and
that the A curve can be used for cause analysis and
measures for reducing the cogging torque 2f
component.
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Abstract

New holding mechanism of the ultrasonic linear motor for
the high power driving in this paper is proposed to improve
the positioning accuracy following with the previous studies.
Through the previous holding mechanism using a resonance
system with the stepped horns, a remarkable operating
stability and controllability at high-power driving were
achieved. However, when higher power is demanded, big
noise in supporting parts of a resonance system is generated
and these parts can be damaged and worn due to the
discordance of resonance frequencies between a transducer
and supporting horns. Moreover, the coupling problem of
two vibration components remains due to the undesirable
longitudinal factor in the 2nd mode of bending vibration. At
first, this study proposes a new design of ultrasonic motor
with multiple support points in a single vibrator in order to
provide high stiffness support, and discusses about the
coupling effect. A maximum driving force over 75N and the
positioning accuracy of 100nm were achieved through this
mechanism. Moreover the motor efficiency, the thrust force
and the velocity were achieved 32%, 52N and 0.27 m/s
respectively. Secondly, a new analytical model is proposed
to be matched with real system. In this paper, by introducing
the contact stiffness, the main reason of the discrepancy
between the actual and the analytical system is discussed
through FEA.

1 Introduction

Nowadays, great attention has been shown to the question of
ultrasonic linear motor for accomplishing the high
positioning accuracy and high driving force in the
semiconductor and optical industry. Especially comparing
with many kinds of magnetic linear motors[1-3], Ultrasonic
linear motors have many advantages about simple structure,
quick response, ability to maintain position without energy
consumption, and electromagnetic immunity[6]. Through
these characteristics of ultrasonic motor, the complicated
problems about precise positioning over long strokes and
holding position at any point can be clearly solved[7-10]

Commercial ultrasonic linear motors have small output force,
and have been used only as drivers for small x-y stage. As a
point of this present situation, a bolt clamped Langevin type
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transducer (BLT) proposed has attracted a fair amount of
attention to accomplish large vibration amplitude and large
mechanical force. The authors have already succeeded in the
development of high power ultrasonic linear motor with the
capability of over 100 N mechanical output force and 0.5
m/s no-load velocity [4-5].
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Fig. 1. Previous support mechanism using the resonance of
stepped horns.

Problems of the one point holding system4) such as long
settling time, big residual vibration, and poor positioning
characteristics were improved by using a resonance system
with stepped horns[5](Fig. 1). Additionally, the contact
surface which became irregular by a slight shift in the
orientation of the vibrator could be improved using a
resonance system. However, other problems not to solve
have remained in previous systems until now. When higher
power is demanded, there is loud noise in supporting parts of
the resonance system and these parts could be damaged and
worn due to the discordance of a resonance frequency
between an actuator and supporting horns. Also the coupling
problem of two vibration modes remains due to using a half
wavelength.

To overcome these problems of previous system [4-5],
this research proposes a new holding mechanism with high
stiffness support as a point of this problem about the unstable
operation. This new holding mechanism can be explained
concretely that a new motor was designed with three
supporting points in one vibrator for high stiffness, stable
operation, and stable driving resonance frequency.
Additionally, this research discusses the achievement of 100
nm positioning accuracy and the solution about the coupling
effect by using a new holding mechanism.
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Fig. 2. New ultrasonic motor with three supporting points

2 Motor configuration and Operating Princple

Figure 2 shows the configuration of new ultrasonic linear
motor which consists of a bolt-clamped Langevin-type
longitudinal and bending hybrid transducer. To resolve the
stability and the coupling problem due to using a half wave
length and the discordance of a resonance frequency in
higher driving power[4-5], the transducer was designed 3
times longer than the previous transducer for an ultrasonic
linear motor (See Fig. 2)[4-5]. As a result, the vibrator was
developed into using the 3rd longitudinal and 6th bending
modes, and three nodes to support were common to the two
vibrations(See Fig. 3). In Fig. 4, the vibrator is 20 mm in
diameter and 241 mm in length. The stator has two types of
piezoelectric elements (PZTs) to excite the two vibrations,
which are sandwiched by aluminum blocks with a bolt. The
dimensions of the PZTs are outer diameter of 20 mm, inner
diameter of 10 mm and thickness of 2 mm. Two alumina
ceramic tips were bonded on the transducer as frictional
driving components.

(b) Bending vibration mode

Fig. 3. Vibration modes of the stator calculated by FEM
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Fig. 4. Basic configuration of the motor
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Fig. 5. Operation sequence of the BLT

The operating process shown in Fig. .5 is realized when
the two modes are simultaneously stimulated with the phase
difference of 90 degree in order to have the elliptic locus on
the tips of the vibrator. These elliptical motions are provided
by the longitudinal and bending modes of the BLT. The tips
of the BLT have a horizontal displacement factor due to the
longitudinal motion and a vertical displacement due to the
bending motion. That is, the longitudinal vibration generates
the mechanical driving force and the bending vibration
controls the frictional force. In Fig. 5, since the contact
between the vibrator and the slider occurs only at process 1
and process 3, the elliptic motion of the vibrator tips results
in the driving force to one direction. The locus at one tip of
the BLT is delayed by 180 degree compared to that of the
other tip. Therefore one of the two tips in contacting and
driving the slider with anti-phase. And also when the phase
is changed to 180 degree, the slider can be driven to the
opposite direction. The vibrator is pressed against the slider
by means of the proper support mechanisms and drives the
slider in one direction with frictional force in the contact
points.

3 Motor Design

3.1 Problems of a resonance system with stepped horns

This resonance system with stepped horns in Fig.1 was
developed to reduce a big residual vibration and long settling
time of one point holding mechanism[5]. Through the
resonance system, the positioning characteristics could be
improved and also the damage of contact surface in one
point supporting could be reduced. However, this resonance
system is not enough in higher driving power due to the
discordance of a resonance frequency between an actuator
and supporting horns. Loud noise can be generated in these
points also. And the coupling problem was serious in
previous system. The length of previous motor was short due
to using a half wavelength with the 1% longitudinal and the
2" bending vibration modes. Figure 6 shows the coupling
problem that the 2™ bending vibration mode to excite the
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vertical way motion has including longitudinal factor. This
longitudinal factor opposite to moving direction was a
serious obstructive component about the positioning
characteristics.

Driving Direction

Longitudinal Factor

—

t

Bending Factor

Obstructive longitudinal
component

Fig. 6. Coupling effect in a resonance system

3.2 High stiffness support mechanism

To remove the coupling effect due to using a half
wavelength, the transducer which is 3 times longer than
previous transducers has been adopted with the 3rd
longitudinal and the 6th bending vibration modes. However,
the length of transducer should be decided including the
tuning of driving resonance frequency. Usual BLT has a high
mechanical quality factor, to obtain a large vibration
amplitude and mechanical output, so the longitudinal
resonance frequency should be tuned to the bending one. So
this actuator was estimated by using the FEM simulation for
the actuator design before making.
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Fig. 7. Tuning the resonance frequencies by length of
vibrator
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Fig .8. Admittance characteristics at each vibration modes

Figure 3 shows the result of 3D FEM simulation through the
control of vibrator’s length. From the result of simulation the
resonance frequencies were same as 31.3 kHz at 248 mm in
vibrator length in Fig. 7. But the vibrator’s length of a trial
product was made longer than the result of simulation for
including the manufacturing errors. After making, the
resonance frequencies were tuned by the control of length in
manufacturing process. Figure 8 shows the admittance
characteristics of each vibration mode from the Impedance
Analyzer (HP 4294A, 1 V,ns). The resonance frequencies of
each vibration mode could be decided about 31.94 kHz in
241 mm vibrator length. Additionally, according to using
long wavelength in the long vibrator, the ceramic tips for
friction driving component can have only pure vertical way
motion in the 6™ bending mode shape. (See Fig. 3)

This paper adopted an idea about three supporting points
in one vibrator for a high stiffness supporting mechanism
proposed in this paper. So for using this idea these holding
points should be common nodes of the longitudinal and
bending vibration mode not to generate any displacements.
Each vibration mode at the resonance frequency of motor
was measured by using the Laser Doppler Vibrometer. This
result of measurement is showed in Fig. 9. As designed, the
three holding points in one vibrator were the common nodes
of the two vibration modes.
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The friction driving force in BLT motor should be constant
about the inertial force that is from moving and stopping
motion of stage. Supporting parts have an important role to
keep the constant friction force. So although an actuator has
the capability of high driving force and high velocity, that
actuator cannot be put practical use if not to solve this
supporting problem. In this research, the supporting part was
designed for reducing the vibration effect by supporting.
Especially, three parts between supporting part and actuator
was manufactured 1mm slit state. And this system can keep
constantly driving friction force by using coil-springs to
control the preload. Figure 10 shows the total system
configuration and slit state supporting parts

4 Motor Characteristics

As the genuine experiment for achieving the stable operation
was done, the longitudinal mode voltage of a driving
component was increased in the constant bending mode
voltage. This means a friction component was constant. The
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bending mode voltage of a friction component was
Vbending=21 Vop which will be amplified by using the
external cables in series. Figure.11 shows a result about
increasing the longitudinal voltage of a driving component.
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Fig. 11. Process result about increasing the longitudinal
mode voltage

As the preload was increased to 435 N, the maximum
velocity could be achieved over 0.4 m/s. Figure 12 shows
this result. However although the driving condition was
same, the moving characteristics about each direction was
different. The reason of difference can be supposed by the
difference of preload at each supporting part, the discordance
of two driving resonance frequencies, and so on.
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Fig. 13. Characteristics of velocity and load & Efficiency

Using the driving frequency of 31.93 kHz, V,,,,=21 V,
and Vieuging=21 Vp, the maximum driving force and the
maximum moving velocity were achieved 75 N, 0.4 m/s and
the efficiency that is the ratio between the input electric
power and mechanical output force was also achieved 32%
when the maximum driving force was 75 N and the
maximum velocity was 0.4 m/s. (See Fig. 13)

5 PID Feedback Control System

The positioning characteristics were tested in PID feedback
control system about the high stiffness supporting
mechanism. Figure 14 shows the basic configuration for the
PID feedback control system. The control system uses an
optical linear encoder to detect the position of the sliding
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plate with a resolution of 50 nm. The position signal from
the optical linear encoder is fed back to a PID controller
through the motion board (NI PCI7304). The amplitudes of
the voltages applied to the bending and longitudinal PZTs of
the motor are controlled through amplitude modulations
(AM) of the function generator.

PC
(PID
dontroller)

NI PCI7304

Function Actuat
Amplitude generator ctuator

Modulation

Linear Encoder
(50 nm resolution)

—-{ Slider ‘

given position accuracy. And also tuning method of each
PID gain used the sustained oscillations method in the
Ziegler-Nichols rules [11]. The experimental approaches to
the tuning of PID controller in the Ziegler-Nichols rules are
usually used when the moving stage is so complicated that
its mathematical model cannot be easily obtained. Figure 15
shows the result of 100 nm positioning accuracy with the
PID feedback control. The mass of the slider was 6 kg; the
driving force was 10 N; the velocity was 200 mm/s; the
target position was +50 mm from the reset position. We also
confirmed that the speed fluctuation of the steady state
velocity zone was less than 0.5% of the programmed
velocity in Fig. 16

400

Fig. 14. Basic configuration of the PID feedback control
system
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Fig. 15. Result of 100nm positioning accuracy

In order to test the performance of the proposed control
system, a cycle test was carried out. After getting the 10
stable position data within error window from the encoder,
the target position is changed to the opposite direction. So
the stage is moved coming and going continuously with
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(a) Continuous steady state velocity control

Position[mm]

50.0010
50.0008
50.0008
50.0004
50.0002
50.0000
49.9998
49.9996
49.9994
49.9992

49.9990
2,

Target Position 50mm

Force 10N

Velocity 200mm/s
Target position + 50mmny
Accuracy 100nm

Error Window (+100nm)

P

.45

250

255

105

Time[s]
(b) Steady state velocity control in 1 mm/s

Fig. 16. Steady state velocity control
6 Contact stiffness

In practical use of ultrasonic actuators, the matching of two
modes driving at a resonanace frequency is an essential
factor. The stiffness of each part is the most important factor
about the change of the resonanace frequency because the
mass of each part in this system is constant. Moreover , the
parts which the stiffness can be changed easily in this system
are specially the friction driving parts between the moving
stage and the actuator. In this systme, there are two stiffness
which are structure stiffness and contact stiffness. However,
contact stiffness between moving stage and actuator can be
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easily changed. The contact stiffness changed by supporting
preload affects two driving resonance frequency of
transducer. The contact stiffness is difficult to find by
theoretical method. Based on this, resonance frequencies of
motor were calculated by FEA.

R
|

Longitudinal mode
| |

Fig. 17. Contact stiffness modeling with actuator
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Fig. 18. Changing resonance frequency by contact stiffness

Fig. 18 shows the result of FEA, contact stiffnesses of each
direction affect certain mode resonance frequency
independantly. Finally, it could be found that value of
normal conact stiffness is 1.0 X 10’ N/m and tangential
stiffness is 4.0 10°® N/m to have the matched resonance
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frequency 32.3 kHz. And this value close to measured value
32.10 kHz, that is the stable driving resonance frequency can
be realized by the preload modulation

7 Conclusion

The This research proposed new high stiffness support
mechanism which has three common vibration nodes in one
vibrator. This mechanism became simpler than the previous
resonance system by the removal of two supporting horns.
And the previous coupling problem and the positioning
characteristics could be improved by using the long
wavelength and a high stiffness supporting mechanism in
high power driving. The three points can firmly hold the
motor, and also no effect the two vibration modes could be
verified by experiments. Through this new mechanism, the
driving resonance frequency could be used stably. In
conclusion, the maximum mechanical output force was
achieved 75 N and the no-load velocity was also 0.45 m/s
with a 20 mm diameter motor. Incorporating the present
motor into a PID feedback control system, we could achieve
in positioning the 6-kg-stage at speed of 200 mm/s with the
accuracy of 100 nm and the steady state velocity control in
the range of 1 mm/s. And contact stiffness which is changed
by supporting preload affect resonance frequency. The stable
driving resonanace frequency can be realized by the preload
modualtion.
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A Precise Motion Measurement of a Miniature Robot Driven by the Deformation of
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Abstract

We measure the motion of a miniature robot and the
trajectories of three legs. The robot consists of three stacked-
type piezoelectric actuators connected in an equilateral
triangle. The three legs, which support the main body of the
robot, are fixed at every vertex of the triangle. The input
waveforms applied to the piezos are rectangle and sinusoidal
waveforms. We discuss the motion of the miniature robot
and the trajectories of the legs under the conditions that the
miniature robot can rotate or not.

1 Introduction

The motion of a miniature robot driven by the deformation
of piezoelectric actuators (piezos) is described. The size of
the robot is approximately one cubic inch. The miniature
robot is designed for a precise motion stage, which consists
of three stacked-type piezos connecting in an equilateral
triangle. Three legs, which support the main body of the
robot, are fixed at every vertex of the triangle. The
deformation of the piezos thrusts the legs of the miniature
robot. By repeating the deformations of the piezos, the
miniature robot realizes the linear and rotational
displacement in a plane surface [1]. However, the miniature
robot sometimes did not follow the control waveforms. By
using control waveforms of the counter clockwise (CCW)
direction, the miniature robot rotated in the clockwise (CW)
direction, and by using control waveforms of the CW
direction, the miniature robot rotated in the CCW direction.

In our previous work, the motions of three legs of the
miniature robot were measured. When the miniature robot
was operated by rectangle waveforms, the legs moves
incrementally. In this paper, first, the motion of the miniature
robot is measured by changing the input waveforms and
frequencies. The input waveforms applied to the piezos are
rectangle and sinusoidal waveforms. The direction of the
rotational displacement is described. Next, the motion of the
legs is measured. We discuss the motion of the miniature
robot and the trajectories of the legs under the conditions that
the miniature robot can rotate or not.
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28 mm

mirror

N\

15 mm

(b)

Fig. 1 The miniature robot's photograph. (a) Bottom view of
a miniature robot. (b) Side view of a miniature robot.

2 Miniature Robot

Fig. 1(a) shows the bottom view of the miniature robot and
Fig. 1(b) shows the side view of the miniature robot. The
miniature robot is 28 mm in diameter, 15 mm in height, and
weights 27 g. In Fig. 1(a), we represent the piezos as Piezo a,
b, ¢ and represent three legs as Leg A, B, C. The miniature
robot consists of three stacked-type piezos connecting in an
equilateral triangle. The size of the piezos is 2*3*10 mm
(NEC TOKIN AE0203D08). When a voltage is applied to
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Fig. 2 The control waveforms which rotate the miniature
robot. (a) In the CCW direction. (b) In the CW direction.

the piezos, it deforms 0.06 um/V. Three legs, which support
the body of the miniature robot, are fixed at every vertex of
the triangle. Three legs has mirrors for a measurement. A
thin wire supplies power to the piezos. We define x1, y1, x2,
y2, x3, y3 as the local coordinate of the legs. The miniature
robot has a circular plate on the piezos. The circular plate
will carry optical components and work tools.

3 Principle

The miniature robot moves by the deformation of the piezos,
and the deformation pushes or pulls the legs which supports
the miniature robot. The miniature robot does not have
clamp mechanism such as an electromagnet. Therefore, the

counterforce occurs, and the legs moves as the piezos deform.

Control waveforms are shown in Fig. 2. The waveforms
in the CCW direction (Fig. 2(a)) and those in the CW
direction (Fig. 2(b)) are different in phases. Fig. 3 shows a
model as the robot rotates in the CCW direction. A period of
the rotational displacement consists of six steps. In Fig. 3,
Piezo c, Piezo b and Piezo a extend at point 1, 3, and 5, and
Piezo a, Piezo ¢ and Piezo b contract at point 2, 4, and 6. The
principle of the rotational displacement is as follows. At
point 1 in Fig. 3, Leg A moves by the expansion of Piezo c.
At point 2 , Leg C moves by the contract of Piezo a. From
point 3 to point 6 is the similar principle. By repeating these
six steps, the miniature robot rotates in the CCW direction.
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Bl extent [___Jcontract

Fig. 3 The motion mechanism in the CCW direction.

The CW directional rotation is realized by replacing the
signal to Piezo b with that to Piezo ¢ (Fig. 2(b)).

4 Experiments

The miniature robot is moved by the deformation of the
piezos. Fig. 4 shows control waveforms which have the
miniature robot rotate in the CCW direction. In our
experiment, the signal in the CCW direction is used. The
control waveforms are rectangle and sinusoidal waveforms.
The sinusoidal waveform is the fundmental component of
the rectangle waveform. The vertical axis denotes voltage
and horizontal axis denotes time. The minimum voltage of
the control waveforms is 0 V, and the voltage dose not take a
negative value. The control waveforms in Fig. 4(a) are three-
phase rectangle waveform. The control waveforms in Fig.
4(b) are three-phase sinusoidal waveform. The amplitude of
the voltage is 100 V and input frequencies are from 100 Hz
to 1000 Hz.

The rotational displacement of the miniature robot is
measured by the liner displacement in x1, x2, x3 directions.
The motion of the miniature robot, which moves on a glass,
is measured by optical displacement sensors. We change the
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input frequency and repeat the measurement. We investigate
the relationship between the conditions that the miniature

Fig. 5 The rotational displacement of the miniature robot.
The control waveform is rectangle, and the direction is the
CCW direction. The frequency is (a) 800 Hz and (b) 300 Hz.

robot can rotate or not.

Then, we invert the miniature robot in order not to add a
load to its three legs which are measured. The motions in the
local axis of three legs are measured. The x-axis and y-axis
are orthogonal axes. Measured results are processed by a
personal computer.

Table 1 Experimental conditions. Waveform, frequency, and direction.

Figures Waveform Freq. Direction
5(a), 7(a), 8(a) rectangle 800 Hz CCW

5(b), 8(b) rectangle 300 Hz CCW
6(a), 7(b), 9(a) sinusoidal 800 Hz CCW

6(b), 9(b) sinusoidal 300 Hz CCW
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Fig. 6 The rotational displacement of the miniature robot.
The control waveform is sinusoidal, and the direction is the
CCW direction. The frequency is (a) 800 Hz and (b) 300 Hz.

5 Experimental Results

Table 1 summarized experiment conditions. We applied
various input signals to the piezos. Fig. 5 and Fig. 6 show the
rotational displacement of the miniature robot. Fig. 5(a) is
obtained when the control waveform is rectangle, the
frequency is 800 Hz, and the direction is the CCW direction.
Fig. 5(b) is obtained when the control waveform is rectangle,
the frequency is 300 Hz, and the direction is the CCW
direction. Fig. 6(a) is obtained when the control waveform is
sinusoidal, the frequency is 800 Hz, and the direction is the
CCW direction. Fig. 6(b) is obtained when the control
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Fig. 7 Three legs’ trajectories in the local xy plane and the
long axis angle 0. The frequency is 800 Hz. The direction is
the CCW direction. (a) The control waveform is rectangle.
(b) The control waveform is sinusoidal.

waveform is sinusoidal, the frequency is 300 Hz, and the
direction is the CCW direction. The vertical axis is a
rotational displacement and horizontal axis is a time. The
rotational displacement of Leg A, Leg B and Leg C and the
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Fig. 8 Three legs’ trajectories in the local xy plane and the
long axis angle 6. The control waveform is rectangle. The
direction is the CCW direction. The frequency is (a) 800 Hz
and (b) 300 Hz.

input voltage applied to Piezo a are indicated in Fig. 5 and
Fig. 6. Fig. 5 and Fig. 6 show 10 periods of the control
waveforms. The rotational displacements of three legs
synchronize with the input voltage.

In Fig. 5 and Fig. 6, the miniature robot can rotate
properly in the CCW direction when the rotational
displacement of three legs are positive. The miniature robot
rotates in the wrong direction, i.e. the CW direction when the
rotational displacement of three legs are negative. In Fig.
5(a), the miniature robot can rotate properly because the
rotational displacement of three legs are positive. In Fig. 5(b),
the miniature robot rotates in the wrong direction because
the rotational displacement of three legs are negative. Fig.
6(a) shows that the miniature robot can rotate properly and
Fig. 6(b) shows the miniature robot rotates in the wrong
direction. Therefore when the input frequency is 800 Hz, the
miniature robot can rotate properly, and when the input
frequency is 300 Hz, the miniature robot rotates in the wrong
direction.

Fig. 7 shows the miniature robot and three legs’
trajectories indicated in the local xy plane. The coordinates
in Fig. 7 are introduced in Fig. 1(a). The horizontal and
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Fig. 9 Three legs’ trajectories in the local xy plane and the
long axis angle 0. The control waveform is sinusoidal. The
direction is the CCW direction. The frequency is (a) 800 Hz
and (b) 300 Hz.

vertical axis denote the local coordinate xi and yi (i=1, 2, 3)
of the legs. Numbers in Fig. 7(a) correspond to those in Fig.
4(a) and numbers in Fig. 7(b) correspond to those in Fig.
4(b). In Fig. 7(a), the control waveform is rectangle, the
frequency 800 Hz, and the direction is the CCW direction.
The three legs’ trajectories are similar to hexagonal
trajectories in the CCW direction. In Fig. 7(b), the control
waveform is sinusoidal, the frequency 800 Hz, and the
direction is the CCW direction. The three legs’ trajectories
are similar to ellipse trajectories in the CCW direction. In
Fig. 7(a) and Fig. 7(b), 0 is long axis angle. The long axis of
the hexagonal trajectories is defined as the maximum
distance between the vertexes. The angles differ by changing
frequency. We investigate the relationship between the angle
and the motion of the miniature robot.

Fig. 8 and Fig. 9 show the three legs’ trajectories. In Fig.
8(a), the trajectories are obtained by using Fig. 7(a). When
the control waveform is rectangle, the frequency is 300 Hz,
and the direction is the CCW direction, Fig. 8(b) is obtained.
In Fig. 9(a), the trajectories are obtained by using Fig. 7(b).
Fig. 9(b) is obtained when the control waveform is
sinusoidal, the frequency is 300 Hz, and the direction is the
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Fig. 10 6 of the legs of each frequency. (a) The control
waveform is rectangle, and the direction is the CCW
direction. (b) The control waveform is rectangle, and the
direction is the CW direction. (c) The control waveform is
sinusoidal, and the direction is the CCW direction. (d) The
control waveform is sinusoidal, and the direction is the CW
direction.
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CCW direction. The difference between Fig. 8(a) and (b) is
frequency. The difference between Fig. 9(a) and (b) is also
frequency. The lines in the trajectories indicate long axis.
The numbers in Fig. 8 correspond to those in Fig. 4(a) and
numbers in Fig. 9 correspond to those in Fig. 4(b). The
trajectories of Fig. 8(a) and Fig. 8(b) are similar. However,
the angles of the long axis of Fig. 8(a) are larger than that of
Fig. 8(b). The trajectories of Fig. 9(a) and Fig. 9(b) are
similar. However, the angles of the long axis of Fig. 9(a) are
larger than that of Fig. 9(b). The tendency of the angles in
Fig. 9 are similar to Fig. 8. When the frequency changes, the
angles differes.

Fig. 10 shows 0 of the legs of each frequency. The
vertical axis denotes the long axis angle and horizontal axis
denotes frequency. Fig. 10 is obtained by changing the
direction, the waveform, and the frequency. Fig. 10(a) and
Fig. 10(b) are obtained when the control waveform is
rectangle, and the direction is the CCW direction. Fig. 10(c)
and Fig. 10(d) are obtained when the control waveform is
sinusoidal, and the direction is the CCW direction. In Fig.
10(a) and Fig. 10(c), as frequency becomes higher, the
angles of long axes decrease. In Fig. 10(b) and Fig. 10(d), as
frequency becomes higher, the angles of long axes increase.
From these results, when the control waveforms is the CCW
direction, the angles of long axes decrease as frequency
becomes higher, and when the control waveforms is the CW
direction, the angles of long axes increase as frequency
becomes higher. We suppose that the angle of long axis
affect the motion of the miniature robot.

6 Conclusions

By changing the input waveforms, we studied the motion of
the miniature robot and its legs. In the experiments, the
miniature robot, which uses the input frequency of 800 Hz,
can rotate properly, and the miniature robot, which uses the
input frequency of 300 Hz, can rotate in the wrong direction.
The angle of the long axis in each frequency was measured.
The angle of the long axis differs according to the frequency
and waveform. When the control waveforms is the CCW
direction, as frequency becomes higher, the angles of long
axes increase. When the control waveforms is the CW
direction, as frequency becomes higher, the angles of long
axes decrease.
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Abstract

In this paper, we try to develop a miniaturized ultrasonic
angina-pectoris scope, namely, miniaturized IVUS which is
rotated by another ultrasonic micro motor for the observation
of cerebral thromboses in brain vessels. As a first step of
research, a prototype of IVUS with 3 mm outer diameter and
10 mm length has been developed and its torque-rotational
speed characteristic was examined. And the principle to
detect cerebral thromboses by sending ultrasonic sound to
the radius direction of a blood vessel and catching its
reflection while it is rotated by a micro motor was proposed
and its fundamental characteristics were verified.

1 Introduction

As it is desired to operate human bodies without having to
cut them open, operations guided by a catheter are widely
carried out today for heart and blood vessel diseases.
Although ultrasonic angina-pectoris scopes are widely used
for the internal observation of blood vessels, it is difficult to
apply them for the observation and removal of cerebral
thromboses in brain vessels, because their small diameter of
less than 2 mm makes it difficult to insert and rotate devices
attached at the end of a catheter.

To overcome this problem, in this present study, we tried to
develop a miniaturized IVUS which can be rotated by
another ultrasonic micromotor. Ultrasonic micromotor is
rather easy to miniaturize because of its simple structure,
hence, it is expected to be applied in many industries, and
outstandingly as a driver of medical devices that operates
inside a human bodyf(1] [2].

In this report, driving principle and a performance evaluation
of a prototype of a ultrasonic micromotor which is applied
to a miniaturized IVUS, and the principle and a fundamental
experiment of the method of internal observation in a blood
vessel by the reception and transmission of the ultrasonic
vibration are described.

2 Driving principle of ultrasonic micromotor

Fig. 1 a shows the schematic diagram of the ultrasonic
micromotor. The prototype micromotor consists of an
external vibrator, a waveguide, a stator and a rotor. The thin
wire made of SUS receives ultrasonic vibration from the
vibrator that is attached to one end of the waveguide
(hereinafter, the waveguide is described as the arm part of
the coil) and propagates it to a helical coil (stator).

| Ultrasonic vibration I Coil-type stator @

P @i

Wire Rotor
|——— 43 U
Flexural traveling wave
a
Rotary
) Rotor. direction
Mass point
X
Wave
Coil-type stator direction
b
ﬁ{» | 0

Coil-type stator | ; I
Direction of frictional force

C

Fig. 1. Driving principle of ultrasonic micromotor



T. Wada, A. Nakajima, T. Moriya, Y. Furukawa

The progressive flexural wave in the helical coil generates
micro frictional force at the contact points between the rotor
and the coil and the sum of these microfrictions can produce
an elliptical motion to rotate the rotor as shown in Fig. 1 b.
During this time, the frictional force works oppositely to the
forward direction of the progressive wave.

Moreover, the frictional force is not only influenced by the
direction of the rotation but also by the axial derection of the
rotor because the progressive wave progresses along the
spiral structure of the coil (as shown in Fig. 1 c¢). Therefore,
the rotor perfoms a rotary motion and a translational motion.

In the case shown in Fig. 1, the rotor is placed inside the coil,
but an opposite location is also possible.

3 Prototype of ultrasonic micromotor

A prototype of ultrasonic micromotor with 3 mm outer
diameter and 10 mm length has been developed (Fig. 2). It
consists of a rotor, a coil, a case, and a stopper. The arm part
of the coil has 1.5 m length. The coil is placed around in the
rotor and the outer diameter of the coil fits the inner diameter
of the rotor. The rotor is covered with the case and the rotor
is supported anteroposteriorly and radially by fitting one end
of the case with the stopper. The material for the rotor and
coil is SUS301 which has a good biocompatibility and that
for the case is a TI polymer which has a heat resistance and
an abrasion resistance.

When an ultrasonic vibration is applied to the arm part of the
coil, it becomes a progressive wave and it spreads from the
arm part to the coil part, and the rotor can be rotated
according to the principle described in section one.

case rotor

stopper . ﬂ

) s

i

Fig. 2. Prototype of ultrasonic micromotor (left:overall view,
right:exploded view)
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4 Measurement of rotational speed and torque

Fig. 3 shows the apparatus for measuring the rotational speed
of the micromotor. The stopper of the micromotor was fixed
on the stage and the Langevin vibrator was used as a source
of the ultrasonic vibration. A laser beam from the laser
displacement meter is irradiated onto a small teeth of the
gear (11 mm tip diameter and 7 mm length) which is
connected to the tip of the rotor so as to reflect it
intermittently, and this reflected light is caught by a laser
displacement sensor whose data are stored in the memory of
a note PC through the controller. Rotational speed was
calculated from a series of pulse outputs. On the other hand,
torque was calculated from a rotational angular acceleration

and the moments of inertia of the rotor and gear (the
following expression).

T=Jw

= (1.1)
T :torque
J :moment

of

@:angular acceleration

inertia(rotor, gear)

Fig. 4 shows the results of the measurements of time and
angular velocity. From the results, the shape in graph of
angular velocity shows a first order lag and the regular
rotational speed (approximately 250 rad/s) was seen at about
0.58 seconds in time. Moreover, the time-constant of the
micromotor was 0.07 seconds. From the results, the increase
and decrease of the value of angular velocity was large,
hence, a stable rotation and a control of rotational speed are a
problem in the future.

Fig. 5 shows the results of the measurements of rotational
speed and torque. From the results, the starting torque is
14.4uNm and the maximum rotational speed is 2080 rpm. To
verify the value of this torque, an experiment to wind up
weight was carried out. From the results, it was possible to
lift two one yen coin (approximately 20uNm is necessary to
perform the lift). This value is somewhat different from the
result of the calculated torque. However, it seems that the
method of calculating torque has become a means for
presuming torque without measuring the rough torque of the
motor.

laser displacement

meter

note PC
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Fig. 3. Appratus
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for measuring rotational speed of
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Fig. 5. Results of measurements of rotational speed and
torque

5 Drive experiment in water

Fig. 6 shows an appearance of the drive experiment of the
ultrasonic micromotor that is connected to a 2 mm diameter
catheter (TerumoCo. , GC-N6JR350NH) in water. The gear
(4 mm tip diameter and 5 mm length) is installed on the tip
of the rotor, and the rotor is fixed to the stage. The drive of
the micromotor was confirmed though the rotational speed
decreased. As for the reason why rotational speed decreased,
the attenuation of the ultrasonic vibration in the catheter is
thought to be the reason.

\cathete

stage

Fig. 6. The drive experiment in water

Development of IVUS Driven by Ultrasonic Micromotor
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6 Principle of detection method

Fig. 7 shows the reception and transmission mechanisms of
the ultrasonic vibration for blood vessel internal shape
observation. A 20 MHz oscillator (external size, 1 mm,1
mm,0.2 mm) is used for the reception and transmission of
ultrasonic vibration. Ultrasonic vibration can be transmitted
and received by connecting this oscillator to the ultrasonic
wave pulsar/receiver (PANAMETRICS-NDT company,
MODELS5800), impressing the voltage of the pulse wave to
the oscillator and using the piezoelectric effect of PZT. The
direction of the transmitted ultrasonic wave is changed by a
reflector and the ultrasonic wave is reflected in the blood
vessel inner wall and is received by the oscillator following
the same course. The shape of the waves is outputted to a
digital oscilloscope (Tektronix Inc.,TDS2014) through the
ultrasonic wave pulsar/receiver. The distance to the
reflection side from the oscillator can be calculated by
multiplying sound speed in water (1530 m/s) by the time
from sending the ultrasonic vibration to the reception of it.
By using this method, the shape of a blood vessel can be
determined by measuring the distance to the reflection side
and by installing the reflector in the rotor of the ultrasonic
micromotor while rotating in the direction of the blood
vessel circumference.

digital

reflecting

mirror

aSonic wave

pulsar/receiver

HH

movement
blood vessel oscillator

inner wall . .
vibration

Fig. 7. Schematic diagram of detection method

7 Fundamental experiment of detection
method

Fig. 8 shows the experimental apparatuses of the
fundamental experiment that assumes the ultrasonic wave
receiving and sending in a blood vessel. When the DC motor
is rotated, the shaft rotates through the gear and the
reflecting mirror installed in the shaft point rotates. The
silicon tube was arranged by the reflector and the concentric
circle and the oscillator was arranged short of the tip of the
silicon tube. The ultrasonic vibration transmitted from the
oscillator is radially rotated by the reflecting mirror and is
reflected in the silicon tube inner wall and received by the
oscillator. We examined whether the reception and
transmission of ultrasonic vibration in this state to rotate the

of ultrasonic
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reflecting mirror were possible and whether the reception
and transmission of ultrasonic vibration by the curved
surface were possible in this experiment. The device shown
in Fig. 8 was placed in a water tank and the actual
experiment was done in water where the diffusion of the
ultrasonic vibration was weak. Assumed a blood vessel, the
silicon tube (4 mm inside diameter and 6 mm outside
diameter) whose dynamic characteristics resemble those of a
blood vessel was used (it is often used for the tube as a
material for the medical treatment). The reflected wave was
received as shown in Fig. 9. From the time from sending the
transmission wave to obtaining the reflected wave, we were
able to calculate the distance from the oscillator to the inner
wall of the silicon tube and confirmed a 2 mm radius of the
silicon tube. Moreover, when the rotational speed of the
reflecting mirror was changed and the same experiment was
carried out, we were able to confirm the shape of the
reflected wave even at 2000 rpm, which was the maximum
rotational speed of the prototype of the ultrasonic
micromotor.

<= DCmotor

i 'coupling

Fig. 8. Apparatus for measuring reflected wave
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Fig. 9. Results of experiment
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8 Future perspectives

As future perspectives, miniaturization of prototype of
ultrasonic micromotor, improvement of torque, and
stabilization of drive of micromotor are going to be
performed. Moreover, ultrasonic wave signal reception and
transmission experiment that uses parabolic mirror as
reflecting mirror are going to be performed. A parabolic
mirror can focus the ultrasonic vibration in the focus point,
hence, the amplitude of the obtained reflected wave grows,
and it is thought it is very effective for image processing. In
addition, aiming at practical use, development of prototype
of endoscope that combines reflecting mirror, oscillator, and
ultrasonic micromotor is going to be performed. Next, using
a prototype of endoscope, the internal observation in human
blood vessel model is going to be peformed.

9 Conclusions

The torque-rotational speed characteristics of the prototype
of an ultrasonic micromotor were examined, and the
performance of the micromotor was examined, and it has
been clarified that its starting torque was 14.4 uN, its
maximum rotational speed was 2080 rpm and the time-
constant of it was 0.07 seconds. Moreover the drive of the
micromotor in water was also confirmed. However, its
rotational speed and torque were low and its rotational speed
was not stable, hence, it is necessary to improve the torque,
rotational speed and stable drive of the micromotor for
development of prototype of endscope.

A method for observing internal shape by the transmission
and reception of ultrasonic vibration was proposed and a
fundamental experiment for measuring reflected wave was
performed. The reflected wave could be received in a silicon
tube whose mechanical properties are similar to those of a
blood vessel and the transmission and reception of ultrasonic
vibration were possible in this state of the rotational speed of
the micromotor (2080 rpm), thus, it is thought that its
application to a prototype of endoscope that installs a
reflecting mirror and an oscillator in the motor is possible.
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Abstract

The principle of micropump is proposed, in which, micro
bubble by evaporation of liquid as ethanol is utilized for
driving force. Microbubble is induced, grown and shrunk by
heating/cooling ethanol directly by a micro heater and this
bubble pushes and draws a membrane periodically according
to sinusoidal input. The main body of pump and the
membrane is made by lithographing PDMS. The membrane
separates the bubble chamber and micro-channel which has a
diffuser to let liquid flow in a same direction. In this paper,
fabrication process of a micro-pump we proposed and
preliminary experimental results were shown.

1. Introduction

Currently there is active research of microsystems such as
1 -TAS, medical apparatus for in-living-body embedding,
and highly efficient micro-chemical analysis equipment.
These devices require ultraprecise flux control making the
use of micropump indispensable. The development of
micropumps has been performed exploiting the excellent
features of microbubble. Such pumps have some
advantageous characteristics induding a low heat capacity of
the heater, and a low-voltage drive induced by
demagnification. One example of a microsysytem using a
micropump is an ink-jet printer, which heats liquid (ink) to
convey it directly to the target[1],[2]. However this system
has some problems. The liquids that it can use are restricted
to those suitable for bubble generation, those with a low
boiling temperature, and residual air bubbles arise with
repeated drives, so that pumping ability needs to be regulary
checked. Therefore, we proposed a micropump that uses a
membrane. The membrane is between the bubble-generating
section and the microchannel. The pump is driven by the
power generated from a bubble transmit across the liquid.

In this research, a micropump was developed by the
evaporation expansion of a liquid which was the source of a
low-voltage drive, and its operation was verifed using the
principle of a micropump that drives fluid using membrane.
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2. Principle of micropump

Figure 1 shows the principle of the proposed micropump. A
principle of driving a membrane by the evaporation of a
liquid at its boiling point was developed to overcome the
problems of previous pumps. A liquid with a low boiling
point such as ethanol is placed in the bubble generation
chamber located on the another surface of the membrane and
repeatedly heated and cooled. Ethanol evaporation caused by
heating induces microbubble which shrink when the ethanol
is cooling. Accordingly, the membrane is periodically driven
in a vertical direction. We investigated the dependence of
microbubble growth and shrinkage on electric input.

: Signal controller l

Signal controller l

Fig.1 Principle of micropump shown from the side view
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Fig.2 Schematic drawing of prototype micropump

3. Micropump design and fabrication

3.1 Design

Figure 2 shows a schematic drawing of the prototype
micropump. The pump consists of 4 layers; a microheater, a
bubble chamber, a membrane and a microchannel.

PDMS (polydimethylsiloxane), which is a type of silicone
rubber, was used as material for all the layers except the
heater layer.

The bubble method was not used for microchannel
fabrication. Therefore, the microchannel has a simple
structure. Figure 3 shows the microchannel of the
nozzle/diffuser form. The form has a unidirectional flow.
When a microbubble expands on the diffuser side, flow
velocity becomes large from the nozzle side. The size of the
microchannel was designed to decrease the difference in
pressure between nozle and diffuser side.

3.2 Fabrication

The main bodies of the pump and membrane were
fabricated by the lithography of PDMS and by applying
MEMS(Micro Electro Mechanical System) technology,
respectively, and were combined to produce the prototype.
Figure 4 shows the prototype micropump.

3.2.1 Microchannel and bubble chamber

The width of the diffuser side was 40 um and, nozzle side
was 800um. The taper angle was 10 degrees.

Figure 5 shows the manufacturing process for the
microchannel and bubble chamber. The model was
manufactured by photolithography using a purple outdoor
daylight resist (SUS8). The microchannel has a depth of about
100 1 m, and the bubble chamber has a diameter of 2 mm.

PDMS, a transparent material, was poured into these molds,
and heat molding was taken off.

118

L 2mm 0.04rmm 0.8mm

Fig.3 Nozzle/diffuser microchannel

Fig.4 Prototype micropump
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3.2.2 Membrane

The membrane was generated on a glass substrate. It was
heated for 1 minute, and then placed in the bubble chamber.
It was then heated again for 15 minutes at 80 ‘C. Membrane
thickness controled by changing the number of rotations of a
spin coat.

3.2.3 Microheater

Metals were sputtered on a glass substrate. Chromium (film
thickness 30 nm) was sputtered first, followed by gold (film
thickness 80 nm).

Then, to generat a microbubble, a section of the metal
thin film was thinned by photolithography. The width of the
bubble-generating section can be adjusted by changing mask
shape and development time.

4. Experimental setup and experiment

4.1 Experimental setup

Figure 9 shows an outline of the experimental setup. The
bubble chamber was filled with ethanol (99.5%), which has a
low boiling point. The microchannel was filled with
ultrapure water of 25°C.

An input signal was sent by a function generator
(Tektronix AFG 320) to the microheater. The microheater
was then heated and cooled to grow and shrink a
microbubble, and this cycle of growth and shrinkage was
repeated. The generated bubble and bubble chamber were
observed by CCD microscopy and images of bub