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Purpose of publication

This publication is being created to widely introduce the achievements of research and
development activities conducted by Nikon Corporation. This is a result of R&D based on Nikon's
core technologies of “opto-electronics” and “precision” technologies that have been incorporated in
new products and/or often valued by external organizations such as academic societies.
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Representative Director
President

Toshikazu Umatate

We are facing various challenges in an unsettled world. Amid this global context, we aspire to offer solutions that are
conducive to realizing a sustainable world, not just for our customers but also for society and the environment.

In April 2022, we announced our Medium-Term Management Plan with our Vision 2030 - becoming “a key technology
solutions company in a global society where humans and machines co-create seamlessly.” To achieve this, we continue
to steadfastly strengthen our main businesses in imaging and precision equipment, while simultaneously pushing forward
commercialization and scaling of our strategic businesses in healthcare, components, and digital manufacturing. Through
these businesses, we will strive to meet society’s expectations with “trust” and contribute to society with our “creativity.”

With this report, we hope to give you a glimpse of the technology development taking place in Nikon. This includes
product development for ongoing businesses, key foundational technologies for the future, environmentally-conscious

materials processing technologies, and more.

Executive Fellow

General Manager

Advanced Technology

Research & Development Division

Masaaki Doi

In these times of rapid change and unpredictability, technology development is expected to be more diverse, adaptive,
and rapid than ever. At Nikon, our R&D teams are constantly exercising our ingenuity, striving to meet the diversifying
needs of our customers and bring our 2030 Vision to life. We are starting to see tangible fruits of our ongoing efforts in
technology development, especially in the strategic domains of business, defined in our Medium-Term Management Plan.

With a focus on technological developments in these strategic domains, we have put together technical descriptions of
products launched or announced as well as subjects covered in papers published and well-received at conferences during
fiscal year 2022. Continuing our tradition, we are delighted to share these achievements from Nikon Group’s R&D once
again this year. While this annual report captures only a fraction of the technologies developed at Nikon, I hope it will
help you get acquainted with what we do here at Nikon and give Nikon’s technology momentum to further benefit

society and the environment.
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Development of Riblet Technology for Aircraft to
Improve Fuel Efficiency and Reduce CO, Emissions
Akito ONO and Takafumi KAKEDA
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Riblets are a type of biomimetic technology with shark-skin structure. Riblets reduce the skin friction in
a turbulent boundary layer due to the fine grooves provided along the streamlines on the surface of
objects in fluids. Applying this technology to transportation and rotating devices, for example, can
improve fuel efficiency and reduce CO, emissions. For aircraft in particular, where the surface area is
large and the contribution of skin friction is significant at high Reynolds number, efforts to practical use
of riblets are actively progressing. However, this is yet to be achieved. We have developed a riblet
processing technology using laser and our goal is to put it into practical use. In this paper, we introduce
our efforts towards the application of riblet technology to the aircrafts.

Key words UZLw i, U—Y—IIT, #MHESUEE. CO, BEbEHIRL. Mz
riblet, laser processing, drag reduction, CO, emissions reduction, aircraft

compared to a smooth surface [4]. Moreover, riblets effi-

1 Introduction

In the context of high-speed movements, such as aircraft,
resistance is categorized into pressure drag (inertial drag)
and frictional drag (viscous drag). In turbulent conditions
with high Reynolds numbers, a powerful hairpin vortex
forms within the wall boundary layer. Simultaneously, a con-
tinuous longitudinal vortex emerges close to the wall owing
to a structure known as a low-speed streak. In this scenario,
a substantial wall turbulent frictional drag arises, surpassing
that of laminar flow. Minimizing this frictional drag to
enhance aircraft energy efficiency poses a major challenge
[1]. Notably, fast-swimming sharks are known to possess
small longitudinal grooves, approximately 35-100 pm in
size, on the surface of their scales [2], [3]. These grooves,
known as riblets, run parallel to the flow direction. Experi-
ments have demonstrated that these riblets can lead to a

remarkable 8—10% decrease in turbulent frictional drag

ciently separate longitudinal vortices from the walls and
suppress wall interactions [5]. Fig. 1 shows a schematic
diagram of the interaction between riblets and longitudinal
vortices. The dimensions of the longitudinal vortices near
the wall depend on the wall shear stress. Hence, the opti-
mum riblet pitch (the interval between the tops of the riblet
ridges) depends on the wall shear stress, with a larger wall
shear stress resulting in a smaller optimum riblet pitch.

The reduction in frictional drag owing to riblets depends on
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Fig. 1 Eddy-wall interaction without and with riblets. The flow is
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in the depth direction of the paper.
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the dimensions of the longitudinal vortex, specifically the
flow velocity. This effect is most pronounced when consid-
ering the dimensionless riblet pitch s*, where s represents
the riblet pitch. The maximum reduction in frictional drag

occurs when s is around 17, as shown in the following

equation:
s [F
st= VP 1)
v

where 7, is the wall shear stress, p is the density of the fluid,
and v is the kinematic viscosity of the fluid. Therefore, as the
flow velocity decreases or the riblet pitch becomes smaller,
the reduction in frictional drag gradually diminishes, eventu-
ally reaching zero. Conversely, with an increase in flow
velocity or a larger riblet pitch, the effect of reducing the
frictional drag decreases, and furthermore, the frictional
drag increases when compared to the state without riblets.
This behavior is illustrated in Fig. 2 [6]. Research on riblets
is advancing in various fields, including aircraft and wind
turbine blades. Owing to their extensive surface area, these
surfaces significantly influence turbulent frictional drag in
high Reynolds number environments [7], [8]. Moreover, the
effectiveness of riblets extends to applications in turboma-
chinery such as industrial compressors and jet engines
[9]-[11]. The optimum riblet pitch for civil aircraft flight
conditions is approximately 100 um, roughly equivalent to

a human hair’s thickness.
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Fig. 2 Drag reduction effect by riblets with various cross section.

The number s* is a dimensionless riblet size.

2 Aircraft and riblets

The impact of riblets on aircraft has garnered prolonged
interest, prompting ongoing technical developments. Nota-
bly, Boeing and Airbus conducted real-world tests in the
1990s [7]. However, despite these efforts, the technology

has not yet achieved widespread practical implementation
owing to challenges related to feasibility and longevity. Vis-
cous drag accounts for over 50% of the aerodynamic drag
during transonic cruising flights [12]. Riblets may reduce
viscous drag by approximately 6%. If riblet treatment covers
80% of the fuselage surface, a total drag reduction of approx-
imately 2% may be achieved. Moreover, if applied across an
entire fleet of aircraft for a major domestic airline, riblet
treatment may facilitate an annual jet fuel saving of 95,000
tons, equating to an estimated fuel cost reduction of 8 billion
yen and a decrease in CO, emissions by 300,000 tons per
year. This is equivalent to an average annual fuel cost reduc-
tion effect of tens of millions of yen per aircraft. In the con-
text of the growing emphasis on achieving carbon neutrality,
riblet processing stands out as an environmentally friendly
technology. Another key benefit of riblet techniques is their
adaptability, as riblet films or direct surface processing can
be applied to existing aircraft, allowing for retrofits.
Bringing riblet technology to real-world aviation applica-
tions necessitates a careful equilibrium between workability,
aerodynamic efficacy, and durability. Nikon is actively
engaged in collaborative partnerships with research institu-
tions, airlines, and other companies to advance the develop-
ment of these technologies. In the subsequent sections, we
will introduce our initiatives addressing each of these critical

technical aspects.

3 Workability

The operating profit generated through riblet technology
factors in the reduction in fuel consumption relative to the
construction costs. Hence, maintaining reasonable construc-
tion expenses is crucial. Furthermore, extended aircraft
downtime leads to substantial operational losses. As a result,
ensuring swift riblet processing is crucial, especially for
large-sized or high-surface-area objects.

The current practical implementation of riblet films
requires approximately two weeks for application, accompa-
nied by a cost in the tens of millions of yen. This emphasizes
the need for efficient methods that minimize downtime and
cost.

We successfully developed a technology for forming rib-
lets of a predetermined shape using laser ablation to achieve
large-surface area processing for aircraft. Laser ablation is a
technology that non-thermally removes material from the
surface of a material by using an ultra-short pulse laser with
a pulse width of nanoseconds, picoseconds, or femtoseconds
[13], [14].
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Fig. 3 shows a schematic diagram of riblet processing
using laser ablation. Laser riblet processing involves focus-
ing a laser beam to a few dozen micrometers using an f0 lens
and applying it to a workpiece. This causes rapid melting,
vaporization, and removal of the irradiated material. Using a
galvanometer mirror to swiftly scan the beam spot in the
riblet direction, precise riblet shapes can be created with

specific dimensions and depths.

Fig. 3 Schematic diagram of a laser processing for forming riblets
on the surface of an object

Laser riblet processing offers several advantages.

For example, highly accurate removal processing can be
achieved on various materials such as paints, films, and met-
als by selecting the optimum laser light source (e.g., wave-
length, power, pulse width).

Devising the scan pattern of the galvanometer mirror
enables the creation of various riblet shapes. Computational
fluid dynamics (CFD) is a valuable tool for designing riblets,
allowing for the generation of straight-line riblets and opti-
mized streamlines, as depicted in Fig. 4. This approach
enables the creation of not only traditional trapezoidal
groove riblets but also advanced next-generation riblets that

offer improved efficiency and performance.

Fig. 4 Smooth curved riblets generated by laser processing

Furthermore, there is substantial flexibility in the shape of

the workpiece for processing, allowing riblet formation to be

aligned with the specific object’s geometry. This is realized
by strategically designing an optimal processing path that
follows the contour of the curved workpiece surface. By
simultaneously guiding the laser beam along this path and
continuously adjusting the focal point, precise riblet process-
ing can be achieved. Fig. 5 shows an example of riblet pro-

cessing for complex shapes.

Fig. 5 Riblet processing on a 3D curved surface

Laser ablation induces minimal thermal impact, ensuring
that riblet processing preserves the inherent material dura-
bility, including coatings and films, without compromising
material quality. This characteristic allows for the retention
of long-term riblet effects, even in components with
extended replacement cycles. Moreover, laser processing
offers a non-contact approach to the workpiece without
exerting any reaction force, making it highly compatible with
automation. Utilizing a large-scale manipulator in tandem
with a laser processing head allows for autonomous control,
enabling the processor to independently approach the air-
craft and execute riblet processing automatically (Fig. 6). We
are currently developing various elemental technologies
intending to achieve large-surface area riblet processing

using a laser.
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Fig. 6 Conceptual diagram of riblet processing on a large object

We are currently making significant progress in develop-
ing an optical system for the laser processing head that sig-
nificantly enhances the processing speed of existing riblet
processors. The conventional optical system, which relies on

a single laser beam like many laser processing machines,
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faces limitations in removal volume per unit time and pro-
cessing speed. To address this issue, we are actively
engaged in developing a technology that utilizes multiple
beams for riblet processing. Our ultimate aim is to utilize
this technology to achieve riblet processing for an entire
aircraft, such as a Boeing 737-800, within a single day.
Ensuring processing accuracy at the scale of a few
micrometers necessitates effective vibration mitigation strat-
egies. When performing riblet processing on an aircraft
fuselage within a maintenance area using a processor com-
bining a large manipulator and laser processing head, vibra-
tions from the environment can be amplified by the manipu-
lator, leading to relative vibrations between the processing
head and the fuselage. This presents a potential risk of
compromising processing accuracy. Therefore, we are cur-
rently conducting a vibration response analysis of the manip-
ulator using floor vibration data collected at the maintenance
area and are studying the optimal configuration of the
manipulator. Moreover, we are developing an active vibration

isolation system that cancels relative vibration (Fig. 7).

Fig. 7 Riblet processing technology development for large objects

4 Aerodynamic performance evaluation
(Wind tunnel test)

The effectiveness of riblet processing in reducing fuel
consumption is closely linked to the aerodynamic perfor-
mance achieved. This performance relies on factors like
riblet shape, accuracy, application locations, and coverage
areas. Researchers have extensively investigated riblet
shapes that combine high effectiveness with strong work-
ability and durability [15], [16]. Shape accuracy has also
received significant attention, with both experimental and
analytical studies delving into the implications of deviations
from the ideal shape [17].

Efforts have also been directed towards advanced CFD
analysis techniques that enable the optimization of riblet

shapes tailored to specific locations. This is particularly cru-

cial for maximizing the impact of riblets in areas where their
effects are most pronounced. Concurrently, advancements in
processing technologies are being pursued to facilitate
extensive and precisely shaped riblet application across wide
surface areas. A study has indicated that if riblet processing
can be employed on any part of an aircraft’'s surface, the
main wing exhibits a more significant drag reduction effect
per unit of riblet processing area compared to the fuselage
[18].

Nikon has partnered with the Japan Aerospace Explora-
tion Agency (JAXA) to validate the drag reduction benefits of
laser-engraved riblets. Collaboratively, JAXA has designed a
specific riblet shape, which Nikon has then realized using
laser processing techniques. The evaluation of the resulting
drag reduction effect is being carried out within JAXA’s wind
tunnel facility (Fig. 8). The assessment employs velocity
distribution measurements within the boundary layer, using
a Pitot rake for data collection. Moreover, we are currently
verifying the effects of next-generation high-efficiency riblet
shapes designed by JAXA using direct numerical simulation
(DNS). To date, we have confirmed that the conventional
trapezoidal grooved riblets have a drag reduction effect of at
least 5%, and we are working to improve the riblet shape

accuracy to further improve this effect.

Fig. 8 Riblets on the flat plate model installed in the wind tunnel
test section

5 Durability evaluation (Flight test)

As mentioned in the previous section, the aerodynamic
performance of riblets is known to be influenced by their
specific shape. Consequently, the long-term enhancement in
fuel efficiency hinges on the riblet’s ability to maintain its
original shape throughout the aircraft’s operational environ-
ment. The conditions to which fuselage riblets are exposed
are uniquely challenging. Operating at an altitude of 10,000
meters, the aircraft reaches speeds around 900 km/h while

enduring temperatures as low as -50°C and intense ultravio-



Development of Riblet Technology for Aircraft to Improve Fuel Efficiency and Reduce CO, Emissions

let radiation. In addition to environmental factors, the fuse-
lage encounters pollutants like oil, engine exhaust, and
debris, as well as the impacts of takeoff and landing. The
aircraft’s surface must also withstand regular washings. To
assess riblet durability under these real-world conditions, we
are conducting flight demonstrations in collaboration with
two major domestic airlines and JAXA.

Starting in October 2022, Nikon and All Nippon Airways
Co., Ltd. (ANA) have initiated operational tests on two Boe-
ing 787 aircraft (JA871A for international flights and JA874A
for domestic flights) equipped with riblet films on their sur-
faces. These flights aim to assess the films’ durability by
periodically measuring their shape. ANA is the first Japanese
airline to operate aircraft with riblet films. Using Nikon's
laser technology, six 155 mm square riblet film sheets were
applied on each aircraft in key areas like the “vicinity of the
base of the main wing” and “upper surface of the fuselage,”
where air currents are prominent during flight. This trial
involves a total of 12 sheets (Fig. 9). Over the coming years,
we will gather extensive data from long-term operations and
undertake continuous verification, including assessing the
riblet film’'s durability. Notably, no significant shape changes
were observed even after 100 days from the riblet installa-
tion (JA871A: January 2023, JA874A: March 2023).

Fig. 9 Riblet film attached to the fuselage and its surface shape

Furthermore, starting in October 2022, Nikon, in collabo-
ration with Japan Airlines Co., Ltd. (JAL) and JAXA, initiated
the world’s first flight demonstration test using an aircraft
where riblets are directly applied to the coating surface of
the outer panel using laser technology. JAXA, focused on
riblet shapes, leveraged Nikon's laser processing expertise
to drive the application of riblets to actual aircraft, leveraging
the JAL Group’s operational and painting knowledge. We
employed Nikon'’s laser processing technology on a Boeing
737-800 aircraft (JA334]) and applied 75 mm square riblets
on both sides of the fuselage’s bottom service panel (Fig.
10). Durability flight tests were conducted, involving periodic
shape measurements. As of April 2023, more than 150 days
have passed since installation, and we confirmed no signifi-
cant shape changes owing to flight. For this evalulation,

Nikon developed a portable laser processing machine for

riblet processing on service panels at airport maintenance
areas. We conducted essential evaluations, including coating
film adhesion, aesthetics, and heat damage tests, using
samples from this processor, confirming no adverse impact
on the coating film due to laser processing. Based on this
outcome, Boeing has provided positive feedback, indicating

no technical concerns about fuselage application.

Fig. 10 Riblet application area (2 locations) and its surface shape

6 Conclusion

Nikon has been actively pursuing the application of riblet
technology to aircraft and other objects. Leveraging our
advanced laser processing technology, we are capable of
directly implementing riblets on various surfaces, including
those of aircraft and turbine blades, to enhance energy effi-
ciency. Our approach also encompasses the installation of
riblet-processed films to further reduce energy loss. Looking
ahead, Nikon envisions a future where optical and laser pro-
cessing strengths converge to enable autonomous proces-
sors to seamlessly engage in riblet processing for large
structures like aircraft and wind turbine blades. Our commit-
ment extends to the development of business solutions
driven by riblet processing, contributing to the realization of
a sustainable society through enhanced fuel efficiency and

reduced CO, emissions.
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Development of Roll-to-Roll Maskless Exposure
System for Large-Scale Pattern Deformation
Masakazu HORI, Kazuo NAITO, Takayuki NAKANO, Yoshiyuki IGURA,

Seiji HASHIBA and Yoshiaki KITO

TUF I TIEMOEICEBFTNA RAZER UL T UF Y TIVIVT FOZT XIS, ZORMMECKIUGERDY U D

YTOCATCREERTERND I VWD RIZCE, S<OMR - IGANBRINTNS. TORERMTE UTEM
7B (SR T B Roll-to-Roll FlfiZFAWV D EEMODNY RU YV THBEN A USEBFY - EEMEOE LD RAF
NTW%. E5ICRoll-to-Roll #FHifilFREABMDY A XHPRZEZ TS, KRBT /NAXADEETES S, HEHR -
FRNMEATND.

ETAN, RUR—MRZRDETDTUVF I TIVERSERDOAS R, YU IVELERU TR - HRLEED
BERIIKL, BFFT/N\A ADRETIETHIEREHER U TI00BLUEORERBELHEL D ENMDD > TNDS. (ERDE
HRBCIEFCDREREREEMECET, TUFITIVEM LICEFTNA X ZERIT D EFRHETH >/

ZI T, BEVMOEREICHINTEBDMER MO—TJDRERNRAY UABEREDHFEZITolc. COBENEEFE
MOEREEHAE BN EWHIIE UERNICEXDTAD. HRUCEBZEFERLT, A3T+ X7 1 J)UAE Roll-to-Roll
TAIAICHUTEBNEHIZRE U, A3T A REARTEBROT /A ZERISEVEHCBVTERGDE £1.8 um,
Roll-to-Roll BAR CERGHTE £4.0 um DREEZZER U D THEBZRS I D.

Flexible electronics, which is fabricated with electronic devices on flexible substrates, have been
researched and applied, because of flexibility which was not realized in conventional silicon processes.
By using Roll-to-Roll (R2R) technology, which continuously processes the substrate material, it is expected
to reduce the difficulty of handling the substrate material and improve yield and productivity. In addition,
R2R technology has merits for long-sized devices which is not subject to size restrictions in the length
direction. However, flexible substrates such as polymer materials can be easily deformed during
electronic device manufacturing process, like 100 times larger than conventional glass or silicon
substrates, because of mechanical and thermal instability. It is difficult to fabricate electronic devices on
flexible substrates with conventional exposure apparatuses, because they cannot compensate for large
amount of deformation.

We have developed a maskless exposure system with a large correction stroke that can correspond to
the amount of base material deformation. This exposure apparatus processes deformation measurement of
the base material and exposure in parallel, and exposure is performed continuously. Exposure evaluation
was performed for A3 size film and Roll-to-Roll film. We have achieved an overlay accuracy of £1.8 um for

A3 size substrates and +4.0 um for R2R substrates, so we will report the details.
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exposure system, maskless exposure system, flexible electronics, overlay accuracy, roll-to-roll

1 Introduction

Conventional electronic devices rely on rigid substrates to
host electronic components, whereas those assembled on
soft substrates are considered flexible electronics. These
devices are characterized by their lightweight, slim profile,
flexibility, and stretchability, making them suitable for appli-

cations where traditional electronics would be unsuitable [1].

For instance, the adaptability of a substrate allows for bend-
ing, contraction, and excellent biocompatibility, enabling its
integration as artificial skin to gather human body informa-
tion [2]-[4]. Their lightweight nature and resistance to
cracking also make them ideal for mobile and curved dis-
plays, leading to extensive research across various domains
[51-171.

However, the thin and flexible nature of the polymer sub-
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strate (“film substrate”) introduces handling challenges. An
approach to address this issue is to fabricate the device
using standard procedures, bonding it to a rigid substrate,
and subsequently peeling it off [8]-[10]. However, this
method necessitates an additional detachment step, and the
stress incurred during both device fabrication and detach-
ment is concentrated during the detachment process itself.
Consequently, the design of a film configuration becomes
crucial, thereby contributing to increased costs. An alterna-
tive solution under consideration involves the utilization of
roll-to-roll transfer technology, a technique long employed in
printing and other industries. This technology entails
unwinding a substrate in a roll shape, guiding it using roll-
ers, and rewinding it into a roll after processing. This
approach allows for continuous handling of the substrate,
preventing issues like wrinkling or buckling, thereby
enhancing both productivity and yield. Moreover, the roll-to-
roll process ensures the uninterrupted handling of the film,
freeing the feeding direction of the film substrate from con-
straints posed by device size. This capability opens up the
possibility of fabricating devices of unprecedented dimen-
sions [11]-[13]. Numerous attempts have been made to
fabricate devices on film substrates using roll-to-roll technol-
ogy; however, these efforts have primarily focused on single-
layer wiring procedures and the construction of expansive
electrode structures. Examples of prototype electronic
devices remain scarce. This is largely owing to film sub-
strates exhibiting significantly lower thermal and mechanical
stability compared to traditional materials like glass and sili-
con. Consequently, these substrates are prone to substantial
deformation during the electronic device manufacturing
process. Notably, conventional exposure devices cannot com-
pensate for this large amount of deformation, making it dif-
ficult to fabricate electronic devices directly on the film
substrate [14].

Therefore, to resolve this issue, we have successfully
engineered a maskless exposure device capable of accom-
modating significant deformations in film substrates. Fig. 1
shows a photograph of the developed device. This exposure
device is designed to enable roll-to-roll transfer of the film
substrate, allowing for parallel processing of deformation and
exposure measurements. Moreover, the device ensures con-
tinuous processing without necessitating to halt the transfer
process.

However, creating patterns on the film substrate remains
challenging. In this document, we delve into the technical
challenges encountered during device development and

present our proposed solutions. We then provide an over-

view of the developed device, detailing its exposure and
alignment systems, along with the evaluation results. Finally,
we discuss the outcomes of roll-to-roll exposure and show-
case a sample device prototype produced using the newly

developed maskless exposure device.

Fig. 1 Photograph of the developed direct drawing exposure device

and transfer unit

2 Technical issues and solutions

To achieve precise exposure on flexible substrates, our
device was developed based on the following key concepts:
(1) Issues with film handling

Given their low mechanical strength, flexible films are
susceptible to deformation owing to even minor changes in
tension during transfer. Consequently, any external force
applied to the film during the transition from alignment to
exposure can lead to deformation, hindering the attainment
of high-precision overlay exposure. Therefore, it is essential
to maintain the film'’s integrity and prevent deformation dur-
ing the transfer process between alignment and exposure. In
typical exposure devices, alignment and exposure are per-
formed by securing the substrate onto a flat stage. However,
when applied to thin and flexible films, this method can lead
to significant deformations and wrinkles owing to surface
adhesion. To overcome this challenge, we have adopted an
alternative approach where the film is wrapped around a
large roller, utilizing frictional force to secure it. The film is
then transferred by rotating the roller. Upon initial contact
with the roller, the film is fixed through line contact, effec-
tively minimizing deformation. Alignment measurements are
conducted directly on the roll's surface, and exposure takes
place in situ. To accommodate this configuration, all sensors
are positioned along the roller’s curvature. Moreover, these
rollers serve as a transfer mechanism, enabling continuous
roll-to-roll processing of the film.

(2) Issues with large film deformation
Film substrates exhibit deformations at a significantly

higher rate of approximately 1000 ppm owing to heat and
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film stress, which is 100 times greater than that of glass.
Moreover, local stress is induced during pattern fabrication
processes, resulting in nonlinear deformation specific to the
pattern’s shape. Hence, we opted for a maskless direct writ-
ing exposure technique capable of accommodating such
deformations and substantial correction distances. Multiple
options for maskless direct writing exposure methods are
available. However, given the curved surface of the roller
where exposure takes place, surface-based techniques are
anticipated to result in the ends beyond the ridgeline of the
roll falling out of the depth of focus. Therefore, we adopted
a scanning method using polygons, enabling exposure along
a one-dimensional straight line without relying on surface
exposure.
(3) Issues regarding productivity

The maskless exposure device operates by utilizing image
data, where the device assesses film substrate deformations,
digitally adjusts the original image, and subsequently per-
forms exposure, allowing for substantial corrections. How-
ever, there is a time lag from measurement to image genera-
tion and development, posing a challenge for continuous
processing. Furthermore, digital image corrections might
cause quantization and misalignment issues, potentially dis-
rupting wiring. While enhancing image resolution can allevi-
ate quantization effects, it concurrently increases data size
exponentially, thereby prolonging image processing. Thus,
we adopted a technique that mechanically and optically
transforms the exposure pattern while retaining the original
exposure image data. Furthermore, a target exposure speed
that can be feasibly attained in mass production is estab-

lished. Details are given in the device description.

3 Details of developed device

3.1. Overview of overall device structure

Fig. 2 shows the overall structure of the developed roll-to-
roll direct drawing exposure device.

The film is unwound from the roll, passes through the
exposure unit, and is then rewound onto another roll. Both
the unwinding and winding rolls are positioned on the same
side, forming a U-shape transfer configuration that mini-
mizes the device’s overall length. A sensor measures the
film’s edge right after it leaves the roll, and the unwinding
roll is adjusted to maintain a constant edge position relative
to the device. This ensures a stable film position during
exposure, reducing any potential deviations. The device can
accommodate roll films up to 200 meters in length, assuming

a film thickness of 100 um. Film substrates become charged

Tension control unit

Winding/Unwinding unit

[::> Cleaning/ Neutralizer|
]
=

dge position O

control Drive roller

Unwinding position

Winding position w
@Edge position Tension sensor
control
] O

. !,—I Q Tension sensor
Cleanjng/Neutralizer

Drive roller

Cleaning unit Exposure unit

Fig. 2 Overview of overall exposure device configuration

by rubbing against the roll and peeling. A charged film
destroys devices on the film and attracts particles in the air,
causing defects. Therefore, we installed a unit that removes
static electricity from the film and a cleaning unit that
removes dust. The film substrate is a non-conductor and is
transferred by multiple rollers; hence, the elimination of
static electricity is particularly important.

The rotation speed of the roller within the exposure unit,
referred to as the main roller, determines the transfer speed
of the entire device. Maintaining a constant rotation speed
for the main roller ensures the stability of the exposure posi-
tion and the amount of exposure. Rollers with tension sen-
sors attached in the front and backside of the main roller are
installed, and the tension of the film introduced to the main
roller is measured. Moreover, the tension of the film is con-
trolled by the tension adjustment unit, which controls the
difference in speed between the main roller and the drive
roller and keeps the expansion and contraction of the film
constant in the transfer direction.

The exposure system measures the alignment of the con-
tinuously transferred film in parallel and exposes it accord-
ing to the position of the pattern measured by the alignment.

Details of the exposure system are described below.

3.2. Exposure system

Fig. 3 shows a schematic of the developed exposure sys-
tem. The exposure system was comprised of several compo-
nents: an exposure module responsible for performing the
exposure process, an alignment microscope used for mea-
suring the film’'s shape, and an encoder read head along with
an encoder ring, which were utilized to detect the precise
position of the main roller. Components such as sensors
were arranged along the curved surface of the main roller.

To increase the overall exposure width, we arranged six
exposure modules into two rows with a staggered configura-

tion. Each individual exposure module had a width of 50
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mm, collectively providing a combined exposure area of 300
mm in width. Employing a direct writing exposure technique
utilizing polygons, the exposure modules were capable of
applying linear patterns, ensuring accurate exposure on
curved rollers without encountering any defocusing prob-
lems.

The unit pixel size for direct exposure was set to 2 um
square. A total of seven alignment microscopes were placed
at the joints of each module, facilitating alignment measure-

ment over the entire exposure width.

Exposure Modules

Alignment cameras —— “

Encoder Sensors —— ' =

EncoderRings

Main roller

U

Film transfer direction ﬁ

Fig. 3 Schematic side view of exposure system

Encoder rings were positioned on either side of the main
roller to monitor its rotation. The encoder heads were
aligned in two rows corresponding to the arrangement of the
exposure module, ensuring adherence to Abbe’s principle
and minimizing measurement inaccuracies. Employing a
three-phase design, each encoder head utilized the shared
Z-phase on the encoder ring to establish calibration origins
for each encoder. Please refer to Fig. 4, an expansion of
Fig. 3 on a plane, for visual reference.

When employing the direct drawing exposure technique
with a polygon mirror, exposure is hindered when the expo-
sure light encounters the corners of the polygon mirror.
This limitation prevents the polygon mirror from being uti-
lized to its full extent. Fig. 5 shows a schematic diagram of
the usable angle of the polygon and the exposure timing
chart. In the example below, if only one-third of the octago-
nal polygon’s surface area can be allocated for exposure, the
efficiency of light source utilization becomes limited to one-
third. To enhance the efficiency of light source utilization, a
time-division method is employed, whereby the light source
is shared among the three polygons. This is achieved by
shifting the phase of each polygon by 15 degrees to ensure
that their exposure angles do not align temporally. Conse-
quently, one polygon is consistently in the exposed state,

resulting in nearly 100% light source utilization efficiency and
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enhanced productivity.
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Fig. 4 Schematic diagram of exposure system development
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Fig. 5 Highly efficient utilization of polygons

3.3. Exposure results

Fig. 6 displays an image of the resolution chart that was
exposed using the developed exposure system. The proce-
dure involved applying a 1-um layer of photoresist OFPR-
5000LB (Tokyo Ohka Kogyo Co., Ltd., Kanagawa, Japan)
onto a poly ethylene terephthalate (PET) film, which was
further coated with a 100-nm layer of vapor-deposited Cu.
Subsequently, exposure took place. Following exposure, the
film was subjected to one-minute development using a 2.38%
concentration of tetramethylammonium hydroxide (TMAH).
Notably, the exposure process was based on the bit-
map image (BMP) format image data stored in the device,
and that each module achieved a minimum resolution of
4 um line/space (L/S). The results confirmed that practical
patterns, with an L/S of 6 um, could effectively be generated
within a 300 mm width using arbitrary image data.

3.4. Exposure pattern deformation method

The newly developed exposure device facilitates a real-
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Exposure range 300mm

Module-centered

Fig. 6 Resolution chart pattern exposure result

time transformation of the exposure pattern by altering the
drawing position optically and mechanically while preserving
the original exposure image data. This is achieved by
dynamically adjusting the exposure lines scanned by the
polygon mirror within the regions delimited by each of the
six exposure modules. This real-time correction addresses
intricate and substantial deformations effectively. As shown
in Fig. 7, there are four components to be changed (shift Y/
Y magnification/X magnification/rotation). The deformation

method for each component is described below.

Shift Y(=Yshear) X maghification

Exposure after
o operation

|/

Standard éxposure
= E D [ =

Direction of stage movement  Direction of stage movement  Direction of stage movement

Direction of stage movement

Fig. 7 Diagram of each correction operation

3.4.1. Shift Y (=Y shear)

The Y direction corresponds to the polygon scanning
direction. Shifting the exposure position in the Y direction
involves introducing a time offset to the polygon scan initia-
tion time. The combination of roller rotation and the Y shift
operation permits the induction of Y shear deformation. The
vector diagram of the exposure outcomes with continuous Y
shift alterations is shown in Fig. 8(a).

3.4.2. Y Magnification

Y magnification induces slight alterations in the exposure
interval by modifying the light emission cycle of the light
source, resulting in overall scaling changes. The periodic
modulation can be adjusted for each polygon face, enabling
exposure while smoothly varying the magnification. Fig. 8(b)
portrays a vector diagram illustrating the outcomes of con-

tinuous Y magnification adjustments.
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Fig. 8 Vector diagram of pattern deformation exposure result

3.4.3. X Magnification

The X direction corresponds to the roller rotation direc-
tion. The X magnification is altered by adjusting the correla-
tion between the roller and rotation speeds of the polygon
mirror. For instance, if the stage maintains a constant speed,
elevating the polygon’s rotation speed heightens the expo-
sure density, resulting in pattern contraction. Conversely,
decreasing the rotation speed elongates the pattern. Fig.
8(c) shows a vector diagram illustrating the outcomes of
implementing adjustments to X magnification.
3.4.4. Rotation (= X shear)/Shift X

The device incorporates a mechanism capable of mechan-
ically rotating the module around its center, using the 50
mm exposure range of the module as a pivot reference. This
rotational capability allows for the manipulation of the expo-
sure pattern. When combined with the roller-driven film
transfer motion, this mechanism facilitates deformation in
the X shear direction. Furthermore, each module is fur-
nished with an optical element that introduces an exposure
position shift along the X axis. Activating this element during

exposure enables individualized shift adjustments (X-shift)
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for each module. In Fig. 8(d), the vector diagram illustrates
the results obtained from continuous module rotation.
Although the amount of rotation is consistent for each mod-
ule, the integration of rotation with an X-shift introduces a

transformation of the trapezoidal shape.
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Fig. 9 Relationship between the exposure indication and measured

values

Fig. 9 shows the linearity measurement results corre-
sponding to each deformation motion shown in Fig. 8. The
X axis shows the exposure machine target value, whereas
the Y axis shows the actually measured deformation amount.
Fig. 9(a) demonstrates the linear operation within the scope
of =500 um to 500 um for shift Y. In Fig. 9(b), the Y magnifi-
cation operates linearly between -1000 ppm and 1000 ppm.
Similarly, Fig. 9(c) showcases the linear operation of X mag-
nification within a range of ~1000 ppm to 1000 ppm. Finally,
Fig. 9(d) portrays the linear behavior of rotation, ranging
from -1000 urad to 1000 urad.

4 Overlay exposure

The alignment measurement process of the developed
device is outlined as follows. The film's X-direction position
is measured by taking measurements synchronized with the
encoder’s position during the film’s transfer. Aligned along
the Y direction, the alignment microscope measures the
film’s Y-direction position. The magnitude of film deforma-
tion can be ascertained by comparing the alignment micro-
scope’s measured mark position with its designated value.
Although this procedure is performed within each module,

the alignment camera is shared among neighboring mod-
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ules. This arrangement enables seamless calculations across
modules, maintaining pattern consistency even in cases
where exposure module joints or alignment rows are
switched.

Following the computation of correction values for each
pattern deformation component from the alignment mea-
surements, the exposure unit then proceeds to conduct
exposure based on these correction values. Fig. 10 shows
the alignment calculation model. The correction amount is
calculated using the model formula from the measurement
results of the alignment microscope and the design coordi-
nates. Continuous patterns such as the roll-to-roll case are

handled by repeating this calculation for each column.

4.1. Overlay accuracy evaluation and results

The results of evaluating the alignment measurement and
overlay exposure are described. The results of fabricating a
laminated structure on an A3-sized film and the results of
fabricating a laminated structure by transferring the film by

a roll-to-roll method are shown.
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Fig. 10  Alignment calculation model

4.1.1. Evaluation results for A3 size film

A multilayer structure consisting of Al/SiO,/Al/protective
film was fabricated on an A3-size PI film. Photolithography
was used to process metal wiring and open patterns on each
layer. Additionally, an intermediate layer was annealed at 200
°C for one hour. Fig. 11(a) shows the vector diagram of the
shape of the film when processing the protective film, and
Fig. 11(b) shows the vector diagram of the measurement
error amount when conducting overlay exposure.

The film's shape in Fig. 11 (a) exhibits contraction along

the longitudinal and expansion along the lateral direction due
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20um

(a) vector of alignment results

Fig. 11

(b) Overlay vector

Evaluation result of overlay accuracy on A3 film

to film stress and annealing. Achieving overlay exposure on
such a shape using conventional exposure devices is chal-
lenging. However, the exposure device developed in this
context demonstrates the capability to perform exposure
while accommodating the film's deformation. Fig. 12 shows
the histogram of the overlay error amount of the exposed
film. The overlay accuracy has a mean of +3¢ and is
+ 1.8 um for both X and Y. Furthermore, the device was
verified to successfully track the film’s deformation and

execute overlay exposure for all other layers.
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4.1.2. Roll-to-roll evaluation results

After continuously forming Al wiring for 20 m using the
roll-to-roll method, an insulating layer was formed and
annealed. An aperture pattern was formed by photolithogra-
phy while aligning the film in this state. Fig. 13 shows the
film shape and measurement results of overlay exposure
when alignment exposure was conducted on the film.

The alignment results indicate elongation in the X direc-
tion and a meandering component in the Y direction. More-
over, deformation is possibly caused by the process. How-
ever, the overlay outcomes have been adequately rectified,
and the histogram presented in Fig. 14 demonstrates that

the overlay accuracy remains within a range of =4 ym. In a

13

previous report, we presented the findings of film patterning,
confirming the successful fabrication of highly precise long-
distance patterning under conditions that closely resemble

actual processing [15].
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4 Pattern fabrication example

We have successfully validated the feasibility of generating
a wide range of patterns on films using the exposure device,
encompassing laminated structures and monolayer wiring
patterns. In Fig. 15, we illustrate an actual prototype of an
extended pattern. Our efforts have extended beyond refining
the exposure process; we have also designed equipment that
supports the roll-to-roll process, enabling the creation of
continuous patterns spanning at least 20 meters in all roll-to-
roll procedures. During the device prototyping phase, itera-
tive checks and adjustments are typically necessary in each
process, impacting patterns. However, given that this device
operates as a maskless direct drawing exposure system,
adjustments can be seamlessly implemented by altering the
computer aided design (CAD) data, leading to an enhanced
prototyping cycle and increased frequency of trials. More-

over, when producing devices that harness flexible proper-



Nikon Research Report Vol.5 2023

b

! ; 'Q‘ "r:‘ﬂl“ MM i

Fig. 15 Prototyped long pattern
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Artist Katsushika Hokusai

Title Under the Wave off Kanagawa ,also known as The Great Wave,
from the series Thirty-Six Views of Mount Fuji (Fugaku sanjarokkei)

Place Japan (Object made in)

Date 1826-1836

The Art Institute of Chicago

Fig. 16 Thirty-Six Views of Mt. Fuji exposed by maskless exposure
machine

ties, such as flexible electronics, precision in shaping the
devices to match their intended form and function is crucial.
With a maskless approach, the potential for on-demand
manufacturing emerges, allowing for tailored fabrication
based on specific applications through image data updates.
This flexibility also enables the prototyping of devices with
diverse shapes within an extended film. To illustrate this
capability, Fig. 16 presents an exposure demonstration of an
arbitrary pattern derived from the image “Thirty-Six Views
of Mt. Fuji”. In Fig. 16(b), the original image is depicted,
whereas Fig. 16(a) demonstrates the exposed image with
dimensions of 800 xum x 600 xm. Notably, a highly intricate
pattern has been achieved, even capturing subtle details

such as water splashes in miniature regions.

6 Conclusion

In summary, our development of a maskless exposure
device capable of achieving high-precision overlay exposure
on films with significant deformation achieved promising
results. We successfully demonstrated the creation of lami-
nated films requiring precise alignment, ranging from
A3-sized films to continuous films extending over 20 meters.
Notably, for A3-sized films, we verified the attainment of
sub-2 um accuracy for overlaying patterns as fine as 6 um L/S
(Line/Space) on extensively deformed films subjected to
deposition and annealing processes.

An additional advantage lies in the adaptability of the expo-
sure pattern through simple modifications of CAD data. This
capability proved highly valuable for rapid prototyping and the
realization of on-demand patterns. Moreover, the exposure
device holds particular promise for the roll-to-roll method,
enabling the flexible production of a diverse array of elec-
tronic devices. We anticipate that our device will significantly

contribute to the advancement of flexible electronics.
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Confocal Super-Resolution Imaging using SPPC
Array Detector

Junya OHKAWA, Daisuke KOMORIYA and Yuta KUSUI
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Cells are the basic elements of living organisms. Cells, which are several tens of micrometers in size,
contain numerous organelles such as the nucleus, mitochondria, endoplasmic reticulum, and Golgi
apparatus, including countless proteins that function to maintain life activities. Organelles and proteins
can be fluorescently stained and have been imaged with a fluorescence microscope for several years. To
understand the physiological mechanism more accurately, higher spatial resolution imaging is required.

The confocal laser microscope system AX/AX R is a fluorescence microscope that can acquire thin
optical sectioning images without unnecessary out-of-focus light, and is utilized to image cells. We
installed a new super-resolution detector unit NSPARC (Nikon SPatial ARray Confocal) on the AX/AX R.
NSPARC employs a special detector called an SPPC array to improve spatial resolution without sacrificing
the advantages of conventional confocal microscopes. Here, we first explain the optical principle of
improving the spatial resolution of the NSPARC, and then explain the SPPC array detector. Finally, we

introduce an application model for biological samples.

HERTEMERE, BRGEAA—IVT
confocal microscopy, super resolution

Key words

] Introduction

Confocal microscopy [1] targets tissue sections and cell
clusters with a size of several hundred micrometers to sev-
eral millimeters, and cells of tens of micrometers (Fig. 1(a)).
The smallest target is a microstructure within cells called
organelles, which have a size of several hundred nanome-
ters. These organelles can be labeled with different colors
with fluorescent proteins or fluorescent dyes, and their intra-
cellular dynamics can be imaged with a confocal microscope

(Fig. 1(b-e)). The structures and subcellular localizations of
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organelles are closely related to the cell function and patho-
physiology and are subject to imaging in fields such as life
science and drug discovery.

Although conventional confocal microscopes can capture the
external shapes of organelles, it is difficult to accurately capture
the fine internal structure. There were problems in terms of
large trade-offs, such as a significant decrease in temporal reso-
lution and an increase in photo-damage, as described below.
Therefore, we developed a super-resolution detector unit called
NSPARC that can improve the spatial resolution of conventional

confocal microscopy applications without these trade-offs.
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(d)

Fig. 1
(a) Four types of organelles of HeLa cells were fluorescently labeled

Multicolor images captured with a confocal microscope

and captured with a confocal microscope (AX).
White: Nucleus
Green: Actin (cytoskeleton)
Red: Microtubules (cytoskeleton)
Yellow: Mitochondria

(b-e) Enlarged monochrome image of each organelle
Scale bar (a) 10 um, (b-¢) 2 pm

2 Optical principles of NSPARC

First, an outline of the principles of a confocal microscope
is given. A confocal microscope is a type of laser scanning
microscope that restricts out of focus light by passing the
fluorescence signals from a sample through a confocal pin-
hole and extracting only the fluorescence signals near the
focal plane. In the confocal optical system laser scans the
sample surface in a state in which the pinhole and the laser
light source always maintain a conjugate relationship. A
sample image can be captured by measuring the intensity of
fluorescent light that has passed through the pinhole with a
photodetector such as a photomultiplier tube (PMT) and

creating a light intensity map that associates the position of
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the scanning mirror with the measured light intensity (Fig.
2). A confocal microscope image is characterized by a high
signal-to-noise ratio (S/N) because of the suppression of out
of focus light by the pinhole.

To obtain images with a high spatial resolution while
ensuring a high S/N, it is necessary to narrow the pinhole
diameter to the Airy diameter, which is the spot size calcu-
lated from the theoretical calculation of the point spread
function (PSF) of the fluorescence signal. In confocal micro-
scopes, it is common to use the values converted to the Airy
unit (AU) to express the pinhole diameter, and this expres-

sion is also used in this paper.

@scan the sample with laser light
using a scan mirror
illumination light

@Measure fluorescence intensity
excited by laser light

Generate a fluorescence intensity map
by associating with the position of the
scan mirror and use it as a sample image

Fig. 2 Fluorescence signal image acquisition scheme of confocal

microscope

For general observation, the pinhole diameter is set to a
value close to 1 AU (= 1.22 A/NA), which balances the spa-
tial resolution and S/N. However, when spatial resolution is
prioritized, the pinhole may be narrowed to less than 1 AU.
If the pinhole diameter is reduced, the spatial resolution
improves, but when the pinhole diameter is less than 1 AU,
the fluorescence signal is also cut off significantly, resulting
in the deterioration of S/N. Comparing the relationship
between the spatial resolution and fluorescence intensity
with respect to the change in pinhole diameter, it can be
seen that the decrease in fluorescence intensity is steeper
than the improvement rate of the spatial resolution under the
condition of a narrow pinhole with less than 1 AU (Fig. 3).
The deterioration of the S/N also adversely affects the
results of deconvolution (inverse convolution calculation)
image processing. Therefore, if the pinhole size is reduce, it
is not always possible to capture a high spatial resolution
images. In order to capture high-resolution images, it is nec-
essary to improve the resolution while maintaining the S/N.
Therefore, it is necessary to decrease the operation speed or
increase the laser power to improve the S/N. However, these
measures are accompanied by large trade-offs such as a
decrease in temporal resolution and an increase in photo-

damage to the sample. NSPARC is a microscope device that
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has overcome this trade-off relationship between spatial
resolution and S/N, and adopts an optical system based on
image scanning microscopy [2]-[5] (hereinafter referred to
as ISM), enabling image acquisition with both high S/N and
high spatial resolution.
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Fig. 3 Relationship between pinhole diameter and fluorescence
-spatial resolution
FWHM: Full Width at Half Maximum

Next, ISM, which is the imaging technology used in
NSPARC, is explained. In ISM, instead of a pinhole, a two-
dimensional array detector is placed at a position at which it
can be conjugated with a laser light source. While this detec-
tor functions as a pinhole, it also performs light intensity
measurements at the same time. In addition, by using an
array detector, the fluorescence projected onto the detection
surface can be divided and captured by each pixel, and the
spatial resolution can be improved by the image processing
described below. Under standard observation conditions,
projection was performed under the condition that 1 AU is
inscribed onto a 5 x 5 pixel array detector, and fluorescence

signal for the size of 0.2 AU per pixel is captured (Fig. 4).

Confocal microscope
detector

pinhole

O D O v
e 1A,
NSPARC O Ozoom optics SPPC Array
0.2AU

Fig. 4 Comparison of the optical systems of a confocal microscope
and NSPARC

Each pixel of an array detector generates a light intensity
map from the results of the light intensity measurements,
and outputs it as an image. These output images have an
improved spatial resolution because each pixel corresponds
to a pinhole with a diameter of 0.2 AU, but they are dark
and have a poor S/N because these are images captured

with small pinhole. However, as a fluorescent signal equiva-
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lent to 1 AU can be secured if the images obtained from
each pixel are summed up, the S/N of the images can be
increased. However, image shifts occur between the images
obtained by each pixel, and the spatial resolution then
becomes equivalent to 1 AU just by summing up. In ISM,
images with both a high resolution and high S/N, which
were difficult to obtain with conventional confocal micro-
scopes, can be obtained by performing reassignment pro-
cessing. This is a process during which images are shifted
and summed up while a spatial resolution of 0.2 AU is main-
tained (Fig. 5).

Sum process Reassignment process

PSF output by
simple integration

PSF integrated with peak shift

Intensity Intensity

PSF output from each pixel

S A NN\~ Position -~ Position

The image output from each
pixel is high resolution but dark

Shift the image of each pixel
to create bright and high-
resolution image

Fig. 5 Relationship between reassignment processing and PSF

The basic principle of reassignment processing, which is
the image processing used in ISM, is explained. Effective
PSF., which represents the imaging performance of a con-
focal microscope, can be obtained by calculation, and the
effective PSF. of each pixel of an array detector can also be
estimated. In reassignment processing, the amount of PSF
shift due to each pixel arrangement of the array detector is
calculated by a theoretical calculation and is corrected to
match the PSF peak position of each pixel by shifting it in
the reverse direction during summing up.

The effective PSF.; of a confocal microscope is obtained
from Eq. (1) from PSF, as determined by the excitation
optical system, PSF., as determined by the detection optical
system, and the pinhole function, PH.

PSF(r) = PSFo.(n){PSF.,(r) ® PH(r) } (1)

In the ISM optical system using an array detector, each
pixel acts as a tiny pinhole and moreover, it is at a position
shifted from the optical axis by the arrangement of each
pixel. Therefore, the effective PSF. of each pixel is obtained
from Eq. (2) when the pinhole is positioned at the position
with the same axis shift as the arrangement of the array

detector.

PSF 4(r) = PSFo.(n){PSF.,(r) ® PH(r—d) } (2)

It can be seen that PSF. in this case has a peak position
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at a position shifted from the optical axis (Fig. 6). As the
shift amount and the shift direction also change depending
on the position of the pixel, the correction amount of the
shift is calculated for each pixel, and the output images from
each pixel are moved and summed up. The process of shift-
ing and summing up these images is called reassignment
processing, and the images captured at each pixel can be
summed up while maintaining a spatial resolution of 0.2 AU.
The reassigned image can haven an improved spatial resolu-
tion by about 1.3 times while the S/N can also be main-
tained with respect to the standard 1 AU image.

In addition, it is possible to perform deconvolution of the
reassigned image by using the effective PSF. after reassign-
ment processing. This image processing can remove back-

ground light blurring and improve the spatial resolution.

I I Optical axis misalignment

) 1 due to pixel arrangement
Illumination PSF ( PSF,.(r)) 1 + N
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Detection PSF
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Fig. 6 PSF of ISM
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Fig. 7 Spatial resolution in biological samples

Microtubules of HeLa cells captured with PlanAPOAD 60x 1.42
(a) Confocal image
(b) Reassigned image
(c) Reassigned image + Deconvolution processing

Scale bar is 500 nm.
(d) Line profile shown in (a) to (c)
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Fig. 7 shows (a) a confocal image, (b) a reassigned image,
and (c) a deconvoluted image of the reassigned image. It can
be seen that the two linear structures that could not be
resolved in the confocal image can be confirmed as the
cleavage after the reassignment processing and can be fur-

ther clearly resolved into two by deconvolution.

3 SPPC Array detector

Next, we explain the single pixel photon counter (SPPC)
array detector newly adopted by NSPARC. The detector
used in NSPARC is a newly developed SPPC array. The
SPPC array is a photon counting device in which avalanche
photo diodes (APDs) are arranged in array form. It is some-
times called a single photon avalanche diode (SPAD) array.
A two-dimensional array detector was required for ISM.
There was also the idea of using a conventional PMT in the
early stages of development, but it is difficult to arrange the
detection surface in an array in addition to its large size.
Therefore, we adopted an SPPC array in which 25-pixel
APDs are installed in array form.

The SPPC array used in NSPARC is paved with 25 pixels
with a 50 pm X 50 um square being one pixel (Fig. 8). The
light receiving surface of the detector is only 250 pm X
250 um, even if 25 pixels are combined. It is possible to
increase the size of the detector, but increasing the size of
the detector would lengthen the optical system required for
focusing, which would increase the size of the device. In
contrast, in the case of a small detector, a high accuracy is
required for alignment adjustments. The pixel size of the
detector also affects the sensitivity and noise. After various
considerations, it was judged that a pixel size of 50 um was
optimal.

Although the size is smaller than that of a PMT, the
parameters directly related to image quality, such as detec-

tion efficiency and wavelength range sensitivity have the

PMT SPPC Array

Fig. 8 PMT and SPPC array size comparison
The PMT is approximately 80 mm x 28 mm, while the SPPC array

is approximately 7 mm X 7 mm.
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same performance as for a PMT. From the images actually
captured, it can be seen that the SPPC array images are
comparable to those of a PMT (Fig. 9).

(b)

Fig. 9 Comparison between the GaAsP PMT and SPPC array
(a) Confocal image captured by the GaAsP PMT
(b) Confocal image captured by the SPPC array detector

The SPPC array also represents an improvement in terms
of usability, although this does not directly affect the image
quality. The sensitivity of the PMT may deteriorate when
receiving strong incident light. Therefore, it is necessary to
be careful to not use intense light during use. The confocal
microscope AX was equipped with a safety function to stop
imaging when strong light was incident. Compared with the
PMT, the SPPC array receives no damage due to incident
light and can be used with ease. Therefore, there is no has-
sle of imaging potentially being interrupted by the safety
mechanism.

The process of constructing an image from the signal
output of the SPPC array is described. The SPPC array is an
array of APDs that multiplies a single incident photon and
outputs a single electrical pulse signal. Many detectors, such
as a PMT, acquire the voltage value by converting the light
to the strength of the voltage and doing an AD conversion.

Then, the AD-converted numerical value becomes the

Voltage I
PMT |
| / Time
Image p|xel dwell time
Voltage
SPPC
Array >

\\ T i'm e

Image D_L-
Fig. 10 Difference in image construction methods between the PMT
and SPPC array
In the PMT, the strength of the analog voltage becomes the
brightness value of the image, but in the SPPC array, the
number of pulses counted within the time of one pixel

becomes the brightness value of the image.
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brightness value of the image (Fig. 10 top). However, the
SPPC array outputs a unique voltage pulse regardless of the
magnitude of the light intensity when the photon hits the
light receiving surface. It is possible to count the number of
incident photons by counting these pulses with an electric
circuit. In the SPPC array, this count number becomes the
brightness value of the image (Fig. 10 bottom). Thus, the
SPPC array is also significantly different from the PMT in
terms of the signal output method, and can realize a higher
S/N and more stable measurements than a PMT in feeble

light measurement.

4 Applications using biological samples

Three applications using NSPARC are introduced. First,
the images of multi-color imaging are shown in Fig. 11. The
fixed HeLa cell nucleus was labeled with a fluorescent probe
called DAPI, the microtubule with Alexa Fluor™ 488
(Thermo Fisher Scientific Inc-JP. Tokyo, Japan), and the
mitochondrial outer membrane with Alexa Fluor™ 568
(Thermo Fisher Scientific Inc-JP) (Fig. 11(a)). Excitation
was done sequentially at three excitation wavelengths of 405,
488, and 561 nm, and imaging was captured with NSPARC.
Figs. 11 (b-d) show reassignment + deconvolution images,
and Figs. 11(e-g) show confocal images. In NSPRAC images,
the contrast and S/N are remarkably improved, and the
microstructure of each organelle is clearly captured.
NSPARC can improve spatial resolution in multi-color imag-
ing, which is a conventional application of confocal micros-
copy, and is expected to play an active role in the study of
interactions between organelles and the localization of
protein molecules.

Next, images of live cell mitochondria are shown in Fig.
12. Mitochondria are composed of a double membrane con-
sisting of the outer and inner membranes; the inner mem-
brane has a stripe-like structure called the cristae invagi-
Green FM

(Thermo Fisher Scientific Inc-JP) was used as a fluorescent

nated toward the interior. MitoTracker™

probe to observe the cristae structure. Fig. 12(a) shows the
reassignment + deconvolution image, and Fig. 12(b) shows
the confocal image. The cristae, which were blurred in the
latter image, could be clearly visualized in the first image
with increased contrast. Next, the morphological changes of
mitochondria was observed by time-lapse imaging. The
morphology of mitochondria is known to change dynami-
cally within the cell, with repeated division and fusion on a
second-by-second basis. In Fig. 12(c), the time-lapse images

at 1.9 fps in 3-s intervals captured the moment when minute
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Fig. 11

(a) Reassignment + deconvolution image of fixed HeLa cell

Multi-color imaging images

White: nucleus (405 nm excitation), green: microtubules (488 nm excitation), orange: mitochondria (561 nm excitation)
Captured with a PlanAPOAD 60x 1.42 oil objective lens.
(b-d) Reassignment + deconvolution images. b) nucleus, ¢) microtubules, d) mitochondria

(e-g) Confocal images e) nucleus, f) microtubules, g) mitochondria

The scale bar is (a) 2 um, (b-g) 500 nm.

Fig. 12 Live cell imaging of mitochondria
Image of mitochondria labeled with MitoTracker™ Green FM. Captured with a PlanAPOAD 60x 1.42 oil objective lens.
(a) Reassignment + Deconvolution image and (b) Confocal image

(c) Time-lapse image of assignment + deconvolution image

Frame rate of 1.9 fps, captured in 3-s intervals.
The scale bar is 500 nm.

mitochondria of about 500 nm moved around violently and
fused into large mitochondria. It is known that there is a cor-
relation between mitochondrial morphology and cell viability,
and NSPARC is expected to play an active role in the
research focusing on the relationship between mitochondrial
morphology and disease.

Finally, the z-stack images of the cleared mouse brain slice
are shown in Fig. 13. A5 X 5 tiling image (Fig. 13(a)) cap-

tured with a 10 X objective lens and a partially enlarged
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image (Fig. 13(b)) are shown. It can be seen that the neu-
rons expressing a fluorescent protein called eYFP are
densely packed. Further, the objective lens is switched to a
60x oil immersion objective lens and a z-stack image of the
light blue frame part of Fig. 13(b) is captured. The three-
dimensional image is shown in Fig. 13(c). The dendrites
were observed to form the neural circuits and run in various
directions. In addition, spiny structures called spines with a

diameter of about several hundred nm could also be con-
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Fig. 13
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z-stack images of cleared mouse brain slice

(a) Entire image of a cleared mouse brain slice. A 5 x 5 tiling confocal image captured with PlanApo10x/0.45.

(b) Enlarged confocal image of part of (a)

(c) Three-dimensional image of reassignment + deconvolution image of the light blue frame part of (b)

Captured using PlanApo AD60x 1.42 oil.

(d) Enlargement of max projection of 80-100 um deep part of (c) (reassignment + deconvolution image)

(e) Enlargement of max projection of 80-100 um deep part of (c) (confocal image)

Scale bar (a) 1000 pm, (b) 200 pm, (d, ) 500 nm
Sample courtesy: Lin Daniel, PhD. SunJin Lab Co.

firmed on the surface of the dendrites. Fig. 13(d) shows an
enlarged part of the max projection image of the 80~100 um
deep part of the z-stack in Fig. 13(c). Compared with the
confocal image in Fig. 13(e), it can be seen that the spines
are not just spherical, but have various shapes. Thus,
NSPARC is also useful in deep z-stack imaging.

As shown in the above three examples, NSPARC can
improve the spatial resolution for general applications, such
as multi-color imaging, live cell imaging , and deep imaging

of confocal microscopy without trade-offs.

4 Conclusion

We believe that NSPARC equipped with ISM technology,
which has no trade-offs compared with conventional confocal
imaging, will become the standard for confocal microscopy
in the future. In addition to the results shown in Section 4, it

is possible to greatly improve spatial resolution in many con-
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focal microscope applications. Furthermore, this technique
can be expected to be widely used not only in bioimaging in
academia, but also in industrial fields, such as in drug effi-
cacy evaluation and toxicity testing in drug discovery. For
example, we can image cancer invasion in 3D cultured cells
by utilizing the deep imaging capability of NSPARC, and
image morphological changes due to drug responses in
mitochondria and nerve cells sensitive to light damage by
utilizing low phototoxicity. It is expected that new evaluation
indices such as morphological changes of organelles and
protein localization, which have been unobservable or over-
looked so far, will be discovered, leading to an improved

efficiency and accuracy of drug efficacy evaluation.
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“LuFact” is an industrial camera equipped with highly reliable technology that Nikon has cultivated over
several years under its consumer camera product category.

In July 2022, A1000-G, A1000-U, and two types of camera heads, AH020-MR and AH080-MR, were
released. In March 2023, we developed the A2000-G and three types of camera heads: AH080-CR,

AHO50-MG, and CHO050-MG.

This section describes the development elements of the LuFact series.
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industrial camera, GigE Vision, EtherNet/IP, high reliability, edge computing

1 Introduction

“LuFact” is an industrial camera that is equipped with
highly reliable technology that Nikon has cultivated over
many years in consumer camera products. In July 2022,
A1000-G/A1000-U and two types of S-mount camera heads
AHO020-MR and AH080-MR were released. In March 2023,
the Al processing unit A2000-G, two types of S-mount cam-
era heads AHO080-CR and AHO050-MG, and one type of
C-mount camera head CH050-MG were released (Fig. 1).

Here, we explain the development elements of the LuFact

series.

LuFact series

Fig. 1
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2 Compact and separate design

The camera head with the image sensor was separated
from the image processing unit with the image processing
Integrated Circuit (IC) to achieve an ultra-compact camera
head. The dimensions of the S-mount model camera head
are 20 mm X 20 mm when viewed from the mount sur-
face. However, through strategic optimization of the board
layout and component placement, it remains fully compat-
ible with 1/1.8-inch 8-megapixel image sensors (Fig. 2).
This achievement in miniaturization also enhances the

adaptability of the camera head for integration into exist-

Fig. 2 Camera head (S mount)
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Fig. 3 Differential signal eye pattern (cable length: 10 m)

ing equipment and production lines.

Moreover, advancements in cable design allow for the
extension of the cable length between the camera head and
the main unit up to 10 meters. This accomplishment is
facilitated by an embedded clock type differential signal,
engineered to support long-distance transmission. The incor-
poration of optimized wiring patterns and an equalizing func-
tion further counteracts the signal attenuation inherent to
extended distances (Fig. 3).

A significant benefit arises from the segregation of the
image processing unit, a notable source of heat generation,
from the camera head. This separation significantly reduces
temperature rise in the camera head, preventing potential
instances of overheating-related camera stoppages. Further-
more, this feature renders the camera head suitable for
attachment to devices where temperature-related impacts

must be minimized or avoided.

3 Supported communication standards

With LuFact, multiple communication standards are sup-
ported, and they can be used according to the customer’s
usage environment and purpose.

Currently, the communication standards supported by the
A2000-G are 1. GigE vision standard, 2. RTSP/RTP streaming
standard, and 3. EtherNet/IP standard. Here, we describe
each standard and its application in A2000-G.

3.1. GigE vision standard

The GigE vision standard is an image transfer standard
that is standardized by the Association for Advancing Auto-
mation (AAA), an automation ecosystem industry group in
the United States. It is mainly intended for applications to
industrial digital cameras and their counterparts (e.g., appli-

cation software running on Personal Computers (PCs). Giga-
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bit Ethernet was used as the lower layer of the communica-
tion protocol, facilitating the use of low-cost standard cables
and network equipment, as well as long-distance, high-speed
image transfer. Standard-compliant products can be intercon-
nected, and hundreds of standard-compliant products are
offered by companies worldwide.

The GigE vision standard consists of three parts: device
detection, GigE Vision Control Protocol (GVCP), GigE
Vision Stream Protocol (GVSP), and format (Fig. 4). Genl-
Cam and SFNC were also adopted as software interface
standards.

The A2000-G is set so that GigE standard-compliant appli-
cation software automatically starts when shipped from the
factory. Moreover, we provide LuFact Utility application
software that runs on a PC, enabling users to operate the
A2000-G as a GigE standard camera immediately after pur-
chasing the A2000-G.

GVCP
GigE Vision Control Protocol

GVSP

Application Layer . . X
GigE Vision Streaming Protocol

Transport Layer UDP Port Number

Network Layer IP Address

Link Layer MAC Address

Fig. 4 GigE Vision

3.2. RTSP/RTP Streaming standard

RTSP stands for “Real Time Streaming Protocol” and is a
streaming control protocol that is standardized as RFC2326 by
Internet Engineering Task Force (IETF). RTP is an abbrevia-
tion for “Real Time Transport Protocol”. RTP is standardized
as RFC3550 by IETF, and is a data communication protocol
that provides real-time delivery of data streams such as voice
and video. UDP is used for the lower streaming layer (Fig. 5).

RTP is used together with RTCP, and the main roles of
RTP are jitter compensation and data loss detection.

The A2000-G uses the RTSP/RTP protocol for the LuFact
Streaming application software. RTSP involves the imple-
mentation of only the required methods (DESCRIBE,
OPTIONS, PLAY, SETUP, TEARDOWN) on TCP/IP (set-

tings related to images are implemented in a different way).

Application Layer RTCP RTP

Transport Layer TCP Port Number UDP Port Number

Network Layer IP Address

MAC Address

Link Layer

Fig. 5 RTSP/RTP
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Notably, RTP has no audio, and the images are transferred
after applying the MPEG/AVC (H.264) encoding format.

3.3. EtherNet/IP Standard

EtherNet/IP represents an industrial networking standard
built upon the foundation of Ethernet, designed to offer
simultaneous connectivity for Internet, enterprise, and indus-
trial automation applications. The architecture incorporates
a two-layer structure, with the application layer employing
the Common Industrial Protocol (CIP), while the lower layer
employs the Transmission Control Protocol (TCP) and User
Datagram Protocol (UDP) for data transmission (Fig. 6).

EtherNet/IP is versatile, serving various communication
needs across control and information levels. Beyond Ether-
Net/IP’s scope, CIP encompasses additional protocols such
as CompoNet, catering to sensor and actuator communica-
tion, and DeviceNet, tailored for device-level interactions.
These protocols are accompanied by features like communi-
cation security, time synchronization, and multi-axis motion
control. Leveraging the CIP network’s capabilities, develop-
ers can create application software capable of comprehen-
sively managing entire systems.

Managing and certifying the CIP standards, including
EtherNet/IP, is the responsibility of the Open DeviceNet
Vendors Association (ODVA), a non-profit organization head-
quartered in the United States. Broadly speaking, two types
of communication are supported: implicit communication,
which is periodic communication; and explicit communica-
tion, which allows communication at arbitrary timing such as
events. It is characterized by its high compatibility with
TCP/UDP/IP compared to other industrial networks.

The A2000-G adopts this EtherNet/IP communication
standard and uses EtherNet/IP for communication with a

programmable logic controller (PLC).

Profiles

Application Layer Object Library
cp

Data Management Services
Explicit and I/O Messages

Transport Layer TCP Port Number UDP Port Number

Network Layer IP Address

Link Layer MAC Address

Fig. 6 EtherNet/IP

4 Performance in dark settings

The AH020-MR camera head is equipped with a back-

illuminated monochrome high-sensitivity image sensor with
2.13 effective megapixels. A small amount of light can be
converted into electrical signals even in environments where
lighting equipment cannot be installed. Notably, it is possible
to acquire a clear image without installing an illumination

device while suppressing noise amplification by gain (Fig. 7).

AHO020-MR (illuminance: approx. 8x)

Other company's product (illuminance: approx. 8Ix)

Fig. 7 AHO020-MR performance in dark settings
4 High reliability

Industrial cameras must operate continuously 24 hours a
day, 365 days a year. Hence, temperature is one of the fac-
tors that must be controlled for stable operation. We
repeated thermal simulations so that the unit could with-
stand high-load image processing, and determined the shape
of the heat sink and size of the cooling fan (Fig. 8). Stable
operation was achieved without stopping operation owing to
overheating protection (thermal shutdown), even at maxi-

mum load.

Fig. 8 High reliability
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6 Edge computing

The LuFact A2000-G incorporates a Central Processing
Unit (CPU) with Artificial Intelligent (AI) capabilities,
enabling it to inspect missing components without the need
to transfer image data to a separate PC or server (Fig. 9).
Integration of a barcode reader allows for the retrieval of
serial numbers, which can then be correlated with inspection
data. Should a defect be detected, the system can trigger
actions such as activating PLCs or illuminated signal lights

to promptly indicate abnormalities.

7 Conclusion

The LuFact series serves a dual purpose, catering not only
to traditional industrial cameras but also facilitating inspec-
tion through edge computing. By leveraging Nikon's image
analysis technology and Al capabilities, we aim to contribute
to the realization of smart factories. Lastly, we extend our
heartfelt appreciation to the numerous individuals who have

played a pivotal role in the development of the LuFact series.
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Riblet Patterning by Laser Ablation on the Thermal Barrier
Coating (TBC) for Gas Turbines and Evaluation of Its
Resistance to Cyclic Heating

Kenji WATAHIKI, Kenichi ASHIDA, Shintaro TSUCHIHASHI and Hirokazu TSUCHIHASHI

VTV S—TU—RPI—EVTU—ROKRAICUT LY hEERT DL, HRI—EVDOMREEZB ESE2 T
ENTED. BLFHRAWRERI—T 7 (TBC) EANOUT LY MEaTO@ERMEZHAELE. L—F—ITICK
W, FTEDERITB 12U T Ly MITIARIBCED CENHER TS, UT Ly MEEDMAIERF, BT J)LHER
EERBLCHE L. UTL Y MIB2BEERVEEORREZLR T D&, TBCHRMNZITORRLOMICE,
BRERBRLY (TGO) BOMEREICOAEREFRSNGNofc. &, BB TU I Y MERICELRIRSNG
mole. DEDTENRS, SREBETCERASNS TBCICL—Y—IITERY ZET, MEBMMEHICREZSZIZTE
B<UTLY hEEMTERZEN DD oz,

Forming riblets on the surface of a compressor blade or turbine blade can improve a gas turbine’s
performance. We investigated the applicability of patterning riblets on a typical thermal barrier coating
(TBC). It was verified that a riblet structure conforming to a predetermined shape can be realized by laser
processing. We evaluated the riblet structure’s durability by conducting a thermal cycle test. Comparing
the results obtained with- and without-riblet cases, no significant difference was observed in the number
of repetitions until TBC peel off, nor in the rate of growth of the thermally grown oxide (TGO) layer. In
addition, no significant change was observed in the riblet shape before and after the test. Accordingly, it
was determined that laser processing can produce riblets on TBCs used in high temperature
environments without adversely affecting peel resistance.

Key words #AX9—t>, UJULwbk, U—H—IT, Y1 0)LaE, BERI—T 1T
gas turbine, riblet, laser processing, cyclic heating test, thermal barrier coating
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Influence on Wide-Angle Doublet Metalenses Due to
Different Types of All-Dielectric Metasurfaces'

Hidemitsu TOBA, Hidetsugu TAKAGI, Michio OHASHI, Katsura OTAKI and Yuichi TAKIGAWA
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It has been shown in previous literature that nearly diffraction limited focusing is possible by a doublet
metalens up to almost 30 deg. This result indicates that metalenses can work well, even at oblique
incidence. Although various meta-atoms have been proposed, as far as we know, there is no report that
compares what kind of meta-atom is robust against oblique incidence. Here, we first numerically
calculated the incident angle dependence of the three types of meta-atoms. The results show that the
waveguide-type structure is the most robust to oblique incidence. Next, we performed rigorous
electromagnetic simulations for the cylindrical doublet metalenses to compare the micropost-type and
waveguide-type. These results indicate that a waveguide-type metasurface further improves the off-axis

performance of the doublet lens previously introduced.

Key words x9t9—J12, X9UVX, ASAERKTHE
metasurface, metalens, incident angle dependence

1 Introduction

Metasurfaces are 2D arrays of subwavelength structures
known as “meta-atoms.” Metasurfaces have been shown to
enable control of the amplitude, phase, polarization, and
orbital angular momentum of reflected or transmitted light.
One of the important applications of metasurfaces is wave-
front control and especially the metasurface that works as a
metalens. Many kinds of meta-atoms have been designed for
the phase control of metasurfaces using high-index materi-
als. Lalanne and Chavel classified them into three groups
[1]: waveguide-type, resonant-type micropost, and resonant-
type nanodisk. The waveguide-type has a single mode in the

structure. The period is smaller than the structural cutoff [2]

and the aspect ratio is relatively high. Microposts are multi-
mode; Kamali ef al. reported that at least eight resonant
modes contribute to the transmittance and the phase in their
micropost [3]. The aspect ratio is weakly relaxed compared
to the waveguide-type. The doublet metalens that we focus
on in this paper is a micropost-type structure. A nanodisk-
type can be understood in terms of Mie resonance [4], [5].
A nanodisk-type metalens consists of periodically arranged
disk-like structures whose fundamental electric and mag-
netic resonances coincide at the same wavelength. The
aspect ratio is significantly relaxed and good for manufactur-
ing. The three groups classified by Lalanne and Chavel are
simple structures such as square pillars or cylindrical pillars

that are polarization-independent for normal incident light

" This paper is reprinted with permission from © Optica Publishing Group of reference [21].
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due to their symmetry. Most metalenses are designed for a
normal incident beam. However, oblique incident light is
important for many applications such as imaging. Arbabi et
al. showed that doublet metalenses are capable of nearly
diffraction-limited focusing up to an incidence angle of 30
deg [6]. Their results indicate that the subwavelength ele-
ments designed by Arbabi ef al. are robust to the oblique
incidence. However, the paper does not mention much about
oblique incidence characteristics.

Although there are previous studies on the characteristics
of oblique incidence on dielectric metasurfaces [1], [7], [8],
there is no report, to the best of our knowledge, that com-
pares the phase responses of oblique incidence and how
those three types affect lens performances. In this paper, we
first calculate the incident angle dependence of the three
types of meta-atoms classified by Lalanne and Chavel. Our
results indicate that the waveguide-type can be most suitable
for wide-angle incidence. We then confirm the effect of
structural differences on the performance of a doublet lens
with full electromagnetic simulations. There are studies on
the optimization of the metasurface for further efficiency
improvement [9]-[11], but optimized structures are not

covered in this paper.

2 Oblique Incidence Characteristics of
The Meta-Atoms

We calculate the transmission characteristics of three

types of meta-atoms by rigorous coupled-wave analysis

(RCWA) [12], [13]. The angle of incidence is calculated from
0 deg to 30 deg. The transmittance and phase are calculated
for both TE and TM polarization for oblique incidence
because the response of the structure is different depending
on the polarization, even when the structure is polarization
independent at normal incidence. For each type, the param-
eters of the metasurface structure, such as height of the
pillar and period, are selected from previous papers. The
parameters used in the calculation are summarized in Table
1. Fig. 1 illustrates the dependence on the angle of incidence
for the three types of subwavelength elements with TM
polarization, and Fig. 2 shows the same for TE polarization.
Figs. 1 (a) and 1 (d) are the results for the transmittance
and the phase of the waveguide-type [2], respectively. Simi-
larly, Figs. 1 (b) and 1 (e) and Figs. 1 (c) and 1 (f) are those
of the micropost-type [6] and the nanodisk-type [5]. The

Table 1 Parameters for Oblique Incidence Characteristic Calculations
Meta-atom Type Waveguide Micropost Nanodisk

Lattice type Square Hexagonal Square

Lattice const. 272 nm 450 nm 666 nm
Pillar shape Square  Cylindrical Cylindrical
Pillar height 817 nm 600 nm 220 nm

Pillar material TiO, A“;;‘,;f:r‘l’us Silicon
Wavelength 633 nm 850 nm 1340 nm

Material between pillars Air SU-8 Embedded in medium
Substrate Si0, Si0, with n = 1.66

References [2] [6] [5]
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Fig. 1 Incident angle dependence of the transmission coefficient from an infinite 2D array of meta-atoms for TM polarized light:

(a)—(c) Transmission coefficients and (d)—(f) phase. (a), (d) Waveguide-type structure [2]. (b), (¢) Micropost structure [6].
(¢), (f) Nanodisk structure [5].

35



Nikon Research Report Vol.5 2023

T T T T T T T T T T T T T
Lo ﬂ ;
5 0} (a) = 8 .
: 2 Z
s g 8
E 9O [— odes. 1 € g 'ﬁ
g 04|~ lodee. g Z
= T iﬁdcs- 1 & =
02| (= 30dee. | k
0.0 | | 1 1 | |
0 50 100 150 200 0 50 100 150 200 250 0 100 200 300 400 500 600
Width (nm) Diameter (nm) Diameter (nm)
T T T T T T T T T T T
10 — 1.0
(d) .
08 B - 0.8
= = =
?;" 06 "m  Odeg. 7 r,; 7 2 06
© = = ©
= W 10deg = = 04
L o ™ 20deg. 1= 1 "
B 30deg. 0.2
021 - .
0.01 :
0.0 L I L . 1 =
0 50 100 150 200 0 50 100 150 200 250 0 100 200 300 400 500 600
Width (nm) Diameter (nm) Diameter (nm)
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(a)—(c) Transmission coefficients and (d)—(f) phase. (a), (d) Waveguide-type structure [2]. (b), (¢) Micropost structure [6].

(c), (f) Nanodisk structure [5].

same applies to Fig. 2 regarding the numbering of subfig-
ures.

The desired features of a meta-atom for lens applications
are that the transmittance of the metasurface is close to
unity and that the phase covers the range of 2z or more by
changing the width of the pillars. Further, it is required that
the phase does not change with angle of incidence. In the
case of normal incidence, it can be seen in Fig. 1 and Fig. 2
that the phase can be controlled over a range larger than 2z
and with high transmittance for all three types. For the
micropost-type and the nanodisk-type, however, there are
large drops in the transmittance when the incidence angle is
20 deg and 30 deg. These drops are considered to originate
from the multiple resonances because multiple resonances
can cause destructive interferences. Furthermore, the
phases around the drops in transmittance are drastically
modulated. Therefore, these will not work well at oblique
incidence. In particular, the nanodisk-types cannot cover 27
by changing the diameter at incident angles greater than 10
deg. This is due to the fact that the electrical resonance and
magnetic resonance in the nanodisk no longer overlap at
oblique incidence, which is clearly seen when the incidence
angle is 10 deg in Figs. 1 (c) and 1 (f). Therefore, met-
alenses made from nanodisks will not have sufficient phase
modulation at oblique incidence and good lens performance
cannot be expected. On the other hand, the waveguide-type
has almost the same transmission phase as normal incidence
up to 30 deg. Because the waveguide-type has only a single

mode in the structure, the destructive interferences do not
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happen, even at oblique incidence [7]. These results indicate
that the waveguide-type can be superior to the lens perfor-
mance compared to the other types. Fig. 3 shows examples
of the electromagnetic field distributions for the incident
angles 0 deg and 20 deg for each type. The electromagnetic
field distribution in the waveguide for incident angle 20 deg
is almost the same as that of normal incidence because of
the single mode; on the other hand, the electric field distri-
butions at 20 deg in the micropost-type and nanodisk-type
evidently differ from those at normal incident lights because
of multimode.

The doublet metalenses introduced in [6] worked well for
oblique incident beams composed of the micropost-type
meta-atom. However, from the results of these oblique inci-
dent characteristics, it is possible that the performance of
the doublet metalenses is further improved by using the
waveguide-type instead of the micropost-type.

Since these transmission and phase simulations do not
directly indicate what kind of lens performance improve-
ment should expected, we performed lens-focusing simula-

tions to find out.

3 Electromagnetic Simulations for
Cylindrical Doublet Metalens

To understand what kinds of lens performance the wave-
guide-type improves, we simulate focusing with doublet-
metalenses composed of micropost-type and waveguide-type

meta-atoms by full electromagnetic simulations. The former
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Table 2 Parameters for Oblique Incidence Characteristic Calculations

Meta-atom Type Waveguide Micropost
Lattice type Square Hexagonal
Lattice const. 280 nm 450 nm
Pillar shape Cylindrical Cylindrical
Pillar height 800 nm 600 nm
Material Amorphous silicon Amorphous silicon
Wavelength 850 nm 850 nm
Mater:illll;;‘estween Air SU8
Substrate SiO, SiO,

is a micropost-type introduced by Arbabi et al. [6] and the
latter is a waveguide-type that we designed for these cylin-
drical lens simulations. Table 2 shows the parameters. The
diameter used in the cylindrical lens simulations is from 91
nm to 190 nm and the maximum aspect ratio is 8.8. Fig. 4 is
the pillar width dependence of the transmittance and the
phase for the waveguide-type structure for normal incidence.
The inset of the graph in Fig. 4 is a schematic illustration of
the unit cell of the meta-atom. The amorphous silicon cylin-

drical pillars are aligned periodically on a 2D square lattice
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Examples of the electromagnetic field amplitudes E, for TE polarized light at Y = 0. (a)—(c) Normal incidence
and (d)—(f) incident angle 20 deg. (a), (d) Waveguide-type structure [2] of pillar width 150 nm. (b), (e) Micropost
structure [6] of diameter 180 nm. (c), (f) Nanodisk structure [5] of diameter 460 nm. The electronic field
component of the incident wave is omitted. Arrows indicate the angle of incidence.
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g.4 Transmittance and the phase of the waveguide-type meta-
atom we used in the doublet simulations.

on the fused silica substrate with a height of # = 800 #m and
a lattice constant @ = 280 #nm. In our simulations, we use the
design of the doublet metalens introduced by Arbabi et al.,
whose phase profile parameters are shown in Table 1 of the
supplementary material in [6]. The cross section is depicted
in Fig. 5. The doublet metalens consists of two flat lenses.
We refer to the first one as a correcting lens and the second
one as a focusing lens. This doublet lens is designed for a

single wavelength of 850 nm.
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Fig. 5 Doublet metalens introduced by Arbabi et al. Phase profile

parameters for this doublet metalens are shown in Table 1
in the supplementary material in [6].

There are various electromagnetic simulation methods to
study the behavior of electromagnetic fields in structures of
the order of wavelength size or below. In particular, the
finite-difference time-domain (FDTD) method [14], [15] and
the RCWA is widely used. The RCWA is most typically
applied to solve scattering from periodic structures. There-
fore, we chose RCWA to calculate the transmittance and
phase of the periodic element of a metasurface for Figs. 1
and 2. On the other hand, FDTD is more flexible than
RCWA, and FDTD can be used for a nonperiodic structure,
so we chose FDTD for the doublet metalens simulations
below. FDTD grid element sizes are typically from 1/10 to
1/20 of the wavelength to avoid numerical dispersion. How-
ever, the grid size to simulate a metalens must be much
smaller to represent the change of the pillar diameter of the
meta-atom in metasurfaces and a much larger scale simula-
tion is required. As a result, a tremendous amount of time
and PC memory will be required to simulate a metalens of a
size for practical use. In this paper, we simulate the doublet
metalens designed by Arbabi et al. [6] (see Fig. 5). The
diameter of the lens is ¢ = 1.6 mm and the thickness is ¢ = 1
mm. If we simulate such a double metalens by simple FDTD
with a 5 nm grid element size, the simulation requires
320,000 x 320,000 x 200,000 grid elements. This means that
we need much more than petabyte memories to simulate the
doublet metalens—and it is unrealistic.

There are several ways to simulate the mm size doublet
lens and avoid this difficulty. One approach is to proportion-
ally reduce the simulation size [16]. Lenses under those
kinds of simulations are scaled by some scaling factor with
parameters such as NA or F/no kept constant. It is reason-

able to assume that the focusing features are unchanged
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because the spot size for ideal focusing depends only on the
wavelength and the NA. However, the wavefront aberrations
are proportional to the scaling factor and, in this situation,
the wavefront aberrations will be underestimated and the
balance between the wavefront aberration and the other
effects will change. Hence, the lens should be simulated in
the same scale as we use in practice, if we want to know the
imaging quality in terms of the aberration. Another approach
is that the metalens is treated as a phase mask. The
response at each position on the metalens is defined by the
transmittance and its phase obtained by numerical calcula-
tion of individual elements [17]. This method allows us to
efficiently simulate many features of the metalenses. How-
ever, interactions between subwavelength elements are
neglected in this method. In the dielectric meta-surface, a
material with a high refractive index is used for the meta-
atom so that the electromagnetic field is localized in the
meta-atoms and the interactions between neighboring meta-
atoms are suppressed to a small level. Therefore, the
assumption that the meta-atom can be treated as an indepen-
dent element might hold to some extent, but the interaction
is not zero. In particular, the interaction is likely to be very
different at regions where the phase changes rapidly. Byrnes
et al. proposed another good method that takes advantage of
the fact that the phase profile away from the center of the
lens can be approximated as a collection of deflector cells
[9]. The propagation components from each cell are
obtained by RCWA and then the electric fields immediately
after transmission through the lens are constructed by the
components. This method can calculate a large lens with a
good approximation, but the complicated calculations are
then required when the incident light is not a simple plane
wave, as is the case at the focusing lens of the doublet met-
alens.

We adopt yet another approach. We simulate a cylindrical
lens instead of a rotationally symmetric aspherical lens [18].
Fig. 5 can be considered as the cross section of the corre-
sponding cylindrical lens as well as that of the rotationally
symmetric aspherical lens and the wavefront profile on the
meridional plane of the spherical lens is identical to the
wavefront profile for the cylindrical lens. In a cylindrical lens
simulation, we can only know the behavior of the wave on
the meridional plane, but the balance between the wavefront
aberration and the other effects are the same as in the
original lens and we can get useful information from the
results. Because the meta-atoms on the cylindrical met-
alenses are aligned periodically along the cylindrical axis, we

can use a periodic boundary condition. And the periodic lat-
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tice constants of meta-atoms are smaller than the wave-
length. This means that a cylindrical lens configuration can
reduce the simulation size smaller than the wavelength
along the cylindrical axis. In the case of a doublet metalens,
however, the distance between the two metalenses is as
large as 1 mm. Hence, even if there is a cylindrical configu-
ration with a periodic boundary condition, the simulation
size is still too large to simulate along the optical axis. We
must therefore adopt an additional means to reduce the cal-
culation time. One of the ways to reduce the calculation size
is subgridding [15]. The space between the two metalens of
the doublet is a uniform medium and the grid element size
can be larger than needed by metasurface elements. Still,
the calculation size with subgridding remains huge. So
instead of subgridding, we calculate the propagation from
the first metalens surface to the second with Rayleigh—Som-
merfeld (RS) diffraction that is usually used for scalar dif-
fraction. The medium between the first metalens and the
second one is isotropic, homogeneous, and source free. Each
six components of the electromagnetic field obey the RS dif-
fraction formula independently in the medium (see Appendix
A). Therefore, an exact full electromagnetic solution can be
calculated by the RS diffraction between the two metalens.
Then the FDTD calculation is needed only in the vicinity of
the two metalenses and the calculation size along optical
axes becomes only several micrometers if the wavelength
used in the simulations is 850 nm. As described above, by
adopting a combination of an RS diffraction calculation and
FDTD with a cylindrical lens configuration, it is possible to
perform the imaging simulation of the doublet lens in a real-
istic time. We calculate the fields on the focal plane by fol-

lowing steps:

Step 1: FDTD calculation for the correcting lens.
Input plane wave is excited in the plane just before the
correcting lens. The outputs are Ex, Ey, Hx, and Hy in the
plane just after the correcting lens.

Step 2: RS diffraction calculation between correcting lens and
focusing lens.
Calculate the RS diffraction for each field distribution out-
putted by FDTD calculation in Step 1. The outputs of
these diffraction calculations are the field distributions just
before the focusing lens. These calculations can be calcu-

lated independently for each field.

Step 3: FDTD calculation for the focusing lens.

Input source is excited in the plane just before the focus-
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ing lens using the field distributions calculated by RS dif-
fraction in Step 2. Outputs are Ex, Ey, Hx, and Hy in the
plane just after the focusing lens, just like in Step 1.

Step 4: RS diffraction calculation from focusing lens to focal
plane.
Calculate the RS diffraction as in Step 2 from the plane
just after the focusing lens to the focal plane. The focal
spot and the modulation transfer function (MTF) can be

calculated from the outputs.

It is important to note that the multiple reflections
between the two metalenses do not appear in the results
since the back- ward wave is excluded from the calculation
of the RS diffraction in Step. 2. However, if there is 10%
reflection from a metasurface, noise originated from the
multiple reflections will be only about 1% and there will be no
significant effect on the simulation results. Multiple reflec-
tions will be discussed further at the end of Section 4.

We adopt the FFT-DI method [19] to numerically calcu-
late the RS diffraction formula. The sampling periods and the
calculation size on the input plane do not change at the out-
put plane and the output region can be shifted perpendicular
to the optical axis by shifting the center of the transfer func-
tion kernel 2 (x, y) in Eq. (A3) of the FFT-DI calculation. In
our calculations, since the structures along the cylindrical
axis are smaller than the wavelength, propagated wave fields
(not evanescent wave fields) are constant along the cylindri-
cal axis. Therefore, we adopt as the transfer function kernel
Eq. (A3) instead of Eq. (A2) for the cylindrical doublet met-

alenses simulations.

4 Results and Discussion

Here, we show the simulation results of the doublet met-
alenses made of micropost-type and waveguide-type meta-
atoms. Simulations are performed with both TM and TE
polarization, and the incidence angles are from 0 deg to 30
deg in 10 deg steps. The grid size in the FDTD simulation
is Ax = Ay = Az = 5 nm. Perfectly matched layers (PML) are
used in the Z axis direction and the periodic boundary con-
ditions are used in the X axis and Y axis directions.

Fig. 6 and 7 show focal spots on the focal plane at 0 deg,
10 deg, 20 deg, and 30 deg incident angles, and the corre-
sponding MTE. Fig. 6 is for TM polarization and Fig. 7 is for
TE polarization. Figs. 6 (a) and 6 (c) shows the focal spots
for the micropost-type and waveguide-type, respectively.
Figs. 6 (b) and 6 (d) are the MTFs. The same applies to
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Fig. 7 regarding the numbering of subfigures. Intensity dis-
tributions are calculated by I = |S,| = |E:H,~E,H,| and are
normalized so that the maximum value of an ideal spot with-
out loss due to scattering or reflection is unity. The chief ray
heights calculated by ray tracing are set at the origin of the
horizontal axis for oblique incident focal spots.

The difference between the results of the micropost-type
and those of the waveguide-type is not large for the TE
polarized incident light. Similarly, the difference in results is

not large in the case of normal incidence for TM polariza-
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tion. However, we can see differences in the MTF between
the two types at low frequencies below 0.2 cycles/pm for
the oblique incidence, especially at 20 deg and 30 deg of TM
polarization. Obviously, the waveguide-type is superior to the
micropost- type. Moreover, the MTF for incident angles of 20
deg and 30 deg of the micropost-type is very noisy. This is
because speckle-like noise is distributed around the spot.
Note that the intensities of the speckle are too small to be
seen in Fig. 6 (a). We can understand it from the viewpoint
that the MTF is defined as the magnitude of the Fourier
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Wavefront aberrations for each incident angle with TM polarization. Results for the micropost-type are shown in the left

column, and those of the waveguide-type are in the right column. Electromagnetic simulations are plotted in light brown,

and OPD aberrations are plotted in light green.

transform of the point- spread function. The speckle-like
noise appears as flare under incoherent illumination.

Figs. 8 and 9 show the wavefront aberrations of the
micropost-type and the waveguide-type. These are our main
results. Fig. 8 is for TM polarization and Fig. 9 is for TE
polarization. The left column is the micropost-type and the
right column is the waveguide-type.

The light brown lines are the wavefront aberrations by
electromagnetic field simulations that are the difference
from the ideal spherical wavefront on the plane immediately
after the focusing metalens. The green lines are the
designed wavefront aberration calculated by ray tracing

(CODE V, Synopsys, Inc.) as the optical path difference
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(OPD) aberrations. Metalenses can be defined as phase
profiles with even-order polynomials of the radial coordinate
in ray tracing calculations. For the waveguide-type, it can be
seen that the wavefronts of ray tracing and those of electro-
magnetic simulations are in good agreement in all cases. For
the micropost-type, good agreement is shown when all the
cases are of TE polarized light and also in the cases of TM
polarized light at small angles of incidence. However, when
the incident angle is as large as 20 deg and 30 deg, we can
see very large fluctuations in the wavefront and large devia-
tions from the wavefront by ray tracing. In this way, the
waveguide-type can suppress the jaggedness of the wave-

front aberrations for oblique incident TM polarized light.
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OPD aberrations are plotted in light green.

The main difference between the micropost-type and the
waveguide-type is whether it has multimode or single mode,
as we can see in Fig. 3. Note that multimode can cause
destructive interferences at oblique incidence. They can be
seen in the results of the transmittance and transmission
phase of the meta-atom itself at oblique incidence, as shown
in Figs. 1 and 2, and can result in the jaggedness of the
wavefront for the micropost-type metalens.

The difference between the two types can be clearly seen
by looking at the wavefront aberration rather than the focal
spots or MTF. In addition, the speckle-like noise that
appeared at 20 deg and 30 deg of TM polarized light when
discussing the MTF can be understood from the disturbance
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of these wavefronts.

Fig. 10 shows the total power immediately after the correcting
lens, the total power immediately after the focusing lens, and
the focusing efficiency at the focus position when the power
of the incident light on the correcting lens is unity. We
define the focusing efficiency as the fraction of the incident
light that focused within six times the FWHM spot size.

It can be seen that the focusing efficiencies of the wave-
guide-type are clearly better than those of the micropost-
type. There is not a big difference between the waveguide-
type and the micropost-type in terms of wavefront aberration
for TE polarization (Fig. 9), but the focusing efficiencies are

better than those of the micropost-type. From this result, it
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Fig. 10 Efficiency just after the two metasurfaces and focusing efficiencies for: (left) micropost-type doublet metalens and

(right) waveguide-type doublet metalens.

is clear that the efficiencies are greatly improved using the
waveguide-type metalens compared to the micropost-type
metalens when the angle of incidence is large. As we men-
tioned above, in our simulations the multiple reflections will
not have a significant effect if there is 10% reflection from a
metasurface. All reflectance from each waveguide metalens
are below 10%, except the condition when the incident angle
is at 30 deg of TM polarized light whose reflectance for the
focusing metalens is 11%; therefore, we can neglect the mul-
tiple reflections. As for the micropost-type, however, some
reflectance for each metalens are more than 30% and multi-
ple instances of reflected light may appear on the image
plane as noise or flare. Therefore, the image quality for a
micropost-type metalens can be worse in terms of multiple

reflections.

4 Conclusion

It is shown that the wavefront aberrations estimated by
full electromagnetic simulations for a waveguide-type meta-
surface are in good agreement with those found by ray trac-
ing. On the other hand, when the incident angle is large, the
wavefront of the micropost-type metalens has large fluctua-
tions. Then, the difference from ray tracing becomes large
and those fluctuations cause flare. These results show that
the waveguide-type can improve the lens performance of
Arbabi’s doublet in terms of efficiency, wavefront aberration,
and flare.

Because our simulations do not take fabrication errors
into account, we cannot mention how tight the tolerance is.
The waveguide-type structure is not easy to manufacture,

and tight tolerance might be required, which will increase
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the manufacturing costs. Therefore, a lens with nanodisk-
type or micropost-type might be more desirable when using
only normal incidence or when the incident angle is not so
large. However, from our results, it is better to select the
waveguide-type to make a metalens with a large angle of
view for a single wavelength, which will have a small aberra-
tion and high efficiency. In addition, it is important to check
whether the oblique incident characteristics meet the
desired lens specifications when designing a sub-wavelength

element.
APPENDIX A: Rayleigh—-Sommerfeld Diffraction

Let's review the Rayleigh—Sommerfeld (RS) diffraction.
When the medium is isotropic, homogeneous, and source
free, the time-independent 3D Helmholtz equation for a sin-

gle frequency is derived from Maxwell's equations:

(V' +F)E(x)=0

(V*+EHH(x)=0 @l

where E and H are the electric and magnetic field, and k is
wave number. From this formula, we know that each compo-
nent of the electric or magnetic fields can be expressed
independently from the other components. The Rayleigh—

Sommerfeld formula of the first kind is

Ux,y) = [U, y)h(x - ',y - y)dx'dy’

h(x,y)z i[exp(ik\/x2 +5° +22)]

0z e+ + 2

A2

where Ul(x, y) is a complex amplitude of a field. It is an exact
solution to the Helmholtz equation from an initial (x’, y") plane
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to a parallel (v, y) plane with distance z [20]. Therefore, if we
know the six components of the electromagnetic field in an
initial plane, we can independently calculate each field in the
planes parallel to the initial plane using Eq. (A2). If the field
distribution does not change along that y axis, as in our
simulations, the Rayleigh-Sommerfeld formula in Eq. (A2)

is reduced to
U(x) = [UG)h(x—x')dx’

h(x)= ki\/z—HfZ) (k\/ 1+ 2 )

2iVa® + 27

A3

where H® is a Hankel function of the second kind.
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Estimating Attention Area of Spectator using
Self-calibration in Sports Fields
Kazuhiro ABE, Yuuya TAKAYAMA, Yosuke OTSUBO and Tetsuya KOIKE

AR=VIREY U 21— 3 V([CBNT, BUBSOIREEZEHRTET 5 LFEERY—VZHE T2 L TERTHS.
HRBERFEREORROLD I— ~ LOFEEHE UTRESND. AR—Y T« —)U ROEHE(ICEE S NICBREZiRT
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In sports video solutions, estimating the attention area of spectators is useful for extracting important
scenes. The attention area is identified as the area on the court corresponding to the gaze direction
based on the spectator’s gaze. To do this from cameras installed around the sports field that capture the
spectators, camera calibration is required to convert the coordinate system of the camera that shoots the
spectators and the coordinate system of the court. However, it is difficult to apply the general camera
calibration to the camera capturing spectators because the court is not reflected in the camera.
Therefore, in this study, we propose a method to estimate the attention area by self-calibrating the
combination of the camera capturing the spectators and the camera capturing the overhead view. Since
it is difficult to estimate the gaze accurately from low-resolution images of spectators, we approximate the
gaze direction as the head direction and reduce the error by aggregating multiple head directions.
Verification using the shooting data of an actual 3 x 3 basketball game shows that a reasonable attention
area map can be obtained based on three camera inputs.

Key words 12t 21—9—EY3Y, R—VIRED, RIRHETE

computer vision, sports video analysis, gaze estimation
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Model Construction Based on Real-Time System
Identification Method (Proposal of a Model Construction
Method for Anomaly Detection of Control Systems)

Fumihiko HAKODA

AET —9 ICEDEHEREEETIVERET 2F AL UCYRT LAREENSD. UPIVI A LAY AT LEEED.

VAT LBEEEN— RO T 7EEICE D BRMETIERT 2 Z&ICKY, FROBEFTFEERIRUCHEET
IWOBEY, REFPOREROEZI VYT, RURBRAZTLETDFECHD. AMARTIE, VAT LEEE
CBIFB/NIA MUY IETIVDSSE, BBEHE ARX EFIVENRIC/N— RO T PEE/EREETL, /NSA—5—
HEICETDHBZEABICERBLUIL. —7, ERETIRT AOREZHTET 2150, DANICRAIL—TRETTOY
AT LEEERY, BEICK O CEFEBEBOREMEDD —EEBLEBD CERBREND, HEBEDRBILIBEELLSD. <D
MREICH LT, ANESRHZEZRBUICET, ETIWNSA—I—D—HRZEET /N TA—I—HEFEEZEL,
ZTOEMEERBRCTIRIIUfe. RRBREKY, REFENMHEBELFELTHOMUZRIZTT 2 Z@R L.

Real-time system identification is a technique for the monitoring or anomaly detection of control
systems, and it enables us to construct numerical models reflecting on the instantaneous properties of
control objects by hardware acceleration. In our research, ARX model is selected for the abovementioned
purpose and its implementation on field programmable logic devices considerably shortens parameter
estimation time. However, in the application of real-time system identification, there arise difficulties
derived from closed-loop system identification and the consequent ill-conditions. Real-time system
identification is supposed to be used for actual machine operations, therefore, the reference signals for
control are sometimes set to constant which are understandably insufficient for system identification. This
problem can be addressed by a modified estimation procedure considering input signal conditions and
a model with partially fixed parameter values. The effectiveness of the proposed method is investigated
by experiments. They show us that both of accuracy and stability in parameter estimation are obtained.

Key words 25 LREE, ES0E, AHESEMH. /\— RO PR EERA
system identification, signal processing, input signal conditions, hardware design, anomaly detection

] susic

VEAE, HIREEHC BV TE T IR — 2 DB T
DANGLNTEDY, EFRAREERWICS T 2 HIHR&E T
TOEABEDLYNDOOHS [2]. ETNR—AMIEEZIHT
% LCREE D00, Gl GO B AFE TR
LEHIEEF LV THY), ZOEFNVERHET L TiED—D
2, WSRO AT T — 128D VAT ARZEEYND
% [3], [4]. YATFoaMEHEE, FOHBELLZATT—%

L, FOANCE o TR I N BEOM DT -5 %€y
MILZHEBEICL Y, HEREESTHOBEET V255 TF
HETHDH. F7z, RROEEREWSS BB T 5 1% T
I MIBwTE, AEtom b BICEET— 4
PREICHAFEIND L) 124D, fHohlT—5Ikon
T, WA, WEFN, AERROE=F) Tl vs
TR T Cns [6], [6]. ZOREMRAIREREL, 6K
BEE ] 5BE\ & 2 FHOR IS T A b O, A - Raethomn
Lo RE SO TRELNDH ST, BRAHWIZ

AR, FHROTUHCE [1] oM OS2 ML, FEEHEHOICRERE R L2 O THS.

52



Model Construction Based on Real-Time System Identification Method
(Proposal of a Model Construction Method for Anomaly Detection of Control Systems)
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Fig. 7 Ball-screw driving stage for the evaluation of real-
time system identification.
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32. VT NVE A4 LY AT LED#EN

Table 1 12— N7 = 7HELEW SR O FPGA K — F/RT.
FPGA & L THw % Intel #1# Cyclone V 3% K H &M T
HY, FAHOBES A v Fy FTIIRD ZMC AT %
FNAADVEDTH A, N—F7 =7 &N Ao
EHZEY =NV THD Quartus I Z VB E EHIZ, 7T
X LADEMAWY — )V TdH 5 DSP Builder 2 H§ 5.
Table 2 IZIHFEHAM O BN R TH 5 CPU K — FOfpk%
N

Table 1 Specifications of FPGA board.
Items Description
FPGA device Intel Cyclone V FPGA
Development Quartus II
software tool DSP Builder (MATLAB/Simulink)

Table 2 Specifications of CPU board.

Items Description
CPU device Renesas Electronics SH-4A
(R8A77850 600 MHz)
Development software tool | GNU C++ Compiler

Table 312V 7V 5 4 L AT AR & 2 LIRS
M Z7Rd. Fdo Stepl-51%, Fig. 9 IZ/R L7z ARX 5V
WZBIFENRT A= —HEEOHE 7 —IIIs L TH Y,
KMBOPWREEL TWAE. Z OWEEFRIZ0. TR0 A
WhF—7 #0725 DT, FPGA W 725E12134
KT 10.2u %, CPUZHWIEAICIE2u by, &
DOFER LD, FPGA OMLPERFE X CPU O¥;4 D 1005 D 1
BEEZY, KiEHEORELEZFEHTE LI L2550
5. Tl X, MERDHIEHY —R Y4 7 v xlkHz & L7
Yitr, WA % CPU CTHEATT 5 LKA 256 %
BT 5 DIH L, FPGA % w784 1 i3 o g
FRIME T A MAALRHEAL TV A,

Table 3 Comparison of calculation time by FPGA and CPU.

Step Calculation load [usec]
FPGA CPU ratio [%]

1 0.73 15.24 4.77

2 0.03 1.35 2.05

3 0.80 12.01 6.63

4 0.13 5.89 2.24

5 8.52 817.93 1.04
Total 10.20 852.41 1.20

BT, 287 X =8 —HEERRIZOWTERS. Fig. 10

BANGHZZERBETIINTI A=Y —{ELTo 7256 T
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Step.1 Build data vector X
|
Step. 2 Build data vector y
|
Step. 3 A=XTX
|
Step. 4 b=XTy
|
Step. 5 0=A"1h
|
End

Fig. 9 Flow chart of parameter estimation.
Step.1 and 2: Data vectors X and y are assembled. Step.3 and
4: X’X and X"y are calculated. Step.5: Parameters are calcu-
lated by solving Linear equation.
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Fig. 10 Frequency responses at multiple stage positions
without the consideration of input signal conditions.
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Model Construction Based on Real-Time System Identification Method
(Proposal of a Model Construction Method for Anomaly Detection of Control Systems)
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Development of Optical Glass Melting Technology
using a Process Task Visualization Chart
Kota SATO and Shinichi KAZASHI

HEASADHEES FOURBOBEECHIY, BREIRCHITPEELS LIFZEEL, RRETOIRETHE
(CRETFEEALL. (ERE, NWRROERBTIRIEICHMIREEITL), BERHZTD, RICKRRGERTE
FETITZNHEIBLTCE. UL, NIRBORRBRNARBEORRTHREEY, EEUS LFICREZETENSH
BENELDZENHolc. COMBERT D12, [FUHIC, TEEAZMHE LIRS I NERFEHET D EEBIC,
TE2ATOREEZRS Ule. RIC, SMORELRERFZIRL, AREGRBRTHIRY 5/ RIREHI S A= L
Ufc. TORE=ZZ<ORICERL, RERKIMERE UTERT DL, TOBRISERMOMODIEEICT U THEA
TETBRTEMDN oI, ZORR, FICHELUCIHETH > TH, BRERERZTH I (CEIBICEEILS HFZE
HUr.

In the development of new and improved types of optical glass, we have applied quality engineering
to small-scale evaluation in the laboratory, with the goal of vertical ramp-up in the melting process.
Previously, we had optimized each process individually in small-scale experiments, determined the
optimal production conditions, and then carried out a large-scale experiment to confirm that these
conditions were actually suitable for volume production. A problem that had sometimes delayed the start
of volume production in the past was that the small-scale experimental results could not be replicated in
the large-scale experiment. To solve this problem, we started by surveying the entire process, selecting
the factors to be studied, and studying the optimization of the process as a whole. Next we adjusted the
evaluation metrics and noise factors to obtain small-scale evaluation methods that would give results that
could be replicated in large-scale experiments. By applying this methodology to many types of glass, we
obtained a body of production technology information that turned out to be applicable to many types of
optical glass in the same family. The result was that we were able to ramp up volume production of even
newly developed types of glass quickly, without performing orthogonal array experiments.

Key words ¥ZHS2, WEEER, SN, I7FXV YR, BETZE
optical glass, internal transmittance, S/N ratio, Taguchi methods, quality engineering
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4.3. MRk

Bt & RS2 VT, HRERZIT-. 20
W EBIM2E Sz (Table 4, Fig. 9). &tz &
HEOBLGESRMICKMET 5 &, KRB Z2RECOHIL, it
RSt 120 L CIERE MR D Wik 2 2258 L CTHE S B
ZEHTcE7 (Fig. 10).

b Exz=moswEREEONZ FIVYZT
Y IEROEHE

TAEO1 & Mk DA HE R 2, P\ CBHE L-REDS &
W, \E () OmE02, 0312 oWT H FEHiL7-. Table 5
12, BERRFEFROFSHIAMEZ R, HHEIC X S 3 FR
THME SNz L RS, BETENWEOWMMIRZEL
TSN, AHFEOL & Ll L CRSREO2LARE D FIEAVN S v
D, HIEETFOKEEE D=2 &, B L HIEET D
B EFTnEIEAEBELTwLEEZ. INH LD,
FHI LA RE L WM R R TE 20T, Bk 2R/
(0) OEFEOS~08IZx} LT MEACHRKER % FEti L 7.

Table 5 HEXXRFBROFGHELME (FRE SN L)

" - e RIS Tl ARFIAE
AR B2 (db) (db)
01 L 31.66 31.07
L, 12.75 13.60
02
L 6.50 6.10
03 Lis 12.80 9.95

% { OMMCHER L 72 R REBRORE R & BAlitEHRE L
TERT 2720, —DODRIZF LD (Table 6). AFEI,
W7 0 & AR B L OITH 2 ANz, il 7 ot X
FEREIRBIRICL, HRREBOBREZVNICERLL2KTH
5. ZOR, FIZIE, SN IOFEHRZT TR, &HIEIN
TFORERXEZ L EOEKERTIAMOEALDAL -
Frix, CoFEranzArryY=7Y vy (RE) [EHE
ATV [2].

RE 5% 05l % &, WIS X 59 SN IR DD %
TN TR KEOH N ZIBRTE D LI IR/ ZhiC
X0, TEME L OREEREEL2IT) 2SRWHIERE T2,
Z 3 TR WHIBE T2 Y, RSBz
D B % WEBAR TGRS EHR E e,

6 5 =

6.1. HARKFEHL AL pREVD LIT

filihh = & DFEERD HiYy & #7J5 % Table 7 12779, RE 1§
WOEHBRZ MRS 22 LT, SRy, 6 NORMHEIZD
WTIE, HARFEIERREITD I, RE Bl o ®mEORES
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Table 6 it o OHEEL 7 O+ XEERFAR & RE #
RIEROS L1 WFR0S L2 RIFR06 L y5-1 WRR06 L ;52 WFR07T L RiFR08 L5

HE 320db H#E 26.1db p HE 49.5db p . R 53db p fiz 55.4db
R W | aom | | om | HE W | saa | o W aem | HE [ 168d

HEW T 0@ HENT 0@ HEW T 0@ HERT 0@ HEWT: 0@
, LSNH: I T SNH.': AT ASNH: W e LSNH.': AT ASNH:
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Table 7 WECEDEBROEMNEED S

it i H ARG
y 01 rE AL 1]
02 & EAL 2 Iml
03 FrBLBA%E 1]
04 HrBipgE LA
s 05 HE AL 2 fml
06 A ELHI 21l
07 & EAL 1 [l
08 FrHLBA 5 1 [l
09~11 | HrHLp % LA
12 AS ELHI R L2
13~16 | maEiEsil LA
fFethEd 2 2 LN TE . EROFMTIZ, 1ZLHIC,
BRI T HI OVER AR SN2 2 HERR L, EBEARHED

VY8, T& 5721 SN I PIs3712, Bk
FBRTF a—=r 7 L7z RIS, KRB FERTHIEZ <
EETE AR L. FHICHELZMETH - TH,
RE (AR E N TV L RMTHIUL, HRKIEHRL AT

64

1) fitsk o FERTT %

B EERL/T

mFERa X b
EEFEHN 7 2

2) EARRFEHL 2

@z EJL/T

50 50
L/T [HRHiE] (%) S48 [HRHE] (%)
L/T OfEME TR MEIROR R

0 100 0 100

Fig. 11

BRI OWICEEOBERMAZIE L, i OEELS
FAFAUREE 2o 7 (REFEO4, 09~11).

6.2. V—F% 14 AHEHGE T A MK
KWFFEDBRIZDOWT, fEkF L D% Fig. 11 (IR
F.OERY - A A (L/T) HU/42% Y, KRB
LEIEE COMMA/3EHTE, EBREH L 1/3ICHIR
TE&E7z. ZOMER, EBIIHDL ANV F =5 CO HE
[7] CHRSB/AFEDHIE 2D, 5T, FAEOHIKICLD
BESEW 75 COL 5 TH 103 t/AEDHI & 72 - 72,
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] &

AREFFEIC LD, Bhe IR L, =EFEED
B LIS EB G EZREN.TE 2. 20T, 4 2E
L7c 7 a b ARBERAEDOIGH k% TRURT.

(1) IR#iPRO TSR B L, BET3 X & #iPH 2 Wik
295 (VAT L450H).

(2) BFAGREE L3N T2 Mat L, KBS 2 mE TRl
DB BN EHRZIT .

(3) ZAHFRICIER L 7- R REROME R %, #HMT oL
FERBIR R L, a3 S HIHET %2 S
% (RE [5HOER).

COWHFFEICLY, WEMIEMTE2IHEDD %
LB 2 L TE 2. TORE, BEREIIEBL A THA
FoOMEE .S FIFEEH L7

BB
Kifsez D 5128720,
TIRICEH P L LT 5.

THRETHW 2t = O v ORE

sk Kota SATO
AT AR &AL
HIKARI GLASS CO., LTD.
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