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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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Yasuhiro Ohmura

Amid constant changes in the natural environment and society, we face diverse challenges every day. At Nikon, we aim
to contribute to the realization of a sustainable society through our business activities by deeply understanding our
customers’ true needs, collaborating on solutions, and driving innovation together.

We have pursued our vision of becoming a key technology solutions company in a global society where humans and
machines co-create seamlessly by 2030. This year concludes our current medium-term management plan and serves as the
period in which we will formulate our next medium-term plan. To fulfill our vision and meet the expectations of society
and our customers, we are committed to exploring the value we can deliver and advancing the technologies that form

the foundation for value creation.

Executive Fellow
General Manager of Advanced Technology
Research & Development

Masaaki Doi

I am pleased to present this year’s report showcasing the Nikon Group’s research and development initiatives. You will
find cutting-edge technologies related to each of our business fields, with a focus on our core strengths in applied optics
and precision technologies.

In the field of Digital Manufacturing, we highlight the metal additive manufacturing technology we focused on growing
towards 2030. In the field of Healthcare business, microscopy technology facilitating assisted reproductive health is
featured. From our Imaging business, we feature a power zoom lens with Nikon's renowned optical performance and
added enhanced video capabilities. In addition, an innovative in-vehicle camera system that integrates a telephoto lens
and a wide-angle lens to capture both distant and peripheral areas simultaneously is described. You will also find optical
technology for free-space optical communications via satellites, and encoder technology widely used in industrial
machinery such as industrial robots.

Although this report offers only a glimpse into the Nikon Group’s technological advancements, I hope it provides
greater awareness of our initiatives and inspires new opportunities for Nikon's technologies to benefit society and the

environment.
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Introduction to Automated Repair Solution Enabled by
Lasermeister LM300A + SB100

Koichi YASUBA
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Nikon launched the metal three-dimensional (3D) printer Lasermeister 100A in 2019 and introduced
LMB00A and SB100 in 2024, based on which an automated repair solution was proposed. LM300A is
equipped with a high-power laser and features a large build volume, thus enabling the repair of large
components such as turbine blades. SB100 features a built-in 3D scanner for the precise measurement
and automatic extraction of damaged areas, as well as for the automatic generation of tool paths for use
with LM300A. This solution is advantageous as it uses both devices simultaneously, thus enabling a highly
accurate and stable automated repair process from measurement to additive manufacturing. In repairing
turbine blades, the system used can accommodate unpredict issues such as the deformation of actual
components and affords a repair accuracy of + 0.25 mm. Moreover, in cases where the original design
model is unavailable, the system can generate repair shapes solely from measurement data, thus
satisfying a wide range of practical requirements. In the future, Nikon plans to expand this solution to thin-
walled components such as molds, thereby enhancing automated repair solutions in response to diverse
customer requirements.

Key words ©EEESH, 3D MRl MEBARE, 9—EVTL—RiE, 2EHE
additive manufacturing, 3D measurement, defect-area identification, turbine-blade repair, mold repair

1 Introduction

In 2019, Nikon launched the Lasermeister 100A (hereinaf-
ter referred to as the LM100A) optical processing machine
(Fig. 1) as a new business initiative.

The LM100A is a metal additive manufacturing system,

commonly referred to as a 3D printer, developed by applying

one of Nikon’s core competencies—laser control technology.
The LM101A, incorporating a five-axis mechanism, and

the LM102A, equipped with advanced melt-control functions,

have also been launched. Figure 2 shows the inspection of ‘

the build volume in the LM102A.
The LM100A series employs the Directed Energy Deposi- Fig. 1 Lasermeister 100A
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| 240mm |
Fig. 2 Build scene using the Lasermeister 102A

tion (DED) method, which involves the use of metal powder
and a laser. Hereinafter, this “DED method using metal pow-
der and a laser” is referred to simply as DED.

A method that is in contrast to DED is Laser Powder Bed
Fusion (L-PBF), a method employed in Nikon SLM Solu-
tions’ systems. While both DED and L-PBF fabricate parts
by irradiating metal powder with a laser to melt the metal,
they differ significantly in how the metal powder is supplied.
DED fabricates parts by irradiating the target object with a
laser and concentrically supplying metal powder to the
region of the target that has been melted. In contrast, L-PBF
fabricates parts by irradiating a flat surface called a powder
bed to melt the metal powder that is uniformly spread over
the powder bed. Because of this difference in the metal pow-
der supply principle, the fabrication approaches in which
each method excels also differ.

One of the advantages DED has over L-PBF is that it
facilitates additive manufacturing onto existing components.
Given its metal powder supply principle, L-PBF inevitably
covers the part fabricated up to that point with the metal
powder it supplies. However, in additive manufacturing onto
existing components, the process results in the existing
parts being completely covered, making it difficult to deter-
mine the laser irradiation position. In contrast, with DED,
the object to be irradiated by the laser is always visible, mak-
ing it easier to align with the position where additive manu-
facturing is to be performed.

Leveraging this advantage and addressing customer
needs, the Lasermeister LM300A and Lasermeister SB100
(Fig. 3) were newly developed, targeting “repair” applica-
tions, and launched in 2024. Hereinafter, they are referred to
as LM300A and SB100, respectively.

Fig. 3
Lasermeister LM300A (right)
Lasermeister SR100 (left)

7 Features of LM300A + SB100

The LM300A inherits the design lineage of the LM100A
series. However, compared with the LM100A (maximum
laser power: 200 W; build volume in vertical direction: 200
mm), the LM300A is designed with an increased maximum
laser power of 300 W, providing greater melting capability,
and a build volume of 400 mm in the vertical direction, mak-
ing it easier to accommodate existing components. The
expanded size in the vertical direction results from small gas
turbine blades adopted as a concrete model for repair fabri-
cation.

The primary role of the SB100 is to automate the repair
process. The main hardware function it incorporates is a
non-contact 3D measurement device, commonly referred to
as a 3D scanner. Using this measuring instrument, the sys-
tem performs shape measurement of the repair target, iden-
tification of the repair location, and generation of the geom-
etry of the repair area. Furthermore, it has the capability of
interfacing with the LM300A to generate machining paths
executable by the LM300A.

By appropriately setting up the LM300A and SB100, it is
possible to repeatedly perform repairs under identical condi-

tions for repair targets of the same shape.

3 Concept of Repair Fabrication

The repair process is illustrated in Fig. 4.

(1) Initial setup
Set various parameters related to the repair, including
the measurement conditions, laser power, powder feed

rate, and model of the final shape serving as the repair
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Fig. 4 Repair process

goal. It was determined that these settings need not be
changed as long as both the final shape and the type of
damage or wear remain unchanged.

(2) Shape Measurement of the Repair Target
The built-in 3D scanner is used to measure the shape of
the repair target.

(3) Identification of Repair Area
The difference between the finished-shape model set in
(1) and the 3D measurement results obtained with the
3D scanner is calculated. This difference corresponds to
the defect area, which is the repair area itself.

(4) Creation of Additional Geometry
The shape of the repair area can be directly used for
additive manufacturing. Based on the repair area identi-
fied in (3), a set of machining path data is generated for
operating the LM300A, including all control commands
for managing laser irradiation positions and power.

(5) Additive Manufacturing
The LM300A performs additive manufacturing based on

the above machining path.

Based on the additive manufacturing capabilities devel-
oped with the LM100A, automation functions to facilitate
“repair” were added and offered as the SB100. By adopting
this concept, it became possible to make full use of the
proven existing functions on the manufacturing unit side
almost as they are, while focusing efforts on developing
measurement functions for highly accurate detection of
repair areas and on execution-control functions for imple-
menting the repair strategy.

It should be noted that, when using the two devices based

on the above concept, the challenge lies in position manage-

ment. In this system, the measurement/manufacturing tar-
get is fixed to a designated table, which itself is transported
between the devices. In other words, the table serves to link
the two devices, and positional reproducibility among the
two devices and the table is of critical importance. It is
imperative to prevent any displacement of the measurement
target (i.e., the additive manufacturing target) during this
transfer and ensure high-precision positional reproducibility
when installing the table itself.

To ensure positional reproducibility between the table and
each device, a kinematic mount structure (Fig. 5) was
adopted. The kinematic mount allows table installation to be
performed with great ease and convenience while ensuring
positional reproducibility, with an error of less than 0.01

mim.

Fig. 5 Kinematic mount structure

In this way, position management between the LM300A
and SB100 is made possible, with the table serving as the
reference. For example, if a fixed point on the table that can
be recognized by both the LM300A and SB100 is defined as
the positional reference, then every location on the table can
be uniquely correlated between the LM300A and SB100.

4 Turbine Blade Repair

In developing the LM300A, the initial repair target was set
as turbine blades. Noting the fact that a viable repair busi-
ness already exists, we collaborated with companies engaged
in repair operations and set a practical goal of replacing the
manual portions of existing business processes with the
LM300A + SB100.

As a specific example, we focused on damage caused by
wear at the blade tip (i.e., the blade’s top end), which
accounts for a large proportion of turbine blade repairs, set-
ting the maximum blade length at 400 mm or less and the
allowable positional deviation for additive manufacturing
within + 0.25 mm.

The specific repair targets are shown in Fig. 6.

In practice, several issues arose, the most significant
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60mm

400mm

Fig. 6 Two types of turbine blade shapes targeted for repair

being deformation of the repair target itself. Compared with
the turbine blade’s design model, the actual component was
significantly deformed, on the order of millimeters. It was
found that simply calculating the difference between the
design model and actual measurement results did not yield
the intended additional geometry (Fig. 7).

— N}
I l |
:

reference model measurement model  difference model
(slightly deformed)

Fig. 7 Deformation of actual turbine blade

Ultimately, two methods were implemented.

The first method involves fitting the design model to the
measurement results as closely as possible and then calcu-
lating the difference (Fig. 8). While this method is suffi-
ciently versatile, there was concern about uncertainty arising
from deforming the design model to match the actual com-
ponent, which could cause the additional geometry to
become unexpectedly distorted.

reference model  reference model measurement model difference model
(fitted) (slightly deformed)

Fig. 8 Fitting the design model to the measurement results

The second method does not use the design model,
instead, the measurement results are extended in the top-
surface direction, and this increment is taken as the addi-
tional geometry (Fig. 9).

As this method simply extends the shape in the specified
direction without applying smoothing or other processing,
there was concern about the effect of discontinuities in the

side-surface geometry on the manufacturing results. Fortu-

>

measurement model
(slightly deformed)

reference model difference model

(top—end extension)

Fig. 9 Simple extension

nately, because post-processing for finishing was anticipated
after manufacturing, it was determined that any such effects
could be sufficiently remedied during subsequent machin-
ing. Given this background, it was found that this method
was, in fact, well-suited for blade tip repair, and it was there-
fore adopted. In addition, turbine blade repair is often per-
formed by companies who do not manufacture the blades,
and in many cases, the design models themselves are diffi-
cult to obtain. Therefore, the fact that this method does not

require a design model for comparison was also well-
received.

These results are shown in Figs. 10 and 11.

Fig. 10 Turbine blade tip repair

Fig. 11 Turbine blade shroud repair

The results of the shape measurement after repair manu-
facturing are shown in Fig. 12. This shows the difference

between the repair result and repair target. As mentioned
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earlier, the allowable target positional deviation was = 0.250
mm; however, these results show that it is generally in the
range of 0 to 0.5 mm. It was also discovered during the col-
laboration that, in repair work, a negative deviation (i.e.,
smaller than the target) is an unacceptable outcome. For the
purpose of finishing the shape through post-processing, it
became a mandatory requirement that the result be positive
(i.e., larger than the target). In consideration of this, the
additional machining model was designed to be approxi-
mately 0.25 mm larger around the entire circumference.
This ensures that, even when accounting for the + (.25 mm
positional deviation, subtracting the repair target shape from

the repair result will not yield a negative value.

+0.00mm

Viexz / Wi 5 <045 / <0108 marmn

Fig. 12 Turbine blade tip repair measurement
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5 conclusion

Turbine blade repair, with its well-defined procedures and
visually distinguishable defect areas, was an optimal first step
for Nikon’s proposed repair solution. In this way, we con-
tinue to demonstrate the value of the LM300A + SB100
through concrete applications. Having been able to present
a clear example through turbine blade repair, we are fortu-
nate to have also identified other repair needs. While turbine
blade repairs involved several millimeters of build thickness,
one such newly identified need is mold repair, which
requires thin builds on the order of several hundred
micrometers.

Going forward, we plan to further enhance repair applica-
tions using the Lasermeister, thereby leveraging Nikon's
proprietary technologies to provide timely responses to

specific requests.
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ICSI/IMSI and Spindle Observation in Assisted
Reproductive Technology’
Norio MIYAKE

STEMBIERERANT (ART: Assisted Reproductive Technology) D#&El&, ZN7ZEZA 2 EMEERAMTICDOVTEN
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BIFBTOEEMEPEOHRICEL TS Y, EREREFINFCREOIANRERRZTEECT S, —75, FIIIHERE
(3 ICSI/IMSI DRRICHEF P IRF Dl ERERZ1TL), Nikon Advanced Modulation Contrast (NAMC) 5%
BEICKW DY NS A DZEELEIES. &, HEARECEARLEZFRL, MTFAOHEBEFOREZIEET &
TREXZEHTNS.

INOSDORXZHEINE, ART FOTADOMELEBED LICEMU TS Y, EEREG OB EBEMRDE EIC
DRAHSTVS. ZIVEINSORIMBEFRZBLU T, HAlREZHRT DO BATND.

This article introduces the role of assisted reproductive technology (ART) and the microscopic
techniques supporting it. ART is an important option for couples facing infertility. In Japan, since the
implementation of insurance coverage for infertility treatments in April 2022, the proportion of newborns
conceived through ART has been increasing. ART encompasses medical techniques that assist
pregnancy by handling eggs, sperm, and embryos, including in-vitro fertilization (IVF), intracytoplasmic
sperm injection (ICSl), and intracytoplasmic morphologically selected sperm injection (IMSI), which rely
on microscopes for precision.

Nikon provides specialized microscopes, including upright, stereo, and inverted microscopes, tailored
for each step of the ART process. Upright microscopes are ideal for analyzing sperm motility and
morphology, whereas stereo microscopes enable three-dimensional observation of eggs and embryos.
Inverted microscopes facilitate detailed observation during ICSI and IMSI procedures and use
technologies such as Nikon advanced modulation contrast and differential interference contrast to
enhance image clarity. Furthermore, spindle observation using circular polarization helps to identify
spindle positioning within the eggs, which improves the success rates of fertilization.

These optical technologies increase the efficiency and accuracy of ART processes, reduce the burden
on medical professionals, and improve the treatment outcomes. Nikon contributes to addressing the
societal challenges through these innovations.

Key words AJEMBIEERSA, #9454, WRMIRNE, IMSI, $hiR4ERss
assisted reproductive technology, in-vitro fertilization, intracytoplasmic sperm injection, intracytoplasmic morphologically
selected sperm injection, spindle observation

including a decrease in the working population, the collapse

1 Introduction

of social security systems, and stagnation of economic

Declining birthrates have become a serious challenge not growth. Various factors have been cited as causes of the
only in Japan but also in many other countries. The continu- declining birthrate, including the economic burdens of child
ing decline in birthrates has social and economic impacts, rearing and education, lifestyle changes resulting from the

" The products introduced in this article are available in many countries worldwide; however, the technical explanations provided here are based on Japanese
regulations. Please note that the availability and primary intended use may vary depending on your region/country.



ICSI/IMSI and Spindle Observation in Assisted Reproductive Technology

increased women’s participation in the workforce, and a rise
in infertility attributable to environmental and health-related
issues. In particular, for couples who wish to have children
but find natural conception difficult, assisted reproductive
technology (ART) represents an important option. In Japan,
the total fertility rate has been steadily declining over the
past 40 years [1]. Meanwhile, the proportion of newborns
conceived through ART has been increasing. Furthermore,
since April 2022, infertility treatments have been covered by
insurance, and the number of general infertility treatments,
such as artificial insemination, as well as ART, such as in-
vitro fertilization (IVF) and intracytoplasmic sperm injection
(ICSD), is expected to continue increasing in the future.
Throughout the history of assisted reproductive technol-
ogy, Nikon has consistently collaborated with academia and
medical institutions to develop groundbreaking products
rooted in the needs of clinical practice. In recent years, aim-
ing to reduce the workload of embryologists who support
assisted reproductive technology, Nikon has been providing
microscopes specialized for use in micro-insemination [2].
This paper presents an overview of ART and the micro-

scopic techniques that support it.

2 Assisted Reproductive Technology (ART)

ART refers to medical technologies for treating infertility
and supporting pregnancy and is a collective term encom-
passing all treatments and methods that involve handling
human eggs and sperm, as well as the embryos fertilized
from them, to achieve pregnancy. Even when the cause of
infertility lies with the male partner, female partner, or both,
pregnancy can be pursued through the use of appropriate
techniques. A wide range of causes, including ovulatory dis-
orders, tubal obstruction, endometriosis, reduced sperm
quality, and immunological infertility, can be addressed. By
employing IVF, ICSI, or intracytoplasmic morphologically
selected sperm injection (IMSI)—all of which rely heavily on
microscopy—it is possible to increase the likelihood of preg-
nancy even when sperm motility or count is low.

The main steps of ART are illustrated in Fig. 1. The ART
cycle begins with the selection of sperm collected from the
patient, followed by the selection of eggs, fertilization, and
embryo culture, proceeding through various diagnostic and
supportive processes until the embryos are returned to the
patient’s body for implantation.

The diameter of an egg is approximately 0.1 mm, while
that of a sperm is approximately 0.05 mm. Given that the

thickness of a single human hair is generally approximately

Embryo follow-up
Fertilization by and selection
IVF or ICSI

Oocyte selection Embryo biobsy
and decoronation (PGS/D)
Andrology-analysis and Assisted hatching
selection of spermatozoa
47,
Egg retrieval ‘
Sperm collection Implantation

Fig. 1 ART cycle

0.05 mm to 0.1 mm, it is easy to visualize their size by con-
sidering them to be on a similar scale. In these main steps of
ART, because extremely small eggs and sperm are handled,
microscopes are employed in various workflows as tools to

support observation.

3 Microscopes Utilized in the ART Cycle

From sperm collection and egg retrieval to fertilization
and, ultimately, the selection of embryos for implantation,
microscopic observation plays an extremely important role
in ART. Nikon offers a full product lineup covering upright,
stereo, and inverted microscopes, all of which are used in
the major processes of ART. Here, the characteristics of the
microscopes used are described along with the correspond-

ing steps in the process.

3.1. Upright Microscope

In the “sperm analysis and selection” stage of the ART
cycle, phase contrast observation using an upright micro-
scope [3] is employed to determine whether the sperm are

functioning properly (Fig. 2).

Fig. 2 Upright microscopes: ECLIPSE Si (left) and ECLIPSE Ci-L
plus (right)

Phase contrast observation is a technique that imparts
light—dark contrast to colorless and transparent specimens
for visualization. It offers high detection sensitivity for thin

specimens and is well-suited to observing sperm. Mean-
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while, for thicker cells, the halo effect appears around their
contours, making them difficult to observe; therefore, it is
not suitable for observing eggs.

Evaluation parameters for sperm include motility, the
numbers of motile and immotile sperm, sperm concentra-
tion, and morphology, all of which can be identified at rela-
tively low magnification. The presence of abnormalities is
considered to be associated with a reduced success rate of

in-vitro fertilization.

3.2. Stereo Microscope

Equipped with independent zoom optical systems for the
left and right eyes, a stereo microscope views an object from
different angles on each side, producing differences (paral-
lax) between the images perceived by the two eyes. The
brain processes this parallax, enabling the perception of an
object’s depth and three-dimensional form. Because it allows
three-dimensional observation without modifying the speci-
men, it is well suited for precision work. For this reason,
stereo microscopes are used in “egg selection” and “embryo
culture and selection” (Fig. 3). After retrieval, the eggs are
examined, and those suitable for fertilization are selected.
Mature eggs have a high potential for developing into nor-
mal embryos. Morphological characteristics such as egg

size, morphology of the polar body, and thickness of the

Fig. 3 Stereo microscopes: SMZ1270 (left) and SMZ800N (right)

Fig. 4 Example of multinucleation: normal embryo with two pro-
nuclei (left) and abnormal embryo with three pronuclei
(right)

Image courtesy of Ronny Janssens, Centre for Reproductive Medi-

cine, Brussels Free University, Belgium

zona pellucida are important.

The quality of an embryo is generally evaluated based on
factors such as the number of cells at a specified time point,
regularity of sizes and shapes, presence of multinucleation,
and presence of vacuoles. Figure 4 shows examples of nor-

mal and abnormal embryos.

3.3. Inverted Microscope

In the ART cycle, fertilization is performed by either IVF
or ICSI. Using an inverted microscope suitable for observing
dish containers, ICSI, IMSI, and spindle observation are

performed (Fig. 5).

Fig. 5 Inverted microscopes: ECLIPSE Ti2-1 (left) and ECLIPSE
Ti2-U (right)

ICSI is a method in which a sperm is injected into the
cytoplasm of an egg using a manipulator and injector to
achieve fertilization. The sperm is moved to the tip of the
injector and injected into the egg at the focal plane. When
the membrane of the egg is penetrated, a small amount of
cytoplasm is aspirated and then re-injected into the egg
together with the sperm (Fig. 6). In this process, a dedi-
cated 20X or 40X objective lens is used for observation
with modulation contrast [3], [4]. For example, observation
can be performed using Nikon Advanced Modulation Con-
trast NAMC) [5]. NAMC produces a light—dark contrast
image with a three-dimensional appearance by adding shad-

Fig. 6 Injection by ICSI
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ing to colorless, transparent cells. Although the image qual-
ity is similar to that of differential interference contrast,
which is described later (4.2.), it has the advantage of allow-
ing observation even with plastic dishes.

The purpose of IMSI is to select the sperm with the high-
est likelihood of success in ICSI. In principle, it is the same
as differential interference contrast observation [3], [6],
allowing colorless and transparent cells to be visualized as
three-dimensional images. Because it uses polarized light,
observation cannot be performed with plastic dishes, as the
polarization is disturbed. For this reason, sperm placed in a
glass-bottom dish can be observed at high magnification,
enabling the detection and selection of fine defects in organ-
elles such as the sperm nucleus and vacuoles (Fig. 7). A 60x

or 100x objective lens is used.

Vacuole |

Fig. 7 IMSI with 100x objective lens
Image courtesy of Fujita Health University

The spindle plays a role in properly arranging chromo-
somes during cell division. Therefore, spindle observation is
important for performing ICSI, as it allows determination of
the spindle’s position and shape within the egg. Because the
spindle is a complex structure composed of microtubules, it
exhibits optical anisotropy and birefringence, with refractive
indices varying according to its orientation. This cannot be
captured by phase contrast observation, modulation contrast
observation, or differential interference contrast observation
and can only be visualized using polarized light observation
[6]. Furthermore, the spindle is not always present and
typically appears near the first polar body of the egg (Fig. 8
(left)). In ICSI, to avoid damaging the spindle, the first polar
body is positioned at the 12 or 6 o'clock orientation, and the
injection is performed from the 3 o’clock direction. However,
the spindle may sometimes appear away from the first polar
body, making it important to confirm its location (Fig. 8
(right)).

Figure 9 shows an example configuration of an inverted

First polar body

Granulosa cell

Spindle

Zona pellucida

Egg

Image courtesy of: Reproduction Clinic Tokyo
Fig. 8 Schematic diagram of spindle and egg (left), example of
spindle observation (right)

microscope set up inside a clean bench. In addition to the
microscope, it is integrated with various equipment, includ-
ing manipulators, injectors, a thermo plate for temperature
control, and a laser hatching system for thinning the zona
pellucida of embryos. Table 1 presents an example summa-
rizing the objective lens magnifications on the objective
revolver and corresponding tasks during operation of an
inverted microscope. As summarized in Table 1, numerous
microscope operations must be performed; however,
because eggs experience stress once removed from the
incubator, it is necessary to perform the procedures within
a short period of time.

Fig. 9 Example setup of an inverted microscope

Table 1  Objective lens magnifications on the objective revolver and
example tasks during operation of an inverted microscope

Objective ‘ Example tasks
4x Setting for injector, manipulator
10x Oocyte selection and decoronation
20x ICSI, Spindle observation
40x ICSI, Spindle observation
60x or 100x IMSI
Laser Assisted hatching

4 Optical Principle of ICSI/IMSI and
Spindle Observation

As shown in Fig. 10, the required optical components are



Nikon Research Report Vol.7 2025

used in various combinations depending on the method
used. This is because the properties of light used to achieve
high-contrast observation of eggs and sperm differ for each
method. The optical principles underlying each method are

described in the following subsections.
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Fig. 10 Schematic diagram of the optical components required for
each method

4.1. ICSI

Optically, this is a type of oblique illumination known as
modulation contrast (referred to as NAMC by Nikon). The
required optical components are a rotatable polarizer, slit
aperture with an attached polarizer (NAMC module), and
dedicated objective (NAMC objective) equipped with an
internal modulation plate. The slit aperture is positioned at
the front focal plane of the condenser, while the modulation
plate is located at the rear focal plane of the dedicated objec-
tive (objective pupil; Fig. 11, left).

The outer edge of the slit in the NAMC module is
adjusted to align with the boundary between regions a and
b of the modulation plate in the NAMC objective. After pass-
ing through the NAMC module, the light rays enter the egg
obliquely, are refracted, and then pass through regions a, b,
and c of the modulation plate in the NAMC objective, which
have different transmittances, thereby producing shading A,
B, and C in the transmitted light (Fig. 11, right). Here, the
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transmittance of the modulation plate is 0% in region a, 100%
in region ¢, and intermediate in region b. This shading gives
the egg contrast, resulting in a three-dimensional image. By
rotating the NAMC module, the orientation of the shading
on the egg can be changed; however, the orientation of the

modulation plate must also be aligned accordingly.

White Light

Polarizer
for NAMC

The slit width changes with
the rotation of the polarizer.

P

-

Condenser Lens

Slit Diaphragm
(NAMC Module)

Eggs in a plastic dish

NAMC Objective
| ]20x/40x
\
\
|
Al
T
i |

Modulator Filter

C B A
Fig. 11 Optical components and light path of NAMC (left) and
reason for contrast formation (right)

By rotating the polarizer located above the condenser
lens, the amount of transmitted light can be adjusted, and
the slit width of the NAMC module can be changed. This
changes the illumination angle of the light entering the egg
obliquely, thereby allowing the contrast to be adjusted.

4.2. IMSI

Optically, this is differential interference contrast observa-
tion. On the condenser side of the optical path, a polar-
izer, /4 plate, and DIC prism are arranged in sequence,
while on the objective side, a DIC prism and analyzer are
positioned in that order.

As an initial adjustment step, only the polarizer and ana-
lyzer are placed in the optical path, and their transmission
axes are set perpendicular to each other to achieve a
crossed-Nicols condition. Subsequently, the DIC prisms cor-
responding to the condenser and objective lenses are
inserted into the optical path (Fig. 12, left). The DIC prisms
are positioned at the front focal plane of the condenser and
rear focal plane of the objective lens (objective pupil). In
Nikon systems, the polarizer and 1/4 plate are integrated,
and the orientation of the polarizer’s transmission axis is
aligned with the fast axis of the 1/4 plate under the crossed-
Nicols condition. Rotating the polarizer allows contrast
adjustment for reasons described later.

When linearly polarized light enters the DIC prism on the

condenser side, it is split into two linearly polarized beams
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with orthogonal polarization directions, laterally displaced
relative to each other in a direction perpendicular to the opti-
cal axis (Fig. 12, left). The lateral displacement between the
two beams is called the shear amount and is designed to be
smaller than the resolution of the objective lens. Figure 12
(upper right) shows the wavefronts of the two separated
beams after passing through the sperm. Because a 1/4 plate
is positioned on the condenser side, a retardation A, is
imparted to the two beams. Figure 12 (lower right) shows
the wavefronts of the two beams recombined after passing
through the DIC prism on the objective side. It can be seen
that retardations A, and A,, corresponding to the surface
profile of the sperm, are produced. From the shear amount
and inclination of the sperm surface, the retardations A;
and A, at each part of the sperm are determined and con-
verted into interference colors corresponding to each retar-
dation. This imparts shading to the sperm, thereby produc-
ing contrast. The background appears gray, corresponding
to the interference color of the retardation Ay produced by
the 1/4 plate. By rotating the polarizer, the retardation Ay can
be finely adjusted, allowing the contrast to be varied.

White Light
Polarizer for IMSI I

——< Quarter Wave Plate

=

Wollaston Prism

Two wavefronts after
transmission through sperm
separated by Wollaston prism

i
_

Condenser Lens

Sperms
L= in a glass bottom dish Ay Ay

T Analyser for IMSI Two wavefront recombined
_— by Nomarski prism

Objective 100x/60x

|

Nomarski Prism

PN [
[~

N
Fig. 12 Optical components and light path of DIC (left) and reason
for contrast formation (right)

Because polarization must be maintained when light
enters the DIC prism, observation cannot be performed
using plastic containers. In addition, contrast can only be

detected in the direction in which the shear is produced.

4.3. Spindle Observation

Optically, this observation is performed with polarized
light, and Nikon employs circular polarization. The spindle,
which exhibits optical anisotropy, is visualized with added
coloration.

An optical element integrating a polarizer and 1/4 plate is
placed on both the condenser side and objective side. The
angle between the transmission axis of the polarizer and fast

axis of the A/4 plate is set to 45 degrees, producing circularly
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polarized illumination for the egg. After passing through the
egg, the circularly polarized light is converted back into
linearly polarized light by the 1/4 plate and polarizer on the
objective side. At this point, the transmission axis of the
polarizer is orthogonal to the linear polarization (Fig. 13,
left).

Although the spindle can be observed with linear polariza-
tion, illumination with circular polarization offers the advan-
tage of rendering the spindle in color (red or blue). The
reason it appears red or blue is that the 1/4 plate does not
function perfectly over the entire wavelength range of white
light. In general, a 1/4 plate provides a retardation of one
quarter of the wavelength at its reference wavelength (green
in this case). However, at red and blue wavelengths, which
deviate from the reference, the retardation differs from one
quarter of the wavelength. As a result, at red and blue wave-
lengths, the light becomes elliptically polarized after passing
through the 1/4 plate on the condenser side, and even after
passing through the 1/4 plate on the objective side, it does
not revert to perfectly linear polarization. Therefore, the light
enters the final polarizer as elliptically polarized light, result-
ing in the residual presence of red and blue light (Fig. 13,
right). In addition, by rotating the optical element on the
condenser side, the major and minor axes of the elliptical
polarization are interchanged, thereby changing the intensity
of the red and blue light passing through the polarizer on

the objective side and enabling adjustment of the coloration.
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Fig. 13 Optical components and light path for spindle observation
(left) and reason for red/blue coloration (right)
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Rotation of the condenser-side element interchanges the
major and minor axes of the elliptical polarization—resulting
in a reversal of the color tones between red and blue.

The use of circular polarization allows the spindle to be
observed in red or blue, making it easier to locate even
when the egg is rotated in the XY plane. With linear polar-
ization, however, the spindle may appear white or black, or
become invisible depending on the rotation of the egg, mak-
ing it more time-consuming to locate and increasing the risk
of overlooking it.

Because polarization must be maintained between the

polarizer and 1/4 plate optical elements, observation cannot
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be performed with plastic containers.
Table 2 summarizes the image characteristics, resolution,
contrast, and applicable containers for each method

described above.

Table 2 Optical characteristics of ICSI/IMSI and spindle observation

ICSI IMSI Spindel observation
Microscopy Modulation contrast Differential Polarized light
(NAMC) interference

contrast

Shading: 3D effect,
direction adjustable

Characteristics Shading: 3D effect Birefringence: visible

Resolution High High High
(lower than DIC due to
the slit diaphragm)
Contrast High High High
(Birefringence)
Contrast adjustment Polarizer: rotation Polarizer: rotation N/A
Suitable sample Sperm, Egg, Embryo Sperm Egg
Dish Glass-bottom/Plastic Glass-bottom Glass-bottom

(Plastic: not allowed) (Plastic: not allowed)

5 conclusion

In Japan, where the declining birthrate is advancing, ART
plays an important role. ART is a medical technology
encompassing various processes, such as IVF and ICSI, that
involve handling eggs and sperm to treat infertility and sup-
port pregnancy. Upright, stereo, and inverted microscopes
essential to the ART cycle, along with their associated opti-
cal technologies, have been introduced. In particular, for

ICSI/IMSI, which require precise manipulation with an

=4#iJ  Norio MIYAKE
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Optical Engineering
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inverted microscope, optical techniques such as modulation
contrast (NAMC) and differential interference contrast are
employed. In spindle observation, circular polarization is
used to determine the spindle’s position within the egg, and
avoiding it during injection contributes to improved fertiliza-
tion rates. We will continue to work toward advancing tech-
nological innovation in the medical field and provide new
solutions to help address the societal issue of declining
birthrates.
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The NIKKOR Z 28-135mm f/4 PZ was launched in April 2025. This lens inherits the optical performance
of Nikon and is also specialized for video performance. It offers comfortable operability for videographers
in one-man shootings for various video productions. In this paper, the latest elemental technologies
packed into this lens are explained to elucidate its value.
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1 Introduction

In April 2025, Nikon released the standard zoom lens
“NIKKOR Z 28-135mm f/4 PZ” compatible with the Nikon Z

mount system (Fig. 1).

NIKKOR

Fig. 1 NIKKOR Z 28-135mm f/4 PZ

2 Background to the Development of a Standard
Power Zoom Lens for Video Shooting

Nikon offers interchangeable lenses designed for video
shooting; however, if asked whether they have been widely
used as fullfledged video lenses, the answer would be “No.”
Based on this understanding, we investigated the challenges
encountered in video shooting and the needs of users. Fur-

ther, we defined the product concept of this model as “a
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power zoom lens that, as a professional video production
tool, can be used with confidence for event coverage, report-
ing, and live streaming.”

Building on this, we first clarified the extent to which
existing NIKKOR Z lenses match the aforementioned con-
cept and where their shortcomings lay. Then, we examined
what Nikon, as a late entrant into the video industry, should
and could offer.

As a result, we undertook the development with the fol-
lowing considerations in mind: a power zoom that, in one-
person shooting, allows the lens to perform smooth zooming
so the operator can concentrate on other shooting tasks; the
construction of a shooting system optimal for event cover-
age, reporting, and live streaming—areas not fully addressed
by existing lenses; and an optical design anticipating the era

when 8K becomes the mainstream.

3 Operability and Functions that Support
Videographers

3.1. “Easy-to-Use” Focal Length Range and Controls

In one-person shooting environments, the equipment
selected is chosen with a strong emphasis on production
efficiency due to the limited number of shooting staff. In
addition, one-take documentary shooting or wedding filming
should be possible without mistakes, even from a long dis-

tance. To accommodate a wide variety of event coverage,
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achieving an extremely high zoom ratio from wide-angle to
telephoto would be ideal; however, as with broadcast televi-
sion lenses, this would result in an extremely large optical
system, far removed from ease of use. Therefore, we inves-
tigated concrete anticipated use cases—such as the size of
the subject to be captured and shooting distance—and
determined a focal length range of 28—135 mm, which is

compatible with a practical overall size (Fig. 2).

© Christopher M. Nig

Bt licholls

Fig. 2 \ersatile focal length range: 28—135 mm

3.2. Power Zoom Capable of Ease-In and Ease-Out

The zoom lever allows for “ease-in/ease-out” of operation,
in which the zooming speed is gradually varied at the start
and end of zooming (Fig. 3). This enables smooth and natu-
ral-looking zoom-in and zoom-out transitions. This ease-in/
ease-out of operation is achieved by imparting the zoom
lever a suitable resistance and finely tuning the relationship

between the operating stroke and zooming speed.

A i

Telephoto

Zoom amount

Wide

Zooming time

Fig. 3 Ease-in & ease-out

3.3. Internal Zoom Mechanism that Suppresses Shift in
Center of Gravity

In general, standard zoom lenses often employ a variable
overall length design in which the foremost lens group is
extended, from the standpoint of reducing the size. In a vari-
able overall length type, the foremost group also tends to
have a large lens diameter, resulting in a substantial shift in
the center of gravity when zooming from wide-angle to tele-
photo. A large shift in the center of gravity causes the bal-
ance to be disrupted when the camera is tripod-mounted or
used on a gimbal, introducing unintended motion into the

footage and making it visually unappealing. By adopting an
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internal zoom mechanism with the front group fixed, this
model suppresses the shift in the center of gravity during
zooming to approximately 2 mm. When mounted on the Z9,
the shift in the center of gravity is further reduced to
approximately 1 mm (Fig. 4). Furthermore, even when
using a gimbal, there is no concern about balance being
disrupted by a shift in the center of gravity, allowing com-

fortable zoom operation (Fig. 5).

Fig. 5 Shooting with a gimbal

4] Accessories for Video Shooting and
Remote Shooting System

4.1. Compatibility with Matte Boxes and Follow Focus
Systems

The front-end diameter of the lens barrel is ¢104 mm,
accommodating diameter compatibility with multiple matte
boxes. In addition, anticipating the use of a follow focus sys-
tem for more precise and finer manual focusing, a gear
profile compatible with gear module 0.8 has been incorpo-
rated into the operation ring. This is expected to provide
high convenience in situations such as documentary shoot-

ing, where precise focus adjustment in accordance with
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subject movement is required.

4.2. Square Lens Hood with Filter Adjustment Window

While lens hoods for still photography are often petal
shaped, the hood supplied with this product adopts a square
shape familiar in the video shooting industry (Fig. 6). In
addition, by incorporating a filter adjustment window, it is
possible to operate a circular polarizing filter or variable ND
filter while the hood is attached, eliminating the need to
remove and reattach the hood. The hood is designed to be
attachable facing either up or down, allowing the position of
the adjustment window to be selected according to the

equipment setup.

Fig. 6 Square lens hood with filter adjustment window

4.3. Support for Remote Zoom Operation

The incorporation of a power zoom enables remote zoom
operation from devices such as computers and smartphones.
Applications tailored to each device are available: NX Tether
for computers and SnapBridge or NX Field for smartphones
and tablets. Remote operation, unlike manual operation,
eliminates the risk of inadvertently moving the equipment
and disturbing the composition, making it useful for situa-
tions such as interviews, where maintaining a fixed composi-
tion is important. One-person operations are also possible in

setups utilizing multiple cameras.

5 Optical Performance Enabling Ultra-
High-Definition 8K Resolution

5.1. Optical Performance Objectives Considering Video
Viewing Environments

In recent years, the number of camera bodies capable of

8K recording has been increasing, and an infrastructure for

8K editing has also been progressively established. In addi-

tion, as there are use cases in which footage is recorded in

8K, cropped in post-production, and output in 4K without
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digital interpolation, it was necessary to consider optical
performance with an eye towards a future era in which 8K
recording becomes mainstream. Building upon the optical
performance targeted by conventional NIKKOR Z lenses,
this model redefined the required number of resolvable lines
based on 8K monitor viewing environments and human
visual characteristics, thereby determining the target optical
performance from key shooting scenarios in event coverage
and reporting applications. Furthermore, in video shooting,
unintended and unnatural “movements” must not appear in
the footage, making it necessary to suppress abrupt changes
in aberrations across the zoom range. Specifically, these
include spherical aberration, which determines the overall
image contrast; coma and field curvature, which determine
resolution in the peripheral areas of the image; and chro-
matic aberrations, such as color fringing in out-offocus areas
and purple fringing in high-luminance regions. By suppress-
ing these aberrations and minimizing their variation across
the zoom range, high-quality imaging performance has been

achieved throughout the entire zoom range.

5.2. Optical Performance Enabling High-Quality Video
Shooting

This model adopts a zoom type with a positive-lead struc-
ture. In a positive-lead structure, the front group converges
the light, allowing the subsequent groups to have smaller
diameters, which contributes to overall size reduction. This
model was designed with a focus on driving the zoom group
without relying on an external power source, leading to the
adoption of the positive-lead structure, which is advanta-
geous for reducing the weight of the zoom group.

A positive-lead structure standard zoom lens generally has
a three-group structure of positive —negative —positive, with
the second negative group serving as the main variator
group and the third positive group functioning as the master
lens.

In general, many standard zoom lenses have the first
positive group extend during zooming; this is because vary-
ing the spacing between the first positive and second nega-
tive group significantly enables the change in angle of view
during zooming while keeping the incident angle of light into
the third positive master lens group as constant as possible,
thereby making it easier to suppress changes in aberrations
across focal lengths. This model can also be broadly divided
into three groups—positive, negative, and positive—but dif-
fers from the aforementioned standard zooms in that it is of
the fixed overall length type. Unlike the variable overall
length type, the fixed overall length type has inherent factors
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that increase size: (D the overall product length becomes
longer, and (2) the front element diameter becomes larger.
The first factor exists because, in a variable overall length
type, the telephoto end—i.e., the state with the greatest opti-
cal length—becomes the product length in a fixed overall
length type. The second factor exists because, as a conse-
quence of the first, the optical length at the wide-angle end
inevitably becomes longer, requiring a larger front element
diameter to maintain peripheral illumination.

In addition, because the front positive group cannot be
moved for zooming, the burden on the subsequent negative
group increases, resulting in a stronger power (optical
refractive power). Because the power of the negative group
corresponds to the amount of movement required for zoom-
ing, an excessively strong power reduces the required move-
ment but imposes stricter demands on the group’s driving
precision while also increasing the amount of aberration
variation across the zoom range. Conversely, if the power is
too low, the required movement increases, extending the
optical length and resulting in a larger product size. To
achieve both high driving precision and suppression of aber-
rations, it is necessary to set an appropriate power. To
reduce the burden on the negative group, the third-group
master lens is separated, with part of it assigned the role of
the variator group. In addition, by appropriately arranging
Extra-low Dispersion (ED) lenses and aspherical lenses and
taking advantage of the large-diameter Z mount, which
allows large-diameter lenses to be positioned near the mount
opening, the design contributes to improved contrast all the
way to the edges of the image. Accordingly, an appropriate
distribution of power among the groups, combined with spe-
cialized optical elements, balances optical length, aberration
variation, and driving precision. Moreover, rather than rely-
ing solely on the design to achieve the desired optical per-
formance, every unit undergoes inspection and adjustment
during mass production to ensure that the optical perfor-

mance targeted in the design is realized.

6 Development of Elemental Technologies
Supporting Comfortable Power Zoom

6.1. Adoption of a Coupling Mechanism

This model also incorporates measures to address vibra-
tion and noise during operation. In existing NIKKOR Z
lenses already on the market, the autofocus mechanism is
designed with a silent structure; however, in the zoom
mechanism of this product, the lens groups must be driven

at even higher speeds and over longer strokes, necessitating
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more effective noise reduction measures than those in previ-
ous products. To address this, a coupling (shaft coupling)
was adopted at the connection between the actuator—which
tends to be a source of vibration—and the lead screw for
driving the lens group, positioned in close proximity to the
actuator, thereby absorbing even slight misalignments
between the actuator shaft and lead screw and achieving

quiet operation.

6.2. Highly Efficient Lens Drive System

The zoom group is often heavier than the focus group,
and this model was no exception. Although increasing the
actuator’s driving force would make operation possible, it
would come at the cost of increased noise; therefore, it was
necessary to drive the heavy lens while keeping the driving
force at the same level as in previous models. Therefore, the
conventional drive efficiency was reconsidered from the
ground up, with a focus on reducing friction during lens
drive operation. From this perspective, multiple design solu-
tions were proposed and repeatedly compared and evaluated,
ultimately resulting in a configuration in which ball bearings
are placed at numerous sliding interfaces. Compared with
the conventional sliding-friction-based structure, to date,
adopting a rolling-friction-based structure has enabled an
exceptionally high drive efficiency among interchangeable

lenses.

6.3. Control Tuning

In addition to mechanical refinements, careful consider-
ation has also been given to the control method of the actua-
tor. The acceleration and deceleration at the start and stop of
driving have been tuned to achieve smooth operation while

maintaining a balanced trade-off with drive response.

6.4. Thermal Design

As the multiple actuators used in this model tend to
become sources of heat, consideration has also been given
to the heat dissipation structure.

The fundamental design concept involves reducing the
power consumption of heat sources, ensuring thermal con-
duction paths around heat sources, and distributing the
placement of heat sources. Although the power required to
drive the lens groups was optimized from the initial design
stage, desk calculations predicted a significant temperature
rise. Therefore, a design layout was adopted in which mul-
tiple actuators are distributed, and graphite sheets were uti-
lized to connect the actuators to internal metal components,

thereby securing efficient heat dissipation paths while also
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taking assembly workability and product size into consider-
ation. Finally, thermal simulations were conducted, confirm-
ing that even under demanding conditions, such as pro-
longed continuous zooming, effective heat dissipation is
achieved without heat concentrating in specific areas (Fig.
7.

Before adding the graphite sheets After adding the graphite sheets

Local heat
concentration has
been avoided.

(Temperature change) I [
Low High

Fig. 7 Thermal dissipation simulation

/ High Mobility Achieved through Weight
Reduction and Optical Specifications

7.1. Refining the Specifications through Trial and Error

When designing a lens with user mobility in mind, con-
straints on weight inevitably arise. For example, attempting
to increase the zoom ratio beyond that of this model would,
as shown in the translucent area of Fig. 8, enlarge both the
maximum diameter and overall product length, thereby
impairing handheld usability. In this lens, as mentioned
above, we investigated the focal lengths in highest demand
and repeatedly examined those that offer a good balance
with mass, ultimately adopting the specifications of 28—135
mm and f/4.

NIKKOR

Light Glay
The size when zoom ratio
is increased

Fig. 8 Specification optimization process

In addition, at the minimum shooting distance, it is possi-
ble to get close to the subject—0.34 m on the wide-angle
side (reproduction ratio of 0.15 X) and 0.57 m on the tele-

photo side (reproduction ratio of 0.25 X)—making it possi-

ble to capture most scenes with this single lens without the
need for lens changes, and, through the synergistic effect

with weight reduction, resulting in a highly mobile lens.

72. Largest Number of Aspherical Lenses in the His-
tory of NIKKOR Z Lenses

For this lens, to drive the zoom group without relying
on an external power supply, it was essential to reduce the
weight of the moving group. To cover the wide angle-of-view
range from 28 to 135 mm, the general optical design principle
is to increase the number of lenses so that light is gradually
refracted, thereby minimizing aberrations; however, in the
case of this lens, this approach resulted in the zoom group
becoming excessively heavy and thus impossible to drive. To
address this, we employed a total of five aspherical lenses—
four conventional and one ED aspherical lens produced
by applying aspherical processing to an ED lens—thereby
assigning to these few aspherical lenses the corrective func-
tions that would otherwise require a considerably larger
number of spherical lenses, achieving both aberration cor-
rection and group weight reduction (Fig. 9). As of April 2025,
this lens uses the largest number of aspherical lenses in the
history of NIKKOR Z lenses. The surface accuracy of aspher-
ical lenses requires processing technologies at the submicron
to nanometer level, as well as stable production. Although
the design team has investigated shapes that balance aber-
ration correction and manufacturability, the expertise of the
engineering and manufacturing teams is indispensable for
realizing them. Through close interdepartmental collabora-
tion from the design stage onwards, we successfully adopted
five high-precision aspherical lenses, making a significant

contribution to weight reduction.

[]: Aspherical lens elements [ ]: ED glass elements
[[]: Aspherical ED glass element

Fig. 9 Lens configuration diagram
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7.3. Weight Reduction while Ensuring Reliability

While ensuring reliability in terms of strength and dura-
bility, we thoroughly pursued weight reduction by examining
the thinning of metal parts and reducing the number of
components.

In recent years, our in-house strength simulation technol-
ogy has also improved, enabling efficient assurance of com-
ponent strength and structural design, which has greatly
contributed to weight reduction. As a result, the lens
achieved a mass of 1,210 g while incorporating a tripod col-

lar.

8 Hi-Res Zoom Extending the Telephoto Range

8.1. Hi-Res Zoom

In October 2022, the hi-res zoom function was added in
firmware C:Ver.3.00 for the Z9. Even with a prime lens, it
allows zooming up to 2 X without any degradation in image
quality. Since its release on the Z9, this function has been
deployed to multiple products, continuing to steadily evolve
with features such as speed adjustment and power/hi-res
zoom collab, and can be fully experienced with this lens as

well.

8.2. Support for Power/Hi-Res Zoom Collab

Because the power zoom is electronically controlled, both
power zoom and hi-res zoom can be operated during shoot-
ing with the manipulation of a single control. When linked,
the focal length becomes twice as long (equivalent to 270
mm when shooting 4K video with the Z9/Z8). Furthermore,
selecting the DX (APS-C) image area makes it possible to
extend the magnification by an additional 1.5 X (equivalent
to 405 mm in full-frame terms), although when the image

size is set to DX, the resolution is limited to FHD.

8.3. Extended Mode and Synchronized Mode
Power/hi-res zoom collab can be selected from two
modes. The extended mode performs hi-res zooming in the
range beyond the focal length of the optical zoom, while the
synchronized mode performs optical zoom and hi-res zoom
simultaneously (Fig. 10). The extended mode is character-
ized by natural changes in perspective and depth of field
within the optical zoom range according to the focal length
while the telephoto-side state is maintained as is in the hi-res
zoom range. The synchronized mode enables uninterrupted
zooming without pauses in the zooming operation, allowing
smooth zooming and is considered effective when actively

zooming over a wide focal length range during video record-
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ing. Each mode can be selected according to its intended

application.

270mm (Equivalent)

Power/Hi-Res Zoom Collabration [Synchro] -
Fig. 10 Hi-res zoom collab

It should be noted that this function was made possible
precisely because both the camera body and lens were

developed in-house.

9 Excellent Backlight Resistance

9.1. Meso Amorphous Coat and Optimized Lens Shapes

This lens achieves excellent backlight resistance through
optical and mechanical innovations, enabling the capture of
clear, high-contrast images even in scenes with strong light
sources. From an optical perspective, backlight resistance is
controlled through appropriate lens shapes, arrangements,
and coats. Because each lens element contributes to aberra-
tion correction but also becomes a potential surface for
ghost generation, we have repeatedly conducted ray-tracing
simulations to determine optimal lens shapes that prevent
prominent ghosts from being focused on the image plane
while still meeting the targeted optical performance. Another
measure is to apply an extremely low-reflectance coat to the
lens, thereby reducing the intensity of the light rays that
cause ghosts. This lens employs the Meso Amorphous Coat,
which offers the highest anti-reflective performance in the
history of NIKKOR lenses. The Meso Amorphous Coat is
formed by depositing a structure composed of particles with
minute amorphous structures interconnected with each
other onto an underlying coat, thereby creating particle
gaps—called mesopores—throughout the entire film (Fig.
11). The presence of air within these numerous mesopores

results in a film structure with a low refractive index and low

Structure formed by
interconnected
amorphous particles

Spaces between particles
(Mesopores)

Base coat
(High-precision coat)

Fig. 11  Structure of the meso amorphous coat
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scattering properties [1].

With a thorough understanding of the characteristics of
the Meso Amorphous Coat and Super Integrated Coat, this
lens achieves both high optical performance and excellent
backlight resistance by arranging the lenses in optimal
shapes and applying the most suitable coat to the appropri-

ate locations.

9.2. Measures in Structural Components

In this lens, the space required to accommodate the zoom
drive actuators has resulted in complex internal component
shapes, making it extremely challenging to implement mea-
sures to reduce internal reflections while also taking manu-
facturing constraints into consideration. By repeatedly con-
ducting ray-tracing simulations and effectively incorporating
anti-reflective geometries and low-reflectance surface treat-

ments, we have achieved a high level of backlight resistance.

10 Operability without Visual Cues

10.1. Knurled Patterns and Diameter Differences of the
Operating Rings

From the front end of the lens barrel, the focus, zoom,
and control rings are arranged in the order of assumed fre-
quency of use (Fig. 12). The focus ring features a moder-
ately contoured finger grip to enhance the sense of hold.
The zoom ring has a special knurled pattern and is designed
with a diameter difference from the focus ring. These fea-
tures allow the two most frequently used rings to be distin-
guished and operated naturally using a fingertip. The control
ring employs the common diamond knurling used in NIK-
KOR Z lenses, with its shape designed to be easily distin-
guishable by touch from the other rings.
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Zoom ring

Focus ring Control ring

Zoom lever

-

NIKKOR

Q9
2O

oY :

Fig. 12 Operability without relying on visual cues

10.2. Placement and Design Features of the Zoom Lever

The zoom lever is positioned on the side of the lens barrel
for ease of use from waist to shoulder level, accommodating
both vertical and horizontal shooting orientations (Fig. 12).
The lever’s protrusion is made relatively tall for a secure
catch, and diamond knurling is applied near the protrusion,
also serving as a non-slip surface to support precise ease-in/

ease-out operations.

1.1 conclusion

The NIKKOR Z 28-135mm f/4 PZ is, we believe, a lens
that combines hi-res imaging, a shooting system, operability,
and mobility suitable for professional video production. We
hope that users will be able to concentrate on shooting with
confidence and expand the possibilities for one-person
operations in client work.

We will continue to develop products that exceed cus-
tomer expectations, thereby contributing to the further evo-
lution of the Nikon Z mount system and the advancement of

imaging culture.
References
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In the automotive industry, advanced driver-assistance systems (ADAS) and autonomous driving
technology (AD) are evolving every day. Moreover, a growing demand exists for methods that enhance
visibility to prevent serious driver-accidents related to unnoticed signs/pedestrians. Nikon and Mitsubishi
Fuso have developed an innovative in-vehicle camera system to create new safety value for future trucks

and buses.

The initiative resulted in the development of an innovative camera featuring a single-lens system
integrating telephoto and wide-angle functions to facilitate both long-distance and peripheral visibility.

The optical axes of the far-away and periphery shots are the same, which prevents parallax. Therefore,
the camera system reduces the risk of losing track of an object or detecting a double image when used
as an in-vehicle camera with Al image recognition to collect road information with tracking signs or other

vehicles in the distance.

Using this system requires fewer cameras to be installed in the vehicle owing to its effective positioning
and integrated telephoto and wide-angle lens system. This innovation facilitates uninterrupted 360°
coverage and addresses common challenges such as high system costs and failure rates.

Key words s#HhH X5, ESGSEY AT L, BEEe:k, BE LA, B
in-vehicle camera, advanced driver-assistance systems, autonomous driving, telephoto, wide-angle, coaxial

1 Introduction

In the automotive industry, advanced driver-assistance
systems (ADAS) and autonomous driving technology (AD)
are evolving every day. Moreover, a growing demand exists
for methods that enhance visibility to prevent serious driver-

accidents related to unnoticed signs/pedestrians.
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Nikon and Mitsubishi Fuso have developed an innovative
in-vehicle camera system to create new safety value for
future trucks and buses. The initiative resulted in the devel-
opment of an innovative camera featuring a single-lens sys-
tem integrating telephoto and wide-angle functions to facili-
tate both long-distance and peripheral visibility (Fig. 1).

The optical axes of the far-away and periphery shots are
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Fig. 1 Tele & Wide coaxial camera integrating telephoto and wide-
angle lenses

the same, which prevents parallax. Therefore, the camera
system reduces the risk of losing track of an object or
detecting a double image when used as an in-vehicle camera
with Al image recognition to collect road information with
tracking signs or other vehicles in the distance (Fig. 2).
Using this system requires fewer cameras to be installed in
the vehicle owing to its effective positioning and integrated
telephoto and wide-angle lens system. This innovation facili-
tates uninterrupted 360° coverage and addresses common

challenges such as high system costs and failure rates.

Telephoto View Telephoto View

Wide Angle '

This-video is for illustrative purposes only.

Wide Angle  J§

Fig. 2 Comparison between separated telephoto and wide-angle
lenses (left) and coaxial configuration (right)
(coaxial configuration is free from parallax effects)

7 Tele & Wide Coaxial Camera

The wide-angle lens is designed with a FOV of 190° and
the telephoto lens with a FOV of 20°. The light from each
lens enters from the object side, passes through a common
lens group, and is then split into separate optical paths by a
beam splitter. The reflected and transmitted light from the
beam splitter passes through subsequent lens groups and is

then focused onto the image sensors (Fig. 3). This configu-
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ration enables the acquisition of parallax-free images for both
the wide-angle and telephoto views. In addition, considering
factors such as downsizing the housing and manufacturabil-
ity of the lenses, the reflected path is assigned to the wide-
angle lens and the transmitted path to the telephoto lens.

Fig. 3 Configuration of the Tele & Wide coaxial camera

Considering in-vehicle applications, the optical design was
advanced with careful consideration of the following six

points:

1) Projection Characteristics of the Fisheye Lens

As mentioned above, the wide-angle lens of this camera is
a fisheye lens with a FOV of 190°. A fisheye lens can be
designed to alter its projection characteristics, allowing it to
enlarge the central area of the image while compressing the
periphery, or achieve the opposite characteristics. Because
this camera is configured to enlarge the central area of the
image with the telephoto lens, it is desirable for the wide-
angle lens to provide higher resolution in the peripheral
areas than in the center. Based on this concept, the wide-
angle lens was designed with projection characteristics that

enhance resolution in the peripheral areas of the image.

2) Resolution Performance

To enable object detection across the entire image, the
optical design ensures high resolution not only in the center
but also in the peripheral areas. In particular, because it is
necessary to satisfy the performance requirements of both
the wide-angle and telephoto lenses, the common lens group
located before the beam splitter was designed with an opti-
mal lens power that balances the wide-angle and telephoto
performance. Considering maintainability, the design has
been implemented to make the front lens replaceable, while
suppressing resolution degradation caused by mounting

€rrors.
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3) Optimal Sensor Placement

This camera is intended for installation outside the vehi-
cle, where dust, dirt, water droplets, and similar contami-
nants are likely to adhere to the front surface of the lens. If
the sensor is positioned to focus on nearby objects, any
adhering contaminants become more conspicuous, whereas
positioning the sensor to focus on distant objects reduces
detection accuracy for nearby objects.

Based on these considerations, the sensors are positioned

at locations optimized for the intended use cases.

4) Robustness to Temperature Variations

When the environmental temperature is high or low, focus
shift may occur, resulting in image quality degradation. This
camera employs a robust design that minimizes image qual-
ity degradation in high- and low-temperature environments
by selecting materials and shapes for optical and mechanical
components with consideration of their thermal deformation

characteristics.

5) Ghost and Flare

We took measures to minimize the occurrence of ghosting
and flare, which can be detrimental to object detection. In
particular, because a fisheye lens has a wide FOV and is
susceptible to strong light entering from various sources, we
conducted ray-tracing simulations to examine the optimal
shapes of optical and mechanical components and determine

their placement.

6) Telephoto Lens Customization Capability

On the wide-angle side, an FOV exceeding 180° is required
to detect surrounding objects, whereas on the telephoto side,
the required FOV varies depending on the use case. To
address this, the camera is designed such that the wide-angle
configuration remains unchanged, while customization is
enabled by replacing the entire set of lenses on the sensor
side of the beam splitter for the telephoto path. This enables
the FOV on the telephoto side to be changed at low cost, and
we have actually conducted development and evaluation using
multiple types of telephoto lenses.

Based on these six points, we have achieved an optical
design optimized for in-vehicle cameras.

It is difficult to imagine how the images will appear when
the camera is mounted on a vehicle without actually seeing
them. By conducting real-image simulations of the camera
mounted on a vehicle from the initial design stage, we exam-
ined optimal camera specifications suited to the intended use

cases. In addition, real-image simulations make it possible to
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conduct various verifications without producing prototypes
(Fig. 4).

Fig. 4 Image obtained from real-world simulation

Using the developed camera, we conducted a comparative
evaluation by photographing a STOP sign placed 150m away
with both the wide-angle and telephoto lenses. When the
sign portion of the image captured with the wide-angle lens
was digitally zoomed in, the letters “STOP” appeared blurred
and unreadable; however, in the image captured with the

telephoto lens, the letters “STOP” were clear and could be

distinctly recognized (Fig. 5).

“STOP” cannot be recognized

Fig. 5 Real-world image captured with the Tele & Wide coaxial
camera

3 Tele & Wide Image Composition Processing

We developed image processing technology for a camera
that integrates a wide-angle lens and telephoto lens. This
technology is designed to provide the driver with highly vis-
ible images by combining the wide FOV of the wide-angle
image with the detailed information of the distant scene
captured by the telephoto image. We implemented distortion
correction for the wide-angle image, composition of the tele-

photo image, and a digital mirror display that allows the
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driver to adjust the FOV, Roll (horizontal rotation), Pitch % e
(vertical rotation), and Yaw (horizontal direction) (Figs. 6
and 7).

While the wide-angle lens offers a wide FOV, it produces
characteristic image distortion. To accurately correct this
distortion, we mathematically modeled the characteristics of
wide-angle lenses, including fisheye lenses, using Scar-
amuzza's model [1]-[3]. This model represents the projec-
tion of a wide-angle lens and the distortion in its image as
polynomial functions. Using this model, parameters are cal-
culated (calibrated) based on feature points obtained from

projecting a checkerboard. By applying the obtained param-

eters to correct distortion in the wide-angle image, straight-

. tored. allowing the driver ve inf i Fig. 6 Example of digital mirror operation
ness is restored, allowing the driver to perceive information (left: FOV = 90°, right: FOV = 40°)
in a visually natural manner.

Because it is difficult to discern detailed information at w

long distances using only the wide-angle image, the tele-

ey
-

photo image was composited onto the wide-angle image. In
principle, because the wide-angle and telephoto lenses are
aligned on the same optical axis and no parallax occurs,
aligning the two images is straightforward. However, to com-
pensate for manufacturing tolerances, it is necessary to
perform precise alignment for each unit using an optimal-
homography matrix. This made it possible to reliably inte-
grate the wide FOV of the wide-angle image with the
detailed information from the telephoto image.

In the digital mirror display, a projection transformation
matrix is calculated from the FOV, Roll, Pitch, and Yaw
parameters set by the driver, enabling real-time conversion
of the distortion-corrected wide-angle and telephoto compos-
ite image to any desired viewpoint. When the FOV is set
wide, the broad view of the wide-angle image is displayed,
and when it is set narrow, the detailed information from the
telephoto image is displayed, allowing the driver to obtain
optimal information according to the situation.

In addition to the aforementioned alignment, the composi-
tion of the wide-angle and telephoto images requires that the
exposure timing of both images match and their brightness
and color tone be consistent. If these differ significantly
between the two images, unnatural discontinuities may
appear at the boundary between the wide-angle and tele-
photo images, even when they have been precisely aligned.
To address this issue, our camera system incorporates a
mechanism that enables coordinated operation between the

image sensors and image processing on the wide-angle and

telephoto sides. First, the vertical synchronous (Vsync) sig-

Fig. 7 Example of digital mirror Pitch and Yaw operation
nals of the two sensors are synchronized to match their (center: Pitch and Yaw = 0°, top/bottom/left/right: Pitch

exposure timing, thereby eliminating temporal misalignment. or Yaw varied by 25° in each respective direction)
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Next, luminance and color information are calculated from
the exposure data of each sensor, and after coordinating the
image processing, the two sensors are controlled again to
match the brightness and color tone of the wide-angle and
telephoto images. Figure 8 shows the composite results of
the wide-angle and telephoto images with coordinated opera-
tion turned ON and OFF (the area inside the dashed line is
the telephoto image). It was confirmed that the coordinated
operation of the image sensors and image processing imple-
mented in this camera system is effective in eliminating

temporal misalignment and boundary discontinuities.

Coordinated operation ON / Coordinated operation OFF

Fig. 8 Composite of wide-angle and telephoto images
(coordinated operation ON/OFF: area inside the
dashed line is the telephoto image)

4 Near-Infrared Compatibility

To enable shooting during both day and night, a filter that
transmits only visible and near-infrared light (a multi-band-
pass filter) is used. In general, the focal positions for visible
and near-infrared light differ; therefore, if the sensor is posi-
tioned to focus on visible light, the focus will shift for near-
infrared light. As a result, even if image quality is good for
daytime shooting, it deteriorates during nighttime shooting.
To mitigate this effect, the optical design incorporates axial
chromatic aberration correction to minimize changes in focal
position, thereby reducing image quality differences between
daytime and nighttime shooting.

The advantage of near-infrared imaging with in-vehicle
cameras is that it enables the acquisition of bright images,
even at night in areas where light does not reach, such as in
the shadows of vehicles or structures, without the need for
additional visible illumination, thereby improving image rec-
ognition around the vehicle and enhancing safety. In addi-
tion, visible illumination can appear glaring to humans and
may cause discomfort or impair visibility for pedestrians and
drivers of surrounding vehicles, whereas near-infrared illu-
mination does not adversely affect the vision of others and
can further enhance their safety. Furthermore, because this
camera system achieves near-infrared imaging using a multi-

bandpass filter, it does not require switching between optical
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filters for visible and near-infrared light depending on bright
or dark environments, eliminating the need for a filter drive
mechanism and filter storage space, thereby contributing to
camera miniaturization and cost reduction. Figure 9 shows
the imaging results of this camera system and a conventional
camera under dark conditions using near-infrared illumina-

tion.

This camera system / Conventional camera

Fig. 9 Image comparison in a dark environment (illuminance:

approx. 0.05 lux)
(with near-infrared illumination)

Meanwhile, because this camera system captures light
containing a greater proportion of near-infrared components
than conventional cameras (designed for visible light), main-
taining conventional image processing results in images that
appear visually poor to humans and reduce visibility. One of
the intended applications of this camera system is an in-
vehicle digital mirror, for which images must be rendered in
a manner that humans can perceive naturally without dis-
comfort. To address this issue, we optimized the multi-
bandpass filter as well as the image processing, thereby
achieving image quality comparable to that of conventional

cameras, as shown in Fig. 10.

Image comparison under daytime conditions

Fig. 10

5 Other Considerations

The body of this unit employs a robust yet lightweight
aluminum alloy and features a weather-resistant surface
treatment, along with a sealed design with dustproof and
waterproof protection applied to each component.

The shape was designed with mounting surfaces on the
top, bottom, and sides to allow for various installation con-

figurations, with a focus on robustness; however, because the
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wide-angle side provides an ultra-wide FOV of 190°, minimiz-
ing the body size was an essential requirement to prevent
the camera itself from appearing within the FOV.

In general camera development processes, the design of
the lens unit—which requires a long development period—
typically takes precedence, and the body is then designed to
match it; however, this often leads to restrictions on the body
shape. In particular, this unit required a more efficient body
design, as it needed to accommodate a specially shaped lens
unit with two image sensors arranged orthogonally, along
with the interface boards for each sensor.

Therefore, in this unit, the lens unit and body were
designed concurrently, with design information fed back
between them to optimize their respective forms, and by
leveraging high-density design expertise cultivated through
the development of consumer cameras—where stringent
miniaturization is required—we realized a body design that
does not interfere with the ultra-wide FOV (Fig. 11).

Fig. 11 Body design of the Tele & Wide coaxial camera

As mentioned above, although the focus position has been
adjusted to account for reduced visibility caused by scratches
or contamination, repair of the front lens may still be required
depending on the extent of the damage. Regarding the repair
method, the entire camera is often replaced with a new unit
or disassembled to replace only the affected component;
however, such approaches increase costs as well as the lead
time and labor required for repair.

Therefore, in this unit, only the front lens was modular-
ized to allow users to replace it themselves without the need
for disassembling the body, thereby reducing repair costs
and shortening lead time (Fig. 12). The replacement unit
itself is also designed to ensure waterproofness, and its
design maintains imaging performance even after replace-

ment.
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Fig. 12 Front lens replacement image

6 Conclusion

By contributing to advancing the driver-assistance systems
and autonomous driving in the future automotive industry,
Nikon aims to make broad contributions to society. These
include reducing traffic accidents and improving safety, sav-
ing time and fuel and lowering CO, emissions through alle-
viation of traffic congestion, as well as enhancing delivery
efficiency and addressing driver shortages in the logistics
industry.

Finally, we would like to take this opportunity to express
our sincere gratitude to the many individuals who devoted
their efforts to the planning and development of this prod-

uct.
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The Customized Products Business Unit is involved in the development of optical systems for space-

based optical communications.

Flight products require a long time to be launched and operated after their development. In January
2025, large-volume images from the advanced radar satellite “Daichi-4” (ALOS-4) were successfully
downlinked via an optical-data relay satellite in geostationary orbit. These two satellites are equipped with
optical antennas (telescopes) designed and manufactured by our company.

Additionally, we are developing optical-communication equipment for the ground stations of quantum
cryptography communications through a collaborative effort. Optical communications require tracking at
the transmitting and receiving stations. Thus, we have designed and manufactured an optical system for
precise acquisition and tracking at the ground station for satellite-to-ground station communications.

This report provides an overview of free-space optical communications and the design of the optical

system developed.
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free-space optical communication, optical antenna, three mirrors, fine tracking, fiber coupling

7 Introduction

In recent years, various projects have been planned and
implemented toward the practical use of space communica-
tions employing light. In space communications, the major
challenges comprise (D transmitting large volumes of data in
real time and (2) ensuring secure information transfer.

One example of a solution to issue 1 is the LUCAS optical
inter-satellite communications system, which is already in
operation. When large-volume data are directly downlinked
from low Earth orbit (LEO) to the ground, the communica-
tion time becomes short because the satellite is visible from
the ground station only for a limited duration. By relaying
the data once from LEO through a geostationary orbit
(GEO) relay satellite, the communication time can be

extended, and because the ground station can communicate
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continuously with the relay satellite, the real-time perfor-
mance of communication can be improved. Communication
between LEO and GEO is conducted using laser light in the
1.5 pm band, while communication between GEO and the
ground is conducted by radio waves.

Research on optical communications for LEO satellite
constellations is also being advanced through national proj-
ects. The construction of a network is ongoing in which data
from Earth observation constellations are continuously
relayed through optical inter-LEO constellation communica-
tions and rapidly downlinked to ground stations. Downlink-
ing to ground stations faces the problem that communication
cannot be established under adverse weather conditions due
to the limited transmittance of light, and studies are being
conducted on methods such as selecting a favorable site

from multiple ground stations for communication (i.e., site
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diversity) or employing transportable ground stations (here-
after, transportable stations) that can be moved to locations
with good weather for downlinking.

To address the challenge of achieving secure information
transfer, research on key distribution employing quantum
cryptography via satellites is being conducted under the
initiative of the Ministry of Internal Affairs and Communica-
tions, with the National Institute of Information and Com-
munications Technology (NICT) playing a central role. In
this study, transportable stations are employed to secure the
communication link.

Thus, various efforts are being made toward the practical
use of space optical communications, and the demand for
optical communication equipment to realize such systems is
likely on the rise.

The Customized Products Business Unit has performed
design and manufacturing based on custom specifications
provided by customers. We have long been engaged in prod-
ucts related to space and astronomy, developing optical sys-
tems for satellites and optical instruments for astronomical
observation. Building on such experience, we now provide
optical products related to optical communications to govern-
ment agencies and companies.

In this paper, we describe the optical design and imple-
mentation of optical communication equipment undertaken

by our company.

2 Configuration of Optical Communication
Equipment and Optical System Specifications

As in radio communications, optical communications
propagate optical signals spatially from the transmitting sta-
tion to the counterpart optical communication station (here-
after, counterpart station), where the counterpart receiving
station receives the optical signals. Figure 1 shows a sche-
matic diagram of the link between the transmitting and
receiving stations. The light source used is a laser, and for
communication to be established, the emitted laser must be
detectable by the detector of the receiving station. There-
fore, a link budget is performed for the transmitted laser
light to ensure that the link from transmission to reception
is established, calculating the power gains and losses up to
the receiving station, and the parameters are designed to
secure sufficient margin relative to the sensitivity of the
detector. The transmitted laser is expanded by the antenna
within the transmitter and directed toward the receiving sta-
tion. The larger the antenna aperture, the smaller the beam

divergence becomes, and the greater the gain that can be

29

obtained. The longer the propagation distance, the greater
the diffraction loss becomes, and pointing errors also cause
losses due to the intensity profile. The larger the aperture of
the receiving antenna, the more light it can collect, resulting
in higher gain. The parameters of each element, including
the sensor employed, laser power, and antenna gain, are
optimally designed as a system, taking feasibility into

account [1].

Laser light
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Fig. 1 Conceptual diagram of the link between the transmitting and
receiving stations

Figure 2 shows an example of a conceptual diagram of the
optical components of an optical communication equipment.
The receiving system supports the optical antenna, which
serves as the aperture for the transmitted and received light,
and, through coarse pointing control by the coarse pointing
mechanism and the coarse pointing sensor (CPS), together
with fine pointing control by the fine pointing sensor (FPS)
and fine pointing mirror (FPM), transmits the received laser
light to the receiver (RX), whose axis is aligned with the
center of the FPS field of view. Figure 3 shows the relation-
ship between the fields of view observed by the sensors in

coarse pointing and fine pointing.

Internal optics IOU

Coprse acquisition tracking
mechanism

Optical
Department

| Receiverl |Transmitter'5 5
RX | TX

Control system

Fig. 2 Conceptual block diagram of the optical components of the
optical communication equipment
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Fig. 3 Conceptual diagram of sensor fields of view and beam spot
control

Meanwhile, in the transmitting system, because the coun-
terpart station moves relative to the local station during the
propagation of the laser light emitted from the transmitter
(TX) until it reaches the counterpart station, the transmis-
sion is performed through the point-ahead mirror (PAM) to
compensate for this effect (Fig. 4). The figure shows an
example of satellite-to-satellite communication, but the same

applies to satellite-to-ground communication.
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Fig. 4 Aberration-of-light correction

The optical system of the optical communication equip-
ment must efficiently deliver the communication light to the
counterpart station without attenuation. The antenna gain
shown in Fig. 1 is determined by the wavelength A, aperture
area A, and efficiency 7, as expressed by the following equa-

tion:
4

Factors related to the efficiency # attenuate the gain, and
specifications of the optical system include obscuration ratio,
transmittance, polarization loss, and wavefront aberration. In
addition, the noise characteristics (stray light) of the trans-

mitted and received beams are also important factors related
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to #.

Because the optical antenna and internal optical unit
(I0U) may be handled by different teams, their specifica-
tions are reallocated, and each optical system is designed

accordingly.

3 Optical Antenna of the LUCAS Optical
Inter-Satellite Communication System

Here, we describe the optical antenna system that consti-
tutes the LUCAS optical inter-satellite communication equip-
ment.

The optical antennas of the optical inter-satellite communi-
cation equipment mounted on the optical data relay satellite
and Earth observation satellite employ a common architec-
ture, with the aperture diameters determined according to
the allocations of each system. While NEC was responsible
for the development of the optical inter-satellite communica-
tion system, Nikon was in charge of the optical design, opti-
cal component fabrication, and optical system assembly of
the optical antenna. In this section, we introduce Nikon’s

responsibilities.

3.1. Optical System Design

The main specifications of the optical antenna system are
listed in Table 1. These items were determined based on the
system allocation values and Nikon’s optical system study.
The optical antenna is an afocal telescope system with an
angular magnification of 20x. During reception, light enters
the aperture of the optical antenna, and the beam is reduced

in size and guided to the subsequent IOU.

Table 1 Main Specifications of the Optical Antenna

| GEO | LEO
Aperture diameter #150 $#100
Angular magnification 20x 20x
Wavefront error /30 1/30
Field of view +0.1 deg + (0.2 deg
Polarization preservation 2% 2%
Transmission loss 0.3dB 0.3dB
Back reflection 65 dB 65 dB

During transmission, the beam from the IOU is expanded
by the optical antenna and emitted. The received and trans-
mitted beams have different wavelengths but pass through
the common optical path of the optical antenna. Figure 5
shows the optical path diagram of the GEO optical antenna.

As shown in the figure, the antenna is composed of three off-
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axis mirrors and a flat folding mirror that directs the beam
to the subsequent IOU, and it is designed to be compact.
The three-mirror system has a concave-convex—-concave
configuration, with the respective surfaces being parabolic,
hyperbolic, and elliptical. This configuration suppresses
field curvature, reduces wavefront error, and accommodates
a wide field of view. The advantages of the optical system
are that, with no central obscuration and the use of high-
reflectivity coatings on the mirror surfaces, it achieves high
transmittance with extremely low loss, and the return light
from the transmission beam emitted by the IOU does not
pose a problem. Meanwhile, it is not a configuration that
can correct distortion aberration, and it has the drawback
of a magnification distribution within the field of view due
to distortion. Therefore, to align the incoming light with the
center of the field of view, it is necessary to perform pointing
by nonlinear control of the angular adjustment of the pointing

mechanism.

Aperture Stop

Tertiary Mirror

Exit Pupil

Fig. 5 Optical path diagram of the optical antenna section

During reception, the transmitted light enters the IOU
with power Py, attenuated to a weak level by the loss factors
described in Section 2, as shown in Fig. 6. Meanwhile, dur-
ing transmission, a strong laser power Py is emitted, and in
this optical system, a scattered light power Py enters the
receiver optical path within the IOU. This light noise can be
addressed by the design and fabrication of each mirror com-
ponent. In addition, there are strong stray light sources,
such as sunlight, from outside the field of view. Gaps that
exist in the optical design are filled with a mechanical struc-
ture, field stop, and stray light cover to prevent this from
mixing into the IOU. Fig. 7 shows the fabricated mirrors.
Weight reduction is required for components of satellite-
mounted hardware, and because the primary mirror of the
optical antenna has a larger aperture than the other parts, its
backside is hollowed out to reduce weight.

The mirror surfaces were processed into aspheric shapes

by grinding and polishing. The wavefront accuracy of the
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Fig. 6 Received light and scattered light noise

B P

Secondary
Mirror

Tertiary
Mirror

Folding
Mirror

Primary
Mirror

Fig. 7 Fabricated mirrors of the optical antenna

optical antenna in orbit is specified as 1/30 at a wavelength
of A = 1530 nm. Because the surface accuracy requirements
for the mirrors are also stringent, the desired accuracy was
achieved through polishing based on null testing using

CGHs and other methods with an interferometer.

3.2. Coating

The transmission loss and polarization dependence of the
optical system depend on the performance of the reflective
coatings of the optical components. From the perspective of
transmission loss, each component required coatings with
high reflectance and low polarization dependence. To meet
both requirements in the design, aspheric mirrors with small
incident angles were coated with metal plus dielectric films,
while the folding mirrors with large incident angles were
coated with dielectric films. The design was made to ensure
high manufacturability. The reflectance measurement results

obtained with test pieces are shown in Fig. 8.
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Fig. 8 Mirror reflectance

As shown in the optical path diagram of Fig. 5, the clear-

ance between the beam from the field stop to tertiary and
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folding mirrors is narrow, and the folding mirror is shaped,
as illustrated in Fig. 7, with its disk sides flattened and back-
side tapered. During the fabrication of the folding mirror, the
reflective coating was a multilayer film, and the surface
deformation due to film stress was significant, making it dif-
ficult to achieve the required surface accuracy despite it
being a flat mirror. Therefore, the mirror shape was cor-
rected in anticipation of deformation by film stress, thereby
improving the transmitted wavefront accuracy.

Because relatively high-power lasers are used in LUCAS,
it is necessary for the reflective coatings to have laser resis-
tance. The maximum incident laser power was specified as 5
W, requiring resistance at a maximum power density of 0.3
W/mm? for the LEO optical antenna with its smaller beam.
Before fabricating the components, irradiation tests were
conducted using test pieces. The appearance and reflectance
were measured before and after irradiation, and because no
significant changes were observed in either evaluation item,
the components were confirmed to be problem-free and

installed in the product.

3.3. Assembly

The primary mirror is supported by a structure in which
Super Invar pads are placed at three points on its side and
held by flexures. The secondary, tertiary, and folding mir-
rors were bonded at their back-center areas to holders to
minimize distortion in the mirrors, and these units were
mounted onto the support structure provided by NEC to
assemble the entire optical antenna. To measure the wave-
front accuracy of the optical antenna, an interferometer was
placed in the direction of the exit pupil, and a flat mirror was
positioned on the aperture-stop side of the antenna to config-
ure the measurement system. The required wavefront accu-
racy was achieved by adjusting the decentering and spacing
errors, mainly between the primary and secondary mirrors,
to the micrometer level.

After assembly, vibration tests and other evaluations were
conducted to verify that performance could be maintained
during flight and operation, and the optical antennas for both
GEO and LEO applications were delivered to NEC.

4 Optical Design of Ground Stations for Satellite
Quantum Cryptography Communications

To ensure security through the use of space, the develop-
ment of satellite quantum cryptography communications is
ongoing. As shown in Fig. 9, quantum keys are delivered as

signal light from the satellite to the ground station, but the

32

signal itself is extremely weak. For acquisition and tracking,
beacon light stronger than the signal light is transmitted
from the satellite, and the signal is received while tracking
the beacon light. Nikon also contributed to this development

through design and manufacturing.

M T~ Beacon light
- \ Signal light = =>
\
\ Optical Antenna

e e
Nikon contracted for precision tracking optical system

Fig. 9 Conceptual diagram of optical communication between a
satellite and transportable ground station

The configuration of the optical system consists of, as
mentioned above, the optical antenna and IOU. The optical
antenna is a Cassegrain telescope with a central obstruction,
and the IOU is the precise acquisition and tracking optical
system, which was designed with only a receiving function
for a downlink-only experiment. Therefore, laser transmis-

sion was not conducted.

4.1. Optical Interface with the Transportable Ground-
Station Optical Antenna

Table 2 shows the specifications and optical interface of
the transportable ground-station optical antenna. Light is
collected by a 355-mm aperture Cassegrain telescope, and
after being relayed through a Coudé optical path, it is
directed to the precise acquisition and tracking optical sys-
tem. The exit pupil position of the Coudé path was defined
as the optical interface, and the end face of the optical bench
on which the precise acquisition and tracking optical system

is mounted was defined as the mechanical interface.

Table 2 Optical Interface between the Transportable Ground-Station
Optical Antenna and Precise Acquisition and Tracking
Optical System

Item ‘ Specification

Telescope format Cassegrain/Coude type

Effective aperture diameter $355 mm
Magnification 17.75x

Field of view #1 mrad
Exit pupil diameter $20 mm

1774 mm from the edge of the

Telescope exit pupil position .
P pupttp optical surface table
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4.2. Functional Configuration of the Precise Acquisition
and Tracking Optical System
The functional configuration of the precise acquisition and
tracking optical system is explained with reference to Fig.
10.

Lt

Y
B/S
1 0 L s . l

Precmon Feedback
Tracking Camera

Control System

Signal Processing
System

Fig. 10 Functional configuration of the precise acquisition and
tracking optical system

The beam incident from the optical antenna is divided by
a beam splitter (B/S) into a coarse tracking path and precise
tracking path. The role of observing the CPS field of view in
Fig. 3 corresponds to the precise tracking camera.

An FPM is placed in the precise tracking path, which
serves to suppress seeing effects, i.e., tilts of the beacon
light caused by disturbances.

Because the beacon and signal light are at different wave-
lengths in the 1.5-um band, a dichroic mirror (DCM) is
placed behind the FPM to separate them.

The beacon light is split by the B/S into the multimode
fiber (MMF) and FPS. The MMEF receives the beacon light
and is used for synchronization of signal detection.

The signal and beacon light are transmitted coaxially. The
FPS, a sensor for detecting beam spot fluctuations caused by
seeing effect, and a quadrant detector (QD) were used. The
beacon light is directed to the QD, forming a beam spot on
the QD. The centroid is calculated from the QD output of
the beam spot, and based on this, feedback is applied to the
FPM to control the tilt.

As shown in Fig. 11, when disturbances are suppressed
by the FPM and the beam spot is held at the center of the
FPS, the signal light coaxial with the beacon light is stably
focused onto the end face of the single-mode fiber (SMF),
enabling efficient fiber coupling.

The design requires the selection of devices, such as the
FPM, FPS, SMF, and MMF, from commercially available
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Fig. 11 Conceptual diagram of beam spot control and signal

intensity effect in the feedback system

products. Based on the system specifications of the precise
acquisition and tracking optical system, appropriate devices
are selected, and the specifications of the optical elements
are determined accordingly.

As a design requirement for the optical layout of the FPM,
the exit pupil of the optical antenna is relayed and imaged
onto the FPM. The FPM must control tilt at high speed;
therefore, it is desirable for it to be compact and lightweight.
In addition, the driving range of tip-tilt in commercial FPMs
is specified and therefore cannot be exceeded. Meanwhile,
as a design requirement for the relay system, the overall
length had to be shortened to make the entire apparatus
compact while still allowing the placement of optical ele-
ments, such as the previously mentioned B/S for beam-path
division and filters.

Fig. 12 shows an optical model of the precise acquisition
and tracking system. In the most basic configuration (Con-
figuration 1), as the distance from the optical antenna exit
pupil to the f1 lens becomes longer, the image position of the
pupil where the FPM is placed approaches closer to the f2
lens. To solve this problem, as in Configuration 2, a concave
field lens is placed at the focal position to change the direc-
tion of the off-axis rays, and by increasing the ray height
incident on the f2 lens, the position (pupil) where the rays
refracted by the f2 lens intersect the optical axis shifts far-
ther back. In principle, this concept was aimed at miniatur-
izing the relay system. As a result, it became possible to
place the FPM at the pupil position while securing space for
the B/S and filters, achieving low loss and reduced aberra-
tions with a minimal lens configuration. Fig. 13 shows the
configuration, including the holding structure of the lens

system.
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Fig. 12 Optical model of the precise acquisition and tracking
system

Fig. 13 Configuration diagram of the precise acquisition and
tracking optical system
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5 conclusion

Among our recent products for space optical communica-
tions, we have introduced the optical antenna for the LUCAS
inter-satellite optical communication equipment, along with
the design and fabrication of the precise acquisition and
tracking optical system for quantum cryptography communi-
cations.

LUCAS has been operated for optical communications
between GEO and LEO, to which the optical systems manu-
factured by our company were able to contribute.

A demonstration of key transmission by optical means
between the ISS and a ground station was conducted with
the aim of social implementation of the quantum cryptogra-
phy communication system. The precise acquisition and
tracking optical system of the transportable ground station,
manufactured by our company, also contributed to the dem-
onstration.

The development of the optical antenna for the LUCAS
inter-satellite optical communication device was performed
under the guidance of JAXA and NEC. In addition, the devel-
opment of the precise acquisition and tracking optical sys-
tem for the transportable ground station was conducted in
collaboration with NICT and SKY Perfect JSAT. We would
like to express our gratitude to all those involved for their

cooperation.
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An absolute encoder is a type of sensor device commonly used in industrial robots in automobile
manufacturing lines, machine tools, and various other applications. It detects absolute values for robot-
arm rotational displacement and similar measurements. MAR-M700MFA, a multi-turn absolute encoder
released in November 2023, offers an increased guaranteed operational temperature range compared to
the previous multi-turn external battery-free absolute encoder of the company. This is because of the
utilization of an all-solid-state battery, which renders this model maintenance-free. Furthermore, this model
is equipped with new features including predictive maintenance and angular accuracy self-correction
functions, which enable an expanded range of possible usage environments for industrial robots,
improved operational consistency, and greater precision in motion control. This article explains the

technical features of “MAR-M700MFA”.
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7 Introduction

An absolute encoder is a sensor widely used in various
industrial machines, such as industrial robots in automobile
manufacturing lines and machine tools, and it is capable of
detecting the absolute rotational displacement of compo-

nents such as robot arms. In response to diversification of

Fig. 1 Multi-turn absolute encoder
“MAR-M700MFA”
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requirements in recent years, functionality of sensors has
advanced, and the “MAR-M700MFA” (Fig. 1) is the first in
the world to incorporate an all-solid-state battery, thereby
achieving an increased guaranteed temperature range and
maintenance-free operation. Furthermore, it is equipped with
newly developed functions for predictive maintenance and
angular accuracy self-correction functions, contributing to an
expanded range of operating environments for industrial
robots, improved operational stability, and enhanced preci-
sion in motion control [1]. In this paper, the technical fea-
tures of the “MAR-M700MFA” are described.

2 Configuration

Encoder detection methods generally include optical, mag-
netic, and electromagnetic induction types, and the optical
type is often adopted for absolute encoders that require high

accuracy and high resolution. The principle of the optical
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encoder (Fig. 2) is briefly explained below. When positional
displacement (shaft rotation) occurs in an optical encoder,
variations in light and dark are generated in the light trans-
mitted through the rotating disk. This variation in light is
captured by a photodetector, which is subjected to photo-
electric conversion and amplification, and then processed
through interpolation (subdivision reading), after which it is

output to the host device as positional data [2].

LED

Photodetector

Fig. 2 Principle of the encoder

In recent years, from the perspectives of robot miniatur-
ization and design flexibility, smaller and thinner absolute
encoders have been required. A comparison between the
conventional transmissive optical system and reflective opti-

cal system is shown in Fig. 3.

Transmissive optical system Reflective optical system

Fig. 3 Comparison of transmissive optical system and reflective
optical system

In the reflective optical system, the light source LED and
photodetector are arranged on the same plane. In the con-
ventional transmissive optical system, a distance was
required between the LED and photodetector, whereas in
the reflective optical system, the optical path lengths for
projection and reception are shorter, enabling a more com-
pact design. By adopting the reflective optical system, the
product height is approximately halved, thereby achieving a
lower profile [2], [3]. In addition, while conventional disks
were generally made of glass, the reflective type employs a
metal disk, thereby improving reliability. In recent years,
reflective optical system absolute encoders have become the

mainstream, and our company has been employing the
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reflective optical system for more than ten years. This has
enabled us to build a substantial track record and provide an
extensive product lineup.

The product introduced here inherits the reflective optical
system and has been further evolved with additional func-
tions. In the conventional configuration, position detection
was performed with a single optical system, whereas in this
product, the optical system is configured with two systems
(Fig. 4).

’ ticsteml

Fig. 4 Arrangement of the two optical systems

By performing position detection with these two indepen-
dent optical systems, the product is able to provide two sets
of positional data. This has made it possible to add predictive
maintenance and angular accuracy self-correction functions.

The predictive maintenance function can detect signs of
failure in advance and notify the host equipment of the tim-
ing for component replacement or maintenance of indus-
trial robots beforehand via the communication protocol
(Aformat®). As a result, it becomes possible to suppress the
risk of sudden stoppages of equipment or production lines
due to failures. In addition, the angular accuracy self-correc-
tion function enables accuracy correction without the use of
a reference encoder, contributing to improved operational
stability and enhanced motion accuracy.

Furthermore, in an absolute encoder, in addition to angu-
lar absolute position detection, a multi-turn detection func-
tion is essential to count the number of rotations. This multi-
turn detection function must operate even when the main
power supply is turned off; however, in conventional prod-
ucts, an external battery had to be provided on the host
equipment side, and the function operated on the external
battery power when the main power was off. Therefore,
replacement of the external battery is indispensable during
maintenance. Moreover, because absolute encoders are com-

bined with AC servo motors, they are often used in high-



Nikon Research Report Vol.7 2025

temperature environments, making high-temperature toler-
ance essential for the encoder.

To address these issues, this product incorporates a
highly safe all-solid-state battery capable of operating in
high-temperature environments, thereby extending the oper-
ating temperature range up to 105°C. In addition, by employ-
ing a switching element so that power from the all-solid-state
battery is supplied to the multi-turn detection unit only when
positional displacement occurs, more than ten years of
backup is ensured at the time of shipment. Further, depend-
ing on the operating temperature, more than ten additional
years of backup may be achieved even after ten years of
continuous use, thereby realizing long service life. The main

specifications are listed in Table 1 [4].

Table 1  Specifications List

External diameter @35 mm

Height 12.48 mm (TYP)
Single-turn Resolution Max 27 bit
Multi-turn signal Resolution | 16 bit
Responsive revolution speed | 8,000 min™
Power source voltage 5V =10%
Current used 120 mA (TYP)
Operating temperature range | — 20~ +105°C
Communication protocol Aformat®

The product height is 12.48 mm, achieving the same
height as that of conventional products. In addition, because
it has been designed with compatibility with conventional
products in mind, it can be mounted on the motor side with-
out requiring any design modifications.

Next, the details of each function are described.

3 Predictive Maintenance Function

Conventional encoders were equipped only with a function
that outputs an error when an abnormality occurs, forcing
the equipment to shut down suddenly at the moment the
error occurs. A sudden stoppages of a production line not
only causes deterioration in product quality and delays in
production schedules but also requires time for equipment
restart, significantly affecting the overall productivity of the
factory.

In contrast, this product incorporates a predictive mainte-
nance function that detects signal degradation in advance
and notifies the host equipment. When a degradation in
signal quality caused by factors such as LED deterioration is

detected, a predictive maintenance alarm is output to the
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host equipment via A-format®. With this predictive mainte-
nance function, planned maintenance can be carried out
before equipment shutdown, making it possible to signifi-
cantly reduce the risk of sudden stoppages in production
lines. Through planned maintenance, component replace-
ment can be carried out at the optimal timing in accordance
with the production schedule, thereby minimizing downtime.
In addition, because replacement parts can be arranged and
maintenance personnel secured in advance, efficiency in
maintenance operations can also be achieved. The predictive
maintenance alarm is output without affecting equipment
operation, making it possible to conduct these preparations
while maintaining productivity.

Furthermore, to achieve even higher reliability, the prod-
uct also provides measures to address random failures. In a
product, due to slight variations during manufacturing or
potential latent defects, there is a low probability that unex-
pected failures may occur during its service life. Such ran-
dom failures are difficult to detect through pre-shipment
inspections, and even with countermeasures such as aging,
complete prevention is challenging and requires significant
cost and time. Even such random failures can be detected at
an early stage by means of the predictive maintenance func-
tion. However, in the case of random failures, the period
from the occurrence of a predictive maintenance alarm to
the actual failure tends to be shorter than that for ordinary
degradation. Therefore, in this product, the switching func-
tion employing two independent optical systems—one for
position detection and the other for signal quality monitor-
ing—is used to provide a solution. In the event that a predic-
tive maintenance alarm is triggered in one optical system
due to a random failure, the system automatically switches
to the other optical system, which is still less affected by
degradation and maintains reliability (Fig. 5). This makes it
possible to detect and notify signs of random failures in
advance while continuing operation in a highly reliable state
until maintenance can be performed. In this way, the combi-
nation of the predictive maintenance function and dual opti-

cal systems ensures stable operation of the equipment.

(Random failure )
c
Production
Iy ine X sudden stoppage
Encoder ¢ Encoder error
MAR-M700MFA
— it Recommended intervals for
vy Production : : orencodas ‘O No sudden
= line H stoppage
Sensorunit1 @ ¢ Encoder error Signal degradation i
etoaging  :

End-of-life

E
£ Position data generated by sensors with good encoder sirof
£ H

signal amplitude can be used continuously H

Sensor unit 2

End-of-life
encoder error

Encoder
output source

Sensor unit 1 data

Fig. 5 Image of the switching function
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4 A-format®

A-format® is a proprietary communication format for
encoders developed by our company. It can output funda-
mental encoder information, such as position data and tem-
perature data from the temperature sensor built into the
encoder, to the host equipment.

In developing this product, the following three functions
were added:

- Output of predictive maintenance alarms and status
information from each optical system

- Qutput of velocity information computed within the
encoder

- Expansion of the non-volatile memory area for user data

(Output of predictive maintenance alarms and status infor-
mation from each optical system)

The aforementioned predictive maintenance alarms and
status information of each of the two independent optical
systems are realized by utilizing previously unused areas,
without modifying the data frame structure. As a result, it
was possible to add functions while maintaining consistency
with the basic specifications and minimizing the impact on
the system.

(Output of velocity information computed within the
encoder)

Regarding the output of velocity information computed
within the encoder, conventionally, it was necessary for the
host equipment to calculate the velocity from position data at
each communication cycle. In this product, however, velocity
is computed internally within the encoder, enabling mea-
surement at shorter intervals and providing more accurate
velocity information. The combination of this position data
and high-precision velocity data contributes to realizing
smoother motion control.

(Expansion of the non-volatile memory area for user data)

Regarding the expansion of the non-volatile memory area
for user data, it was previously possible to store information
such as the device serial number, operating parameters, and
motor-side parameters. With the increased capacity, how-
ever, it has become possible to retain a larger amount of
information, including various correction data and mainte-
nance records.

In this way, by extending the communication format while
maintaining compatibility with the conventional specifications,
the product achieves both the addition of new functions—
such as the implementation of predictive maintenance func-
tion, improved control performance, and expanded storage

capacity—and compatibility with existing systems.
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5 Angular Accuracy Self-Correction
Function

One type of error present in an encoder is repeatable
error once per revolution. These errors typically arise from
the following factors:

- Errors in the disk pattern caused by manufacturing
- Eccentricity during encoder disk installation
- Runout or angular misalignment of the motor shaft

Errors caused by these factors present a challenge in
motor control using encoders, as they lead to issues such as
rotational speed fluctuations in the motor itself and, as a
consequence, abnormal noise and vibration throughout the
entire robot system.

Approaches taken by encoder manufacturers to address
errors generally include eliminating fundamental errors
through adjustments known as eccentricity correction—
aligning the rotational center with the disk pattern center—
and improving component precision to the micrometer
order. In addition to these, electrical correction within the
encoder is also employed.

Several corresponding methods of electrical correction are
publicly known, with the representative ones listed below
[5]:

- Correction by comparative measurement with a high-
precision reference encoder

- Correction by comparative measurement with a reference
instrument using the equal divided average method

- Self-correction by incorporating the equal-division aver-
aging method into the product itself

Although many other correction methods exist, conven-
tional electrical correction has faced the following chal-
lenges:

- Investment in expensive reference instruments

+ Increased working time due to correction procedures

- Enlargement of the product due to self-error detection
and self-correction mechanisms

This product incorporates a new correction function that
addresses these challenges. Through a proprietary process
utilizing dual optical systems, the challenges inherent in
conventional methods have been resolved.

In this product, the correction process is executed simul-
taneously with automatic signal adjustment (Auto Tuning)
during product integration. Conventionally, correction work
required several minutes, but it has been shortened to less
than 15 seconds. The experimental results obtained with a
prototype are shown in Fig. 6.

Although it is a relatively small-diameter encoder, which is
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Fig. 6 Accuracy measurement results: comparison before and after
correction

known to have larger errors compared to large-diameter
encoders, this product achieved a After-self-correction accu-
racy of 39 counts full width (=0.0136°) in terms of 20-bit
representation, thereby attaining a high-level balance
between workability and accuracy. This product is expected
to provide new benefits through improved accuracy by
means of the angular accuracy self-correction function, not
only for users who have long required high accuracy but
also for those who previously did not place emphasis on

accuracy.

6 Multi-Turn Detection using an All-Solid-
State Battery

This product adopts the proprietary multi-turn detection
method established in previous models. The built-in battery
mounted on the encoder board has been changed from a
lithium primary battery to an all-solid-state battery. Because
the all-solid-state battery is a secondary battery, a dedicated
charging circuit was designed to ensure sufficient backup
retention time in actual operating environments—that is, the
duration during which multi-turn position information can be
retained by the battery mounted on the board when the
encoder’s main power supply is turned off. Charging of the
all-solid-state battery is automatically controlled internally
when the encoder’s main power supply is turned on. There-
fore, in actual operating environments, users do not need to
be concerned with charging or discharging, and from the
user’s perspective, the encoder can be treated as battery-
free.

In addition, by adopting the proprietary multi-turn detec-
tion method established in previous models, the product

inherits the reliability of multi-turn detection and mounting
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compatibility from previous models, with an equivalent prod-
uct height. In conventional technologies for battery-free
encoders, the mainstream approaches have been either
mounting a power generation element on the circuit board
and using its output signal for both power supply and posi-
tion detection, or the gear-based method, both of which
result in an increased product height. By employing a pro-
prietary detection method and configuring a magnetic cir-
cuit, our battery-free encoder is able to retain a thin, easily
mountable mechanism that also includes the method of
attaching the encoder disk.

A key feature of the multi-turn detection method of this
product is that the output of the power generation element
is not used for power supply or position detection but solely
for switching to perform multi-turn position detection and its

retention (Fig. 7).

Block diagram

All-Solid-State multi-turn detection,
Batte o and retainin |
v Switching 9
Power generation element signal
Power generation | oo
element

0 90 180 270 0 [degree]

Fig. 7 Block diagram of the multi-turn detection method

When the motor shaft rotates while the encoder is not
supplied with its main power, an output signal from the
power generation element is generated in the magnetic cir-
cuit. As a result, the switching shown in Fig. 7 changes from
OFF to ON, power is supplied from the all-solid-state battery,
multi-turn position detection and its retention are performed,
and once the process is completed, the switching changes
back from ON to OFF. Multi-turn position detection in the
state where the switching is ON adopts a configuration that
momentarily activates the optical detection circuit to read the
encoder disk pattern. This detection method is a configura-
tion that combines two different detection systems: a mag-
netic system that operates the power generation element to
switch the circuit and an optical system that actually detects
the position of the encoder disk. As a result, even if the
encoder is subjected to an external magnetic field in its
actual operating environment while the motor shaft is at rest
and an unintended power generation element signal is pro-
duced, it does not affect the multi-turn position detection,
thereby providing an advantage in terms of resistance to
external magnetic field disturbances. This has been trans-
lated according to the original source text. However, please

check if a more suitable alternative would be “the multi-turn



Development of a Multi-Turn Battery-Free Absolute Encoder [MAR-M700MFA]

position detection remains robust to external magnetic field

disturbances.”

/ Conclusion

“MAR-M700MFA” is an absolute encoder widely used in
industrial robots and machine tools, incorporating the latest
technologies such as precise position detection and enhanced
environmental resistance.

This product, while inheriting conventional technologies,
significantly enhances performance and reliability compared
to previous models through the addition of new functions. As
a result, it not only meets the diverse needs of industrial
machinery but also achieves greater design flexibility for
miniaturization and modularization, as well as stable opera-
tion even in high-temperature environments. With its intro-
duction, the product is expected to improve production effi-
ciency (e.g., shortening operating time of manufacturing
lines) and reduce maintenance costs (e.g., lowering the fre-
quency of component replacement), and it is also expected
to contribute to the advancement of next-generation indus-
trial machinery (e.g., realization of automation and smart
factories).

In the future, we will expand the product lineup equipped
with these functions and advance the development of prod-
ucts that meet a wider range of applications and diverse

needs.
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Processing Windows of Ni625 Alloy Fabricated using

Direct Energy Deposition®

Yusufu EKUBARU, Takuya NAKABAYASHI, Tomoharu FUJIWARA and Behrang POORGAN]JI

AWWETIF, —OVE Lasermeister L—Y'—#RIEQINIE T R)LF—1RE (LP-DED) &EBZBU - Ni625EE0DEF
TPOBRD sV ROZEEIIURE. TOERAX Y E, MllEE SO DABREIRRZ NS T & (T & > THEIL
SNnfe, L—Y—1h, AFvUEE, BrOEPIRIVF—BEOBERERYT. 2TOY Y FILEFHFHBLOHERT
VRS A MUNBRD ZIBEOMEEEERL, TV RSA N —LABBIEEEREOEMCHEVES L. YV
VDS ERFEF D THIBEEZRL, ZOEFBEDRSESFAZFCHoIc. 5 EREEDIUMEREEF, ZNZFNI008 =
205 941 =9 MPa, 682 = 11H'5 640 = 7 MPa QEE T ofe. AR, OIS X —I 7w MMIHizd Ni625
BEOBNOEEMZRIIL, EMRBRUEEICH U TE—DEENHR O CAKMGIEFEES, KDY ICEFDSE
REBIEHICEHD [LIE] ZERATESZZEARULTWVS.

Herein, a process window is developed for Ni625 alloy fabricated using a Nikon Lasermeister laser
powder direct energy deposition (LP-DED) unit.

The process map illustrates the relationship between the laser power, scan speed, and effective energy
density, established by examining the correlation between the microstructure and mechanical properties.
All samples exhibit a bimodal microstructure comprising equiaxed and columnar dendrite grains, and the
dendrite arm spacing decreases with increasing scan speed. The tensile behavior of each sample
demonstrates minimal variation, and the values are comparable to those reported previously. The ultimate
tensile and yield strengths range from 1008 + 2 to 941 + 9 and 682 + 11 to 640 + 7 MPa, respectively. This
study highlights the remarkable manufacturability of Ni625 alloy for additive manufacturing across diverse
parameter sets, demonstrating that a single ideal process set does not exist for each material and

machine. Instead, multiple “recipes” may be employed to achieve similar outcomes.

Key words @&, U—H'—MKEQUEIRIVF—HRE > IRIV625, YZab—T 3y, WMHiEE
additive manufacturing, laser powder direct energy deposition, Inconel 625, simulation, microstructure

7 Introduction

Metal additive manufacturing (AM) is an excellent tech-
nology for part fabrication, offering distinct advantages over
conventional manufacturing methods. With significant cost
and lead-time reductions and the capability to develop com-
plex geometrical features [1]-[3], metal AM has rapidly
garnered interest from key industries such as aerospace,

automotive, military, and biomedical sectors [3]-[5]. Metal

AM entails various techniques, including material jetting,
sheet lamination, laser powder bed fusion, binder jetting, and
direct energy deposition.

Laser powder direct energy deposition (LP-DED) presents
unique advantages over other AM processes, including alloy
design, repair capabilities, surface modifications, and the
synthesis of large-scale components with adequate dimen-
sional accuracy [6]. These capabilities have been increas-

ingly demonstrated and recognized in various fields, particu-
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larly in the aerospace industry [4]. The in-situ alloying of
elemental powders offers an effective alternative to the use
of pre-alloyed powders, which are cost- and time-intensive to
produce using traditional atomization methods. By mixing
pure elemental powders of Ni, Cr, Mo, Nb, and Fe, Wang et
al. [7] demonstrated the high-quality fabrication of Ni625
alloy components using LP-DED and in situ alloying. Wilson
et al. [8], [9] repaired defective voids in turbine blades, illus-
trating the effectiveness of LP-DED in repair. These studies
highlight the adaptability of DED to a wide range of defec-
tive parts, as well as its capabilities in repair and mainte-
nance. Balla et al. [10] applied a tantalum coating onto tita-
nium using LP-DED, a notable achievement considering the
extremely high melting point (>3000°C) of Ta, which poses
challenges for traditional melt-cast methods. Ta-coated Ti
exhibits favorable interactions with bone cells, indicating
promising biocompatibility. Gradl et al. [1], [2], [11] utilized
LP-DED to manufacture a large-scale rocket nozzle for aero-
space applications. The growing recognition of LP-DED is
reflected in the significant increase in the number of patents
and scientific publications dedicated to this technology, high-
lighting its importance in academia and industry [5], [12].

Furthermore, the anticipation of an expanding market for
AM has spurred intense competition among AM machine
manufacturers, resulting in the development of various AM
systems [4]. In this context, Nikon Advanced Manufacturing
Business Unit in Japan developed an LP-DED system named
Lasermeister. Extensive empirical testing has been con-
ducted on this machine with common AM materials, includ-
ing Fe-, Ni-, and Ti-based alloys. Herein, we present our lat-
est research findings, particularly focusing on the Ni625
alloy, also referred to as Alloy 625 or Inconel 625.

The Ni625 alloy has been utilized in various industries,
including petrochemical, aerospace, chemical, marine, and
nuclear sectors, due to its excellent strength and high corro-
sion and fatigue resistance [12], [13]. Moreover, its remark-
able weldability has attracted considerable attention in AM,
where it has been successfully produced using various pro-
cess parameters in LP-DED, including laser power (P)
(220-1500 W) and scan speed (V) (8.3-33.3 mm/s), with
the corresponding effective energy density (Ep) ranging
from 14 to 66 J/mm? [7], [13]-[20].

The solidification microstructure of AM-produced Ni625
alloy is complex, featuring fine dendrites, micro-segregated
elements, and various solidification phases [21]. The nickel-
based superalloy, primarily strengthened by the solid hard-
ening effects of refractory elements including niobium and

molybdenum within a nickel-chromium matrix exhibits a
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face-centered cubic (FCC) structure [14]. These alloys are
sensitive to the precipitation of strengthening intermetallic
phases, including stable ordered FCC (L1,) y-Ni;Al; meta-
stable body-centered tetragonal y”-NisNb; stable orthorhom-
bic d-NisNb; carbides (MC, MC); and intergranular brittle
Laves phases ((Nb, Mo) (NiCrFe),) in the interdendritic
region [1], [12]-[14]. The formation of these phases, par-
ticularly the Laves phases, consumes significant amounts of
Nb and Mo, thereby reducing their content in the matrix,
which diminishes solid solution and precipitation strengthen-
ing effects [19]. Further, the Laves phase induces crack
nucleation and propagation, significantly deteriorating creep
rupture properties and ductility [19]. Consequently, manu-
facturing components with reduced elemental segregation
and fewer Laves phases has become critical.

The mechanical properties of materials are primarily influ-
enced by factors such as porosity, grain size, the behavior of
precipitates, and dendrite spacing [25]. Generally, the
mechanical properties can be improved by reducing their
size, which essentially means creating a finer microstruc-
ture. Reducing porosity can enhance the material’s strength
and durability as fewer pores mean less space for cracks to
initiate. Smaller grain sizes often lead to increased hardness
and strength due to the Hall-Petch relationship. Controlling
the behavior of precipitates, such as reducing their size, can
increase the material’s strength as smaller precipitates more
effectively hinder dislocation movement [25], [26]. Lastly,
smaller dendrite spacing can contribute to a more homoge-
neous microstructure, reducing segregation and enhancing
various mechanical properties [25], [26]. One fundamental
approach to achieving a finer microstructure is to increase
the cooling rate, and it can be accomplished by using a
smaller P, a higher V, or a combination of both [27].

Based on this background, this study aimed to a) develop
the process windows for Ni625 alloy using the Lasermeister
system and b) establish a process window that expresses the
relationship between P, V, and Ep based on a series of simu-
lations and experiments focusing on microstructural proper-
ties and mechanical performance.

This research demonstrated for the first time that using
lower P values and smaller hatch spacings can significantly
enhance the strength of Ni625 alloys by promoting substan-
tial microstructure miniaturization. Additionally, DED pro-
cess “recipes” for Ni625 in the lower P region were devel-
oped. These results are expected to significantly contribute
to the DED fabrication of components such as precise, large,
thin-walled structures that are vulnerable to thermal defor-

mation, as well as the automation of gas turbine blade
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repairs, among other applications.

Table 1 Chemical composition (wt%) of Ni625 alloy

Powder Ni Cr Mo Nb+Ta Fe Al Ti C Mn

Inconel625 Bal. 20-23 8-10 3.15-4.15 < 5 <04 <04 <0.03 <0.01

D10: 63
0 D50:76
D90 : 120

2

Volume (%)
o
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Powder diameter (um)
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2.5 10.08

55

Building direction

As built part

Fig. 1 (a) Morphology and (b) powder size distribution of the Ni625
alloy powders used in LP-DED (c) Schematic of LP-DED
and (d) dimensions of the tensile test sample

7 Experimental Section

2.1. Ni625 Alloy Fabrication

Ni625 alloy powders were procured from Carpenter Addi-
tive Inc.; and their compositions and morphologies are sum-
marized in Table 1 and Fig. 1, respectively. An LP-DED unit
(Lasermeister 100A) with a 915 nm 200 W laser diode mod-
ule and a beam diameter (d) of 0.5 mm was utilized to fabri-
cate the Ni625 alloy samples (Fig. 1 (c)). Two samples,
namely, a 10 mm X 10 mm X 10 mm cube and a 10 mm X
10 mm X 55 mm rectangle, were fabricated along the x-, y-,
and z-axes on a SUS304 substrate via the XY scanning strat-
egy. Cubic samples were used for microstructural analysis,
whereas rectangular samples were employed for tensile
property testing (Fig. 1 (d)) [7], [20]. The parameter values
used for the experiment are listed in Table 3, where the

laser hatch spacing was maintained at 0.2 mm.

2.2. Microstructure Characterization and Mechanical
Properties

Samples were cut from the substrate via electrical dis-

charge machining to analyze their microstructures and

mechanical properties. The YZ cross sections were first
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mechanically polished using emery paper up to a 4000 grade
and subsequently chemically polished with colloidal silica to
achieve mirror-polished sections for microstructural exami-
nation.

Optical microscopy (VHX8000, KEYENCE, Osaka, Japan )
and scanning electron microscopy (SEM; SU1500, Hitachi
High-Tech Corporation, Tokyo, Japan) were conducted to
examine the microstructures. The bulk samples fabricated
by the LP-DED Lasermeister were characterized via X-ray
diffraction (XRD; RINT2500,Rigaku Corporation, Tokyo,
Japan) with Cu-Ka radiation at room temperature (RT).
Crystallographic texture and elemental segregation were
investigated using electron backscattered diffraction (EBSD)
and energy-dispersive X-ray spectroscopy (EDS), respec-
tively, with a scanning electron microscope (JSM-
7900F,JEOL Ltd., Tokyo, Japan). A tensile test (TGI-50KN,
MinebeaMitsumi Inc., Nagano, Japan) was conducted at RT,
where the loading axis was parallel to the build direction
(BD). The test was conducted thrice for each sample, and

the results were averaged.

2.3. Simulations

The formation mechanism of the microstructure induced
by LP-DED was explored through simulations focusing on
thermal behavior and solidification characteristics. The ther-
mal behavior calculations provided insights into the tem-
perature distribution and the shape and size of the melt pool
(MP). Conversely, analyzing the solidification characteristics
aided in understanding the development of grains, which
could manifest as either equiaxed dendrites (ED) or colum-
nar dendrites (CD).

These simulations were performed using the commercial
software FLOW-3D v12.0 for a region measuring 10 mm X
7mm X 3 mm in the X, Y, and Z directions. The region was
discretized into a structural Eulerian mesh with a size of
0.025 mm.

2.3.1. Heat Source Model

@ :[ﬁi:bz]exp{—[%jz}—hc(ﬁn) M)

where P, is the laser power (100/120/160 W), 7 is the dis-
tance from the beam center, 7 is the laser radius (0.25 mm),
7, is the effective laser radius (0.1 mm), /4. is the heat trans-
fer coefficient (9.5 W/m? K) [28], T is the temperature, and
To is the ambient temperature (298 K).
2.3.2. Powder Model

We employed the Lagrangian particle tracking method to

model the powder particles. Particles entering the melt pool
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transformed into liquid cells upon surpassing the melting
point. The amount of powder injected was calculated from
the predetermined powder utilization efficiency. The powder
was injected at a constant velocity from the vertical direction
of the melt pool to ensure the melting of all particles.
2.3.3. MP Flow Governing Equations

The governing equations, which include mass, momen-
tum, and energy conservation, are expressed in (2), (3), and

(4), respectively.

g—’;+v~pv:R50R (2)
ov 1 H 2 Rsor
—+(V-V)o=—=Vp+=Vv+g- V-V 3)
PRt U Lt s L (vw)
a(aptl)+V~(plv):—pV-v+kV2T+ISOR @)
I=C,,T+(1—fs)L ®)

where p is density, ¢ is time, v is flow velocity, Rsor is the
amount of mass source due to powder particles, p is pres-
sure, m is viscosity, v, is particle velocity, Cv is specific heat,
J5 is the solidus rate, Isor is the discharge of energy, and L is
latent heat. The thermophysical parameters were calculated
using the thermodynamic database of JmatPro (Sente Soft-

ware) considering their temperature dependencies (Table 2).

where e is the cooling rate, 7% is the solidus line temperature
(1398 K), T\ is the liquidus line temperature (1613 K), £ is
the time below the solidus line temperature, # is the time
below the liquidus line temperature, and V is the differential

operator.

3 Results

3.1. Simulated Data

The aspect ratio (D/W), indicating the depth (D) to width
(W) ratio of the MP, was assessed in both the experimental
and simulated scenarios to verify the simulation model. Fig.
2 displays the results of the single-track experiments and
simulations at V values of 5 and 10 mm/s, with constant P
and powder feeding rate (Q) values of 120 W and 3 g/min,
respectively. The experimental dimensions of the MP were
measured from the optical images, whereas the simulated
sizes of the MP were determined by identifying a black soli-
dus line on the temperature contour map. The aspect ratios
decreased with increasing V, and the experimental aspect
ratios were slightly higher than the simulated ones, with dif-
ferences of < 10%. It is considered that one possible reason

for this difference is the thermal boundary conditions of the

0.6
2.34. Solidification Parameter ot M o Emﬂmmfc)
The temperature gradient G and solidification velocity R gu 1 Ds"““‘f‘fd
represent spatial temperature variations and are expressed §°3
as: go.z
T-T,
R © * —
G=VT @ Fig. 2 Comparison of the experimental and simulated MP: (a) and
(b) experimental optical images, (2’) and (b’) simulated
R= |é—| (©)] temperature contours, and (c) aspect ratio
Scale bars: 200 mm
Table 2 Thermophysical properties of Ni625 calculated using JmatPro
Tiiifiztre C(;f‘ll(li?ll;?jilty Specific heat  Density Viscosity Surface tension Latent heat of fusion
T (XK) W/ mK) Cv(/kgK) rkeg/m’) m (kg/(ms)) s (N/m) L (kJ/kg)
298 10.8 406 8474 - -
600 15.9 456 8373 - -
900 20.9 504 8253 - -
1200 25.8 559 8117 - - 210
1500 30.1 713 7931 1.39 x 10 1.84
1800 31.4 737 7499 0.62 x 10 1.74
2100 35.8 745 7235 0.38 x 10 1.62
2400 40.2 748 6952 0.26 x 107* 1.52
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Fig. 3 Simulated MP of (a) temperature contour plot, (b) maximum
temperature, and (c) dimensions at varying process param-
eters

substrate in the simulation. Hence, this model was employed
for additional simulations to generate a process map for the
Ni625 alloy.

Various conditions were simulated to assess fabrication
feasibility using these process parameters. Fig. 3 illustrates
the simulated temperature contour plots and the maximum
temperature of the MPs under nine different conditions,
accompanied by their respective sizes. As shown in Figs.
3(b) and 3(c), with an increase in P from 100 to 160 W
(while V is constant at 5 mm/s), the maximum temperature
increases from 2335 to 2725 K, and the width of the MPs
increases from 540 to 780 mm; by contrast, increasing V
when P is constant causes both the maximum temperature
and the width and depth of the MPs to remain almost con-
stant. The highest temperatures and dimensions of the MPs
indicated a significant dependence on P but less dependence
on V. Consequently, MPs were formed under all conditions,
and the maximum temperature exceeded the melting point
of the Ni625 alloy at 1623 K [29], which allowed us to pro-
ceed with the experiments.

3.2. Microstructural Analysis

The fabricated state, porosity, and cracks of the samples
produced under the nine simulated conditions were inves-
tigated via cross-sectional image analysis using an optical
microscope. All samples, except S7, were successfully manu-
factured, as shown in Fig. 4(a); however, S7 could not be
completed because the powder adhered to the nozzle owing
to the highest energy density input. The optical density
shown in Fig. 4(b) was measured from optical images of the

polished surfaces of the samples. Five images were taken
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Fig. 4 (a) Appearance of the LP-DED fabricated samples and (b)
optical density

from different locations on the polished surface of each
sample at 200X magnification. The optical density of these
images was then measured using Image] software, and the
average was calculated. As shown in Fig. 4(b), most samples,
excluding S2 and S3, exhibited a dense structure without
any visible cracks; this resulted in a satisfactory industrial
density of over 99.5% [3], [30], [31]. However, samples S2
and S3 showed noticeably lower density values with irregu-
larly shaped pores caused by the lack of fusion owing to the
lower energy density input. It can be generally observed that
densification increases with increasing P and decreases with
increasing V. This behavior is more significant in samples S1
to S3 at 100 W, while it is less pronounced in samples S4 to S9
at 120 W and 160 W. This suggests that at lower P settings,
the impact of V on densification is more pronounced, whereas
at higher P settings, the effect of V becomes less significant.
Consequently, optimizing P and V parameters is crucial for

achieving desired densification levels in different samples.
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2 o, BN\
] %
i
=7 / E He
3
Al \ h . S
//// \ £ §/ & -
NS> HE RS
dll|f Il Columnar & & W%
; dendrite g o™
High G/IR &
s Low
I<100> ® Gm
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Fig. 5 (a) Schematic of the MP microstructure and (b) columnar-
equiaxed transition criteria, adapted from [27] with permis-
sion [27], [32], [33]

The microstructure of AM materials can be explained by
the MP microstructure using Hunt’s columnar-equiaxed tran-
sition criteria [27], [32], [33]. As shown in Fig. 5(a), MPs typ-
ically exhibit a bimodal microstructure comprising two types
of grains: ED at the top with no preferential crystallographic
orientation and CD at the bottom that show a preference for
growing from the bottom part to the center along the direc-
tion of the thermal gradient [21], [33]-[35]. This is attributed
to the higher G/R ratio at the bottom part of the MP and the
lower G/R ratio at the top, as illustrated in Fig. 5(b), where
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G/R is the grain morphology factor determining either ED or
CD, and G X R is the cooling rate that determines the size of
the grain. Typically, the extremely high G and G X R values in
the AM process foster directional solidification, and enhance

the textures of the microstructures of alloys [36], [37].

15 mm/s

Fig. 6 SEM images of the YZ plane of the samples with (a) higher
magnitudes containing PDAS and (b) lower magnitudes
containing CD and ED regions

The dendrite microstructural features, including the PDAS
size and shape of the grains of the samples, were character-
ized by observing the SEM images of the aqua regia-etched
YZ cross-section. PDAS is one of the factors in influencing
mechanical properties and it was known that smaller PDAS
increases various mechanical properties [25], [26]. As shown
in Fig. 6(a), among the samples, S7 yielded the highest
PDAS with a value of 3.7 £ 0.1 mm, while S3 yielded the
lowest PDAS with a value of 1.7 = 0.3 mm; consequently,
the PDAS increased as the P increased and V decreased. In
contrast, as shown in Fig. 6(b), all samples exhibited a
bimodal grain microstructure consisting of CD and ED
regions. Samples S7 to S9, fabricated with the highest P of
160 W, exhibited a predominance of CD, while samples S1 to
S3, fabricated with the lowest P of 100 W, displayed an
almost exclusive ED presence, and resulted in a trend that

shifted from an ED-dominant to CD-dominant microstruc-
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ture with increasing P and decreasing V, respectively;
namely, high P values increased the dendrite structure,

which is consistent with other research [14].
4 I | ‘ | ‘ -
| 2 g\ \ \ \

10pm
(b) BSE Mo Nb Fe )
--

Fig. 7 EDS maps of samples of (a) S7 and (b) S3

The elemental microsegregation of the samples was ana-
lyzed using EDS mapping. Figs. 7(a) and 7(b) illustrate the
distributions of the main elements (Ni, Cr, Fe, Nb, and Mo)
in samples S7 (with the highest energy density) and S3,
respectively. The Mo and Nb contents in the interdendritic
regions were higher than those in the dendritic regions, as
indicated by the yellow arrow. Both samples exhibited sig-
nificant Mo and Nb segregation with no clear differences in
their segregation behaviors. Based on the obtained results
and previous reports, it can be concluded that the observed

phase corresponds to the Laves phase [7], [16], [19]

(1)
s9 (200) (220) (311)
s8 A A A N
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g
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| Ni PDF#04-0850
T I B v 1 N L 1 L
20 40 60 80 100

Diffraction angle, 20 (deg.,CuKa)
Fig. 8 XRD patterns of the LP-DED fabricated samples

XRD analysis was conducted on the polished YZ cross-
section of the samples to confirm the phase states. As shown
in Fig. 8, all the samples exhibited peaks corresponding to
the reference Ni (PDF #04-0850) in the XRD analysis. Inter-
estingly, in sample S7, the relative intensities of the (111)
and (200) peaks were similar, even though (111) has the
highest-intensity peak, indicating that (100) tends to be ori-

ented in the BD (z-direction), which is in agreement with



Processing Windows of Ni625 Alloy Fabricated using Direct Energy Deposition

other studies [3], [7], [38], [39]. However, all samples exhib-
ited a minor peak shift to a lower diffraction angle compared
with Ni (PDF #04-0850), implying the presence of residual
stress in the samples [3], [38].

m

101

I G

Fig. 9 EBSD (a) inverse pole figure maps and (b) the corresponding
{001} pole figures with multiples of uniform distribution
(MUD) values of the YZ plane

One of the key features of AM that influences the mechani-
cal properties is the crystallographic texture [36], which was
investigated using EBSD. As shown in Fig. 9 (a), by increas-
ing P and decreasing V, directional grain growth occurs
along the z-direction with a {100} crystallographic orienta-
tion, which is an easy growth direction for the FCC crystal
structure [3], [36], which was observed in the samples. The
values of the texture strength measure, MUD, increased as P
increased and V decreased; however, apart from sample S7,
no distinguishable crystallographic textures were observed
for the samples, and S7 exhibited the highest texture with
most grains aligned in the {100} crystallographic orientation;
this finding is consistent with the XRD results shown in Fig.
8.

3.3. Tensile Properties
A tensile test was performed at RT, and the results showed
trends corresponding to the features of the microstruc-

ture. As shown in the optical images in Fig. 4, the porosity
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Fig. 10 Tensile stress-strain curves of the samples
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increased with V in the sample fabricated at the lowest P
of 100 W, whereas the elongation (El) of these samples
decreased, as shown in Fig. 10(a). However, with an increase
in V, the minor decreases in the PDAS and grain size shown
in Figs. 6 and 9 led to a minor monotonic increase in the
ultimate tensile strength (UTS) for the samples produced at
P =120 W and 160 W. Consequently, the tensile properties
exhibited negligible variations because fewer changes were

observed in the microstructure.
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Fig. 11 P-V process map with Ep contour

A process map illustrating the relationship between P, V,
Ep and the feasibility of sample fabrication was established
based on the experimental data obtained in this study. Fig.
11 illustrates that the pink region represents high Ep, while
the blue region represents low Ep. Additionally, samples S2
and S3, located in the low Ep, area, exhibited higher porosity
owing to insufficient fusion. Conversely, sample S7, situated
in the high Ep area, was not fully produced because of pow-
der adhesion in the nozzle. Consequently, the approximate

optimal region is indicated by a yellow line.
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4 Discussion

4.1. Pore Formation and Mechanical Property Impact

Pores are one of the major defects that significantly affect
the mechanical properties of parts; which can primarily
occur owing to both high- or low-energy input, as well as the
insufficient overlap of laser tracks [40].

High-energy input during the melting process can result
in the formation of an unstable MP at extremely high tem-
peratures and severe Marangoni convection, which in turn
leads to the generation of spherical pores either by trapping
the protective gas (Ar) or metallic vapor [3], [40]. As shown
in Fig. 4(b), samples S7 and Sl fabricated with a higher
energy density showed spherical pores with a maximum
diameter of 40 mm. These pores were primarily formed
owing to the trapping of Ar gas and were unlikely attributed
to metallic vapor because of the high melting points of all the
main elements of the Ni625 alloy. It is known that spherical
pores with diameters < 130 um have negligible detrimental
effects on the mechanical properties of the material [3].
Moreover, as illustrated in Fig. 10(a), sample S1 displayed
satisfactory tensile properties, despite the presence of
spherical pores.

Low-energy input cannot completely melt the metallic
powder in the previously deposited layer, thus leading to
irregularly shaped lack of fusion pores, as shown in Fig.
4(b). Samples S2 and S3 produced with lower energy input
contained irregularly shaped pores with sizes over 100 mm,;
these samples exhibited lower elongation tensile properties,
as shown in Fig. 10(a).

Insufficient overlap among laser tracks can also cause a
lack of fusion pores, which may be attributed to a large
hatch distance and/or layer thickness [40]. However, in this
study, the primary cause of the lack of fusion pores was

identified as low-energy input, predominantly due to low P.

4.2. Effects of P and V on Grain Size and Morphology

P and V are the primary process parameters used to adjust
the energy density to tailor the microstructure, and they
significantly affect the MP solidification process parameters
G and R [27], [32], [33]. Therefore, a comprehensive under-
standing of G and R is crucial for predicting or explaining the
microstructural features observed in experimental samples,
and simulations are an effective tool for their calculation [27],
[41], [42].

As shown in the solidification map in Fig. 5(b), G X Ris
the cooling rate that determines the size of the grain,

whereas (G/R) is the morphology factor that determines the
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shapes of the grains. In this study, a maximum cooling rate
of 3.5 x 10" K/s was achieved for sample S3, which is close
to the intrinsic cooling rate of LP-DED, which ranges from
10° to 10* K/s [21].

At increasing P and decreasing V values, the PDAS
increased while the grain shapes shifted from being pre-
dominantly ED-dominant to CD-dominant, as shown in Fig.
6(b). It is believed that these behaviors can be attributed to
the changes in G X R and G/R, as illustrated in Fig. 12.

15
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Fig. 12 Simulated (a) average G x R and (") G x R contours, and
(b) average G/R and (b’) G/R contours

As shown in Fig. 12(a), the impact of P on G X R is minor
at low V values but becomes significant at high V. Therefore,
the G X R values of the samples are almost the same at V =
5 mm/s, and the PDASs of these samples do not change
significantly, as shown in Fig. 6(a). Conversely, G X R
increased as a function of V as also proven by other
researchers [27], [41], [42], and the highest and lowest G x
R values were obtained for S3 and S7, respectively; accord-
ingly, S3 and S7 respectively exhibited the lowest and high-
est PDAS values equal to 1.7 £+ 0.3 mm and 3.7 £ 0.1 mm,
as shown Fig. 6(a).

As shown in Fig. 12(b), G/R is less affected by P but is
significantly affected by V; additionally, G/R decreases as V
increases, thus suggesting that CD increases with decreas-
ing V. Correspondingly, the directional grain growth along
the z-direction with the {100} crystallographic orientation is
most significant in the samples with the lowest V of 5 mm/
s, as shown in Fig. 9.

As shown in Figs. 12(a) and 12(b’), higher G/R and lower
G X R values are observed at the bottom of the MP; in con-
trast, lower G/R and higher G X R were obtained at the top
of the MP [27], [41], [42] and these behaviors are most
significant at low V, thus indicating that the morphology of
the microstructure is prone to CD. Correspondingly, the
texture strength measure MUDs were higher in fabricated

samples with the lowest V, as shown in Fig. 9.
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4.3. Verification of Tensile Properties

Although there were no dramatic differences in the tensile
behavior of each sample in this study, the results were still
comparable to the tensile results from other existing studies.
As illustrated in Fig. 13 and as listed in Table 3, the UTS and
yield strengths (YS) of samples exhibited minor changes,
with UTS changing from 1008 + 2 to 941 = 9 MPa and YS
changing from 682 = 11 to 640 = 7 MPa. However, in the
samples fabricated with the lowest P of 100 W, the elonga-
tion noticeably decreased as V increased owing to the higher
porosity caused by the lack of fusion, as shown in Fig. 4.
Conversely, according to the reference data in Table 3, it is
known that the Ni625 alloy can be fabricated using a broad
range of process parameters (for example, P may change
from 220 to 1500 W and V from 8.3 to 33.3 mm/s) yielding
higher tensile properties than casting.

In addition, based on the literature data listed in Table 3,
the UTS decreases at increasing P. A higher P not only
increases the evaporation [21] of Al, Cr, Fe, and Co in the
Ni625 alloy by increasing the MP temperature, but also
accelerates precipitation growth owing to a lower cooling
rate, thus leading to a degradation of mechanical properties.
Therefore, using P values as small as possible is advanta-
geous for the microstructure and mechanical properties of
the material and machine maintenance. In this study, tensile
properties similar to those reported in other research stud-
ies [71,[131,[14],[18] were obtained by using a lower P com-
bination with a small hatch space, as shown in Fig. 13. A
small hatch space increases remelting, which reduces the

lack of fusion [43] and increases the ED grains [3].

This study is believed to be the first report on the optimi-
zation of the strength and ductility of Ni625 alloys using a
relatively low P value, thus demonstrating that high-perfor-

mance Ni625 alloys can also be fabricated with lower P.
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Fig. 13 Comparison of tensile properties in this study with those
obtained in other research studies

5 cConclusion

Extensive empirical testing on the Lasermeister was per-
formed with common AM materials, including Fe-, Ni-, and
Ti-based alloys. Herein, to develop process maps for the
Ni625 alloy specific to this machine, the processability,
microstructure, and mechanical properties of the alloy were

experimentally and numerically investigated under various

Table 3 Comparison of process parameters and tensile properties in this study with those obtained in references

Label P %4 Q d Ep=P/(Vd) UTs YS El
W) (mm/s) (g/min) (mm) (J/mm?) (MPa) (MPa) %)
S1 100 5.0 2.0 0.5 40.0 951+7 655+15 42+2
S2 100 10.0 4.0 0.5 20.0 1008 +2 682=11 361
S3 100 15.0 4.0 0.5 13.3 10057 674+13 28+4
S4 120 5.0 2.0 0.5 48.0 941+9 6407 42+2
S5 120 10.0 4.0 0.5 24.0 959+3 666 7 41+1
S6 120 15.0 4.0 0.5 16.0 989+4 669+12 37x1
S7 160 5.0 2.0 0.5 64.0
S8 160 10.0 4.0 0.5 32.0 944 +4 67010 42+1
S9 160 15.0 4.0 0.5 21.3 960 =6 672+9 40+1
[7] 220 8.3 2.3 0.4 66.0 1020.9 675.8 23.1
[14] 330 33.3 7.0 0.4 14.1 1073£5 723+23 26£2
[15] 500 12.5 2.5 1.2 33.3 882+7 480+ 20 36+£5
[19] 1500 15.0 7.5 5 20.0 733.7 500.4 29.4

[29] Casting 485.0 275.0 25.0
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fabrication parameters. Key findings include:

1. A simulation model was established to predict the MP
thermal history, including the dimensions and G and R
rates.

2. The dimensions and highest temperatures of the MP were
considerably affected by P but less affected by V, leading
to high P values and increased size and maximum tem-
perature of the MP.

3. Fully dense Ni625 alloy parts (> 99.5%) were fabricated
under conditions where P was > 100 W and V was in the
range of 5-15 mm/s.

4. As P increased and V decreased, a corresponding increase
in the dendritic structure and texture was observed. Nota-
bly, the sample synthesized with the highest P value of
160 W and lowest V value of 5 mm/s exhibited the most
pronounced dendritic structure and texture.

5. A positive correlation was observed between the micro-
structure and tensile properties with lower elongations for
finer microstructures. In particular, sample S3, which had
the finest microstructure and highest porosity, exhibited
the lowest elongation.

6. P ranged from 100 to 160 W, V varied between 5 and 15
mm/s, and a corresponding process map for Ep was
established.

7. The samples showed tensile strength values comparable
to those in other research studies, with UTS and YS rang-
ing from 1008 + 2 to 941 = 9 MPa and from 682 = 11 to
640 + 7 MPa, respectively.

This study demonstrated that a combination of lower P
values and smaller hatch spacings can effectively strengthen
Ni625 alloys. It was also found that there several parameters
can be set to achieve similar outcomes. Indeed, these find-
ings pave the way for the formulation of various “recipes” in
the future tailored to the shape and complexity of different

parts, thus opening new avenues for part development.
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Numerical Assessment of the Applicability of
Geometry-based Force Inference on Homogeneous
and Heterogeneous Cells'

Shou MIYASAKA, Keita IZUMI, Satoru OKUDA and Yuichiro MIKI
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The measurement of cellular forces, which reflect crucial biological attributes, has the potential to replace
conventional cell assessment methods, such as morphology, proliferation, and molecular expression
analysis, in medical cell diagnosis and cell culture studies. In medical cell evaluations, force inference
techniques have gained prominence due to their non-invasiveness and lack of requirement for specialized
equipment. Among those techniques, the method proposed by Ishihara et al., which estimates forces in
densely packed cells based only on cell geometry, is a promising method. However, its applicability range
of this method has not been fully established. In this study, we employed a two-dimensional vertex model
to numerically assess the applicability of this method on homogeneous and heterogeneous cells. Our
comparisons between the true values from numerical simulations and the estimated values from the
inference method revealed a significant correlation between estimation accuracy and cell roundness in
systems of homogeneous cell. Moreover, the method demonstrated efficient force estimations in
heterogeneous-cell systems. These findings may be useful when the force inference method is employed
to evaluate medical cells.
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force estimation, cell assessment, vertex model, medical application, tissue mechanics

. potential to replace conventional cell assessment methods,

1 Introduction o .
such as morphology, proliferation, and molecular expression

In medical cell diagnosis and cell culture studies, intracel- analysis. For instance, the mechanical properties of cells can

lular forces, which reflect biological properties, have the be used to identify senescent cells, which are characterized
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by a stable cell cycle arrest induced in response to stress [1].
This chronic inflammatory state fosters a pro-tumorigenic
microenvironment, promoting cancer initiation, migration,
and metastasis. The in vivo detection of senescence neces-
sitates the examination of fixed or deep-frozen tissues, as
in the immunohistochemical analysis of frozen samples [2].
However, there is considerable clinical demand for real-time
bioimaging techniques. Senescent cells exhibit enhanced
mechanical maturity at adhesion points, leading to the trans-
mission of greater traction forces to the substrate. Conse-
quently, the detection of senescent cells can be achieved by
observing alterations to their cell morphology [3] or quantify-
ing the mechanical forces they generate. There are numerous
other instances where the state of a cell and the mechanical
stress exerted on it are closely related [4], [5].

Many approaches have been proposed for investigating
the mechanical properties of cells. These approaches can be
divided into two types: one involves applying force directly
to cells and measuring the amount of cell deformation as an
equivalent of the force on a cell [5], [6], while the other
involves non-invasive measuring physical or chemical indices
that are indirectly related to cellular forces [7], [8]. Despite
the efficacy of these methods, their invasiveness, expense
associated with the preparation of specialized platforms, and
limited throughput pose substantial challenges for practical
applications, such as cell assessment [9].

In order to address these challenges, numerical inference
methods have attracted attention. Such methods estimate ten-
sion at cell-cell boundaries and intracellular pressure under
the assumption of force equilibrium among cells [9] — [12].
Specifically, the approach proposed by Ishihara et al. [9] uses
Bayesian statistics to deal with the indeterminacy inherent in
the estimation process [9], [10], [13], [14]. This non-invasive
technique does not require specialized equipment and can be
readily integrated with a conventional microscope. However,
its applicability to actual cell evaluation has limitations. The
validation of this method has focused on a limited set of
parameters for homogeneous cells using Drosophila wing
cells as a model. Thus, to expand its application to cells uti-
lized in medical cell evaluation, such as human cells, it is
essential to widen the scope of validation.

In this study, we investigate the applicability of the force
inference method proposed by Ishihara et al. [9]. To achieve
this, we apply the method to the cell morphologies derived
from numerical simulations using a two-dimensional (2D)
vertex model and assess the dependence of estimation accu-
racy on cell behavior by comparing simulated and estimated

forces. Furthermore, by analyzing the correlation between
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estimation accuracy and cell morphology, we identify the
conditions under which the inference method has high accu-
racy. Based on these results, we discuss the applicability of
the inference method for homogeneous and heterogeneous

cells.

2 Methods

To assess the applicability of the force inference method
proposed by Ishihara et al. [9], we conducted numerical
simulations utilizing a 2D vertex model and then applied the
inference method to the cell morphologies derived from the
model. In this approach and model, cells are presumed to be
densely packed and are represented as simplified polygonal
shapes with straight edges. An overview of the force infer-
ence method and a description of the 2D vertex model are

given in the following sections.

2.1. Force Inference

The force inference method estimates the tension at cell-
cell boundaries and intracellular pressure by solving the
force balance equation at each vertex (Fig. 1(a)). The posi-
tion vector of the i-th vertex is denoted by r.. If there are »;
vertices connected to the i-th vertex through edges, the
forces acting on the i-th vertex in the x and y directions are

given by

oY X o Wimodn)l — Vi
Ve LA Ve

@)

oy — Y oy X(j mod ;)41 — Xj
I LT
where 7 identifies the vertex, T} is the tension on the j-th
edge, and P is the pressure of the j-th cell adjacent to both
the jth and (7 + 1)-th edges. Considering Eq. (1) for all ver-
tices in the system, the vector F(:(ff‘,fly, fz",ny,...)) con-
taining all xy elements of the forces can be written as
F=AS, ©
where S (= (Ty, T,
marizes the edge tension and cell pressure to be estimated

..., P1, P, ..)) is the matrix that sum-

and A is the matrix that summarizes the coefficients that
reflect cell morphologies. Since the cell deformation pro-
cess is quasi-static under the low Reynolds number
assumption, the tensions and pressures are balanced at each
vertex. Thus, the force balance equation can be formulated
as
AS = 0. ?)
A Bayesian estimation technique is used to solve Eq. (3).

Specifically, the prior function is assumed to be a Gaussian
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(a) Balance of forces

Tension
Pressure

(b) T1 transition

tf <t S ti‘,otal

Fig. 1 Numerical simulation using a 2D vertex model
(a) Diagram of forces around vertex in 2D vertex model: Blue arrows represent intracellular pressure toward the
vertex and red arrows represent tension at cell-cell boundaries. (b) llustration of T1 transition implemented in 2D
vertex model: The left and right cells approach each other. When the length of the edge shown in red becomes shorter
than a certain threshold, the cells acquire a common edge and top and bottom cells separate. (c) Flow of 2D vertex
model: In the period 0 < ¢ < ¢ the system is relaxed by adding a fluctuation term to the line tension. In the period # <
t < tow, the system is transformed to a steady state to minimize energy by removing the fluctuation term.

distributed around some positive tension value. The hyper-
parameter, which represents the ratio of the variance of the
prior function to that of the likelihood, is calculated by
maximizing the marginal likelihood. The estimation of S is
then accomplished by maximizing the posterior distribution.
Further details regarding this inference method are

described in previous studies [9], [10].

2.2. Acquisition of Stress Field using 2D Vertex Model

To evaluate the accuracy of the force inference method,
numerical simulations were conducted using a 2D vertex
model [15]. The simulations were performed on a system
that contained 100 cells confined within a box measuring 10
units in the x and y directions. Periodic boundary conditions
were applied to all boundaries. The motion of each cell was
expressed through vertex movements under quasi-static
conditions and rearrangements between cells were
expressed through the T1 transition (Fig. 1(b)) by recon-
necting edge connections based on vertex movements [16].
The reconnection was performed when the edge length
became shorter than the threshold, /7y = 0.05, a value cho-
sen to be small enough to affect the calculation of cell mor-
phology. In the vertex model, the cell morphologies were
determined by minimizing the potential energy of the sys-
tem. The cellular network was sufficiently relaxed before the
calculation to avoid local minima. In this section, the valida-

tion of the force inference method using the simulation

57

results and details of the simulation procedure are discussed
first, and the applied parameter settings are presented later.

In the static state, the mechanical force balance of cell
configurations can be represented by a potential energy
function [17]. The potential energy is defined as

Uzczdig(si —seq)2 + Ceu%ﬁ:f&b, @
i i J

where s; is the area of the i-th cell, p; is the perimeter of the
i-th cell, J; is the length of the j-th edge, the first term repre-
sents the area elasticity, the second term represents the
perimeter elasticity, and the third term represents the line
tension. The area elastic modulus K, the preferred area s,
and the perimeter elasticity 7; are parameters that determine
the mechanical behavior of the system. The perimeter elas-
ticity I; is randomly assigned to each cell according to a
Gaussian distribution with mean g and standard deviation or.
The line tension /; is affected by the actin-myosin contractile
force at cell-cell boundaries. The pressure of the é-th cell and

the tension at the j-th edge in the static state are calculated

as
B :_ﬂ:—K(sz‘_Seq)
0s
oU K
T :_E:Fij)i +Liapia + A,

where p; and p;,; are the perimeters of the #-th and (7 + 1)-th
cells, including the j-th edge, respectively.
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To compare the estimated values with the true values, the
true and estimated tension values were scaled by their
respective scaling factors in accordance with a previous

study [9]. For example, for the estimated values, the scaling

factor, denoted by ¢, was determined as ¢ =1/ Te, where
T.. is the mean value of the estimated tension. The scaling
factors were chosen such that the average tension values
were equal to 1. The true and estimated pressures were
scaled using the same factor ¢ to ensure that the average
pressure values were 0; that is, P =cPuy +Ap, where
Ap =—cP and Pu, is the mean value of the estimated pres-
sure. Using the scaled true and estimated values, we calcu-
lated the estimation accuracy in terms of the root-mean-

squared error (RMSE) o, as

ey = \/Z?“" (i)esti - F)truei)z + Z?dgc (Testj - 7~1truei )2 i (6)

Neell + ”edge

where P.; and P.; are the scaled estimated and true pres-
sures, respectively, for the i-th cell, 7. is the number of cells,
Towt; and T are the scaled estimated and true tensions,
respectively, for the j-th edge, and 7.4 is the number of
edges.

The cell morphology and force in the static state were

obtained by calculating vertex movements:

dr;
nE:_VUr (7)

where 7 is the friction coefficient. The numerical integration
of Eq. (7) was conducted using the first-order Euler method
with time step 4¢t. Topological reconnection of edges was
carried out when the edge length was less than the thresh-
old value, /7.

To obtain a system state with potential energy near the
global minimum, simulations using the annealing method
were performed. Two distinct processes were carried out in
sequence. First, a fluctuation process was calculated, in
which the fluctuation of the line tension 4; in Eq. (8) was
incorporated during the period 0 < ¢ < #. Second, a relaxation
process was calculated, in which the fluctuation was gradu-
ally reduced during the period # < ¢ < tu (Fig. 1(c)). The line
tension /; is written as

A+ if 0<t<t,
/ :{Af+a)j exp(—t) if ty <t<tioa’ ®

where the constant A represents the actin-myosin contractile
force. Its value varied across cell-cell boundaries according
to a Gaussian distribution, Af ~ N ( Ua, 04 ), where y and o
denote the mean and standard deviation, respectively. The
variable w; is colored noise with time correlation. Its time

evolution is given by

Table 1 List of constants and variables used in 2D vertex model

Parameter Description Set value Unit
dt Time step 0.01 n/K
tiotal Total simulation time 2000 n/K
t Time interval for intercalation 50 n/K
Seq Ideal area 1.0 1
Iy Length of one side of initial cell 0.62 Seq
Deq Ideal perimeter 3.7 \/Q
In Limit length for T1 transition 0.05 Seq
Cn Correlation factor of length after T1 transition 1.5 -
n Friction coefficient of vertex 1.0 1
Area elastic modulus 1.0 1
r Perimeter elasticity Control Ks,,
ur Mean of perimeter elasticity Control Ks,,
or Standard deviation of perimeter elasticity Control Ks,,
A Line tension Control K(s,)*?
s Mean of constant tension term A° Control K(s.)*"?
oy Standard deviation of constant tension term A° 0.05 K(s.p)**
tr Term used to set thermal fluctuation 1000 n/K
7 Relaxation time of tension fluctuation term w 20.0 n/K
oy Coefficient in fluctuation term 10.0 K(s.,)*"*
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Table 2 Typical ranges of parameters with “Control” as set value in

Table 1
Parameter Range
r 0.05-0.20
i 0.05-0.20
I -1.4-0.5
o4 0.01-0.04
da)j(t) 1
=——aw;(t)+¢&. 9
it T a’;( ) &i ©)

where ¢ is white noise according to a Gaussian distribution,
& ~ N(O,Gf» /rf»), where orand 7 denote the amplitude and
correlation time of w;, respectively [18], [19].

Table 1 presents the physical and numerical parameters
utilized in the simulations using the 2D vertex model. The
unit length was set to \/Q , the unit energy was set to KsZ,
and the unit time was set to /K. The parameters I', ur, or,
and u, are control parameters that reflect a heterogeneous

cellular system; their respective ranges are shown in Table 2.

3 Results

To comprehensively investigate the applicability of the
force inference method, we conducted two distinct analyses.
First, we assessed the accuracy of the estimated cell behav-
ior in a system with homogeneous cells. Numerical simula-
tions using the 2D vertex model were performed to obtain
cell morphologies, as well as the tension at cell-cell boundar-
ies and cell pressure, within a wide range of parameter val-
ues. The force inference method was then applied to the
simulated cell morphologies to estimate the tension and cell
pressure. In addition, estimation accuracy was calculated for
each parameter set by comparing the forces obtained from
the simulations and estimations. Second, we examined the
applicability of the inference method to a system with het-

erogeneous cells.

3.1. Dependence of Estimation Accuracy on Cell Behav-
iors

First, the inference method was applied to the cell mor-
phologies obtained from numerical simulations of homoge-
neous cells. Figure 2(a) shows the parameter dependence of
estimation accuracy in terms of the RMSE defined in Eq. (6),
where a smaller value indicates higher accuracy. The heat
map in the figure shows that the accuracy increases with
increasing perimeter elasticity and line tension. The RMSE
as a function of 4 and 7" is plotted in Fig. 2(b1, b2), respec-

tively; the RMSE increases nonlinearly with decreasing
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either 4 or I". We define the condition with an RMSE of 0.2
or less as the high-accuracy condition, corresponding to the
parameter region above the solid line in Fig. 2(a). The
threshold of RMSE is defined as the result of two-segmented
linear regression applied to the plots in Fig. 2(b1, b2) as fol-
lows. The points within each of those plots are divided into
two groups based on a specific value of 4 or I'. For each
group, a regression line is obtained using the least squares
method, and the grouping is performed to minimize the sum
of the residuals of these regression lines. The RMSE value
of the intersection point of these two regression lines is
extracted for the plot. This process is carried out for all the
plots in Fig. 2(bl, b2), and the largest RMSE value is
defined as the threshold.

3.2. Correlation between Estimation Accuracy and Char-
acteristics of Cell Morphology

We examined the relationship between cell morphology
and estimation accuracy by analyzing the dependence of cell
morphology on the line tension 4 and perimeter elasticity 7.
Following a previous study [17], we divided the parameter
space into three regions based on the ground state of the
energy function (Eq. (4)), as shown by the dashed line in
Fig. 2(a). We then compared cell morphology and estimation
accuracy (Fig. 2(d1-d4)) as well as the true and estimated
force values under four typical conditions, namely (4, I') =
(-0.8,0.11) (Fig. 2(cl)), (4, I = (-0.3,0.11) (Fig. 2(c2)),
“,I)=(-0.3,0.16) (Fig. 2(c3)), and (4, I') = (0.1, 0.04)
(Fig. 2(c4)). For the first condition, where the estimation
accuracy is low, the cell shapes tend to be elongated and
have multiple configurations that can form at the energy
minimum. In contrast, for the other conditions, where the
estimation accuracy is relatively high, the cell shapes tend to
be relatively round.

For a more quantitative understanding of the relationship,
we computed several characteristic cell morphologies for
each parameter set (Fig. 3(al-a3)) and compared them with
the estimation accuracy (Fig. 3(b1-b3)). The dependence of
circularity (47s/p?) on the line tension 4 and perimeter elas-
ticity 7" is shown in Fig. 3(al). The circularity increases
with increasing either 4 or I". By comparing this heatmap
and Fig. 2(a), we obtained the circularity dependence of
estimation accuracy (Fig. 3(b1)). For the scatter plot, the
regression line is obtained using the least squares method,
and the circularity value of the intersection between this
regression line and the line of the RMSE threshold is
defined as the circularity threshold: 0.82. Moreover, the

results for the perimeter are shown in Fig. 3(a2, b2). As a
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Fig. 2 Parameter dependence of estimation accuracy in systems with homogeneous cells
(a) Heatmap of RMSE in 2D parameter space of parameter elasticity and line tension (4, I"): Gray cells indicate parameter
sets for which the simulation stopped due to a large distortion of cell morphology. (b1, b2) Dependence of estimation accu-
racy on 4 and I': Dashed line shows the threshold of high-accuracy estimation. (c1-c4) Scatter plots of estimated values and
true values at four representative points (1-4) indicated in (a), namely (4, I') = (0.8, 0.11), (4, I') = (-0.3,0.11), (4, 1)
=(0.3,0.16), and (4, ") = (0.1, 0.04). The parameter set (4, 1) = (0.1, 0.04) was used by Ishihara et al. [9] for verifying
their technique: All edge tensions (red) and cell pressures (blue) are plotted. (d1-d4) Cell morphology for four conditions

simulated using 2D vertex model
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Fig. 3 Parameter dependence of cell shape characteristics and correlation with estimation accuracy
(al-a3) Heatmap of cell shape characteristics (circularity, perimeter, and polygonal number) in 2D parameter space of
parameter elasticity and line tension (4, I"): Solid line is the threshold (RMSE = 0.2) and dashed lines divide the param-
eter region defined in a previous study [17]. Points 1-4 correspond to representative points in Fig. 2(a). (b1-b3) Scatter
plots of RMSE versus cell shape characteristics obtained by comparing (al-a3) and Fig. 2(a)
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result, the correlation between the perimeter and accuracy
is opposite to that of the correlation between circularity and
accuracy. This is because a larger circularity generally
results in a smaller perimeter, based on the definition of cir-
cularity (4zs/p®). Furthermore, the results for the polygonal
number are plotted in Fig. 3(a3, b3), where no correlation

with accuracy is observed.

3.3. Estimation Accuracy for Heterogeneous Cells

To investigate the applicability of the force inference
method to systems with heterogeneous cells, we conducted
numerical simulations for various values of perimeter elastic-

ity of individual cells and then applied the inference method

to the resulting cell morphologies. The cell morphologies
are shown in Fig. 4(al-a4), where the color contours indicate
the perimeter elasticity I” of each cell. It is observed that cells
with a lower perimeter elasticity tend to have a larger area.
Scatter plots of the estimated and simulated force values are
shown in Fig. 4(b1-b4). As o, increases, the dispersion of
tension and pressure also increases; however, the estimated
values are close to the true values even for large values of or.
Figure 5(a) shows the RMSE for each analysis. As shown in
this plot, the RMSE increases with increasing perimeter
elasticity o,. Nonetheless, the RMSE values for all four
analyses remain below the threshold (RMSE < 0.2), indicat-
ing the possibility of estimating forces with high accuracy, at
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Fig. 4 Cell morphology and estimation accuracy in systems with heterogeneous cells
(al-a4) Cell morphology calculated using 2D vertex model with perimeter elasticity having Gaussian distribution (expressed by
color contour): The results were obtained under the conditions where the standard deviation of the perimeter elasticity is set as o
=0.01,0.02,0.03, and 0.04. (b1-b4) Scatter plots of true and estimated values for each cell morphology
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Fig. 5 Dependence of estimation accuracy and circularity on cell heterogeneity
(a) Dependence of estimation accuracy on the standard deviation of perimeter elasticity o, for system with heterogeneous cells:
Dashed line is the RMSE threshold (0.2). (b) Circularity for each analysis condition: Points represent the mean circularity value
and error bars represent its standard deviation. Dashed line is the circularity threshold (0.82). SD: standard deviation.
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least within the heterogeneous range of o, < 0.4. The distri-
bution of circularity for each analysis is shown in Fig. 5(b).
The average circularity slightly decreases and its variance
increases with increasing perimeter elasticity or. All circular-
ity values are either higher than or comparable to the circu-
larity threshold (dashed line in the figure).

4 Discussion

In this study, we employed a two-dimensional vertex
model to numerically assess the applicability of the force
inference method proposed by Ishihara et al. [9] to systems
with homogeneous and heterogeneous cells. The parameter
map in Fig. 2(a) provides a visual aid for understanding the
applicability of this method. To utilize this map, the perime-
ter elasticity and line tension of the observed cells must be
obtained. These parameters can be derived by comparing
simulated cell morphologies with actual cell shapes, as dem-
onstrated in previous research on Drosophila cells [16], [17].
Our results are consistent with these earlier findings; the
parameters for Drosophila cells fall within the high-precision
range found in our study. Moreover, cell morphology can
serve as an index of applicability. We found that when cell
circularity exceeds 0.82, high-accuracy estimation is
achieved. This suggests that researchers can assess applica-
bility based on cell circularity, which can be calculated using
standard microscopy software such as NIS-Elements (Nikon,
Tokyo, Japan).

Our findings also indicate that this inference method is
applicable to heterogeneous cell systems with a relative stan-
dard deviation of perimeter elasticity below 40%. This is due
to the RMSE values falling below the established threshold
(RMSE < 0.2). Circularity is also a useful index of applicabil-
ity to heterogeneous cell systems, as demonstrated in Fig.
5(b) (circularity values above a threshold of 0.82). Under
actual biological conditions, the mechanical and biochemical
properties of cells may vary for a given cell type due to fac-
tors such as individual characteristics, the cell cycle, and
apoptosis. In our study, we assumed that each cell has a
distinct actin cytoskeleton and that perimeter elasticity has a
Gaussian distribution. Our results show that the inference
method is effective for systems that resemble actual biologi-
cal conditions. By modifying other factors (e.g., ideal cell area
and initial edge length), we can further explore its applica-
bility to heterogeneous systems.

The force inference method has the potential to replace
conventional cell evaluation techniques. In medical cell diag-

nosis and cell culture studies, for example, the mechanical
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properties of cells could be used to identify senescent cells,
which can be distinguished based on altered cell morphol-
ogy [3]. Given that the estimation method is accurate even
for systems with heterogeneous cells, it may be possible to
calculate the force exerted on individual cells and distin-
guish senescent cells from healthy ones based on variations
in applied force. If the forces between the two cell types
significantly differ, the force distribution may become
bimodal. As the prior distribution of Bayesian estimation is
linked to force distribution, a potential avenue for future
research is to update the prior distribution to further expand
the applicability of the inference method. In this study,
numerical simulations were used to validate and demonstrate
the applicability of the inference method in heterogeneous
cells systems, as described above. In order to establish its
applicability to actual cells, it is necessary to quantitatively
measure the forces acting between heterogeneous cells, and

experimental verification is needed in the future.

5 conclusion

Our study demonstrated the potential application of the
force inference method proposed by Ishihara et al. [9] to
heterogeneous cells systems using a 2D vertex model.
Numerical simulations showed the effectiveness of this
method in estimating forces for systems with either homo-
geneous or heterogeneous cells. We also showed the assess-
ment of its applicability using cell circularity. Although we
did not apply the method to actual medical diagnosis, our
analyses suggest its potential use. Force inference methods
have the potential to advance cell evaluation techniques in

biomedicine.
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La,0,-TiO,-based Ultra-high Refractive Index Glasses for
Application as New Optical Elements
Kohei YOSHIMOTO, Shuhei TAKASU, Motoi UEDA, Hiroyuki INOUE and Atsunobu MASUNO
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High-refractive-index glasses are essential for downsizing optical systems and improving their
performance. La,0s-TiO, (LT) glasses are promising candidates owing to their remarkably high refractive
indices (> 2.3) and good optical transmittance in the visible range. However, practical application of LT
glasses is limited by their low glass-forming ability and small size of obtainable samples. This paper
reports the development of new multicomponent LT-based glasses with enhanced glass stability, enabling
the fabrication of significantly larger samples (up to 25 mm in diameter) compared to binary LT glass.
Precise refractive index measurements showed values between 2.16 and 2.31. Despite their high
refractive indices, these glasses maintained good transmittance in the visible region. Prototype lenses
were successfully fabricated using a glass molding press, demonstrating their potential for practical
applications. High-energy X-ray diffraction experiment and ab initio molecular dynamics simulations
revealed a unique glass structure characterized by high cation-oxygen coordination numbers and a
prevalence of edge- and face-sharing polyhedral connections, contributing to the high packing density.
Electronic structure analysis indicated that the predominantly ionic nature of the cation-oxygen bonds
increased electron polarizability of oxygen atoms. These findings provide a fundamental understanding
of the ultra-high refractive index exhibited by LT-based glasses.

Key words #H>X, SEHR. HE@, £-REE BSHA
glass, high refractive index, structural analysis, ab initio calculation, containerless processing

mance of optical systems such as reduced aberrations, high

7 Introduction

numerical aperture, and adequate working distances [2].

Optical glasses are essential components in various optical
applications, including digital imaging cameras, objective
lenses of microscopes, endoscopes, and binoculars. High-
refractive-index glass is particularly advantageous for minia-
turizing optical systems owing to them requiring less curva-
ture of the lens for achieving the same focal power
compared to that made of low-refractive-index glass [1].

High-refractive-index lenses also contribute to high perfor-
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Recently, augmented reality and mixed reality glasses have
emerged as next-generation smart devices, requiring high-
refractive-index substrates for waveguides to achieve suffi-
cient fields of view [3]. Consequently, the demand for high-
refractive-index optical glass is increasing. However,
developing practical optical glasses with refractive indices
exceeding 2.0 is challenging owing to limitations in glass

stability against crystallization and coloration [4].
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The La;03-TiO, (LT) system is a promising candidate to
address these issues. Binary LT glasses can be synthesized
using containerless processing without requiring typical
network formers such as SiOs, B:03, P;Os, and GeO; [5]-
[8]. LT glasses exhibit significantly high refractive indices (>
2.3) and relatively high optical transmittance in the visible
range despite the high refractive index [6]. The glass-form-
ing region of the binary LT system is reportedly narrow,
ranging from 66.7 to 76.2 mol% TiO,, and the resulting
glass size is typically limited to 2—3 mm in diameter [7]. To
develop LT-based glasses for practical applications as optical
materials, enlarging glass sizes and precisely measuring the
optical properties are necessary. This study aimed to
develop new LT-based multicomponent glasses that enable
larger glass sizes and precise determination of optical prop-
erties. Furthermore, the mechanisms underlying the unique
optical properties of LT-based glasses were investigated by
analyzing the glass structures and electronic states through

diffraction experiment and molecular dynamics simulations.

2 Methods

2.1. Glass Synthesis

Six multicomponent LT-based glasses were prepared.
High-purity La;O3, Y203, TiO,, ZrO,, Ta,0s5, Al,03, and SiO,
were mixed in stoichiometric ratios. The oxide components
of each composition and sample name, abbreviated accord-
ing to their composition, are presented in Table 1. For each
composition, the mixed powder was pressed into a cylindri-
cal pellet at 20 MPa and air-sintered at 1200°C for 12 h. The
sintered pellet was placed on the gas nozzle of a self-built
aerodynamic levitation system and levitated using airflow.
The levitated sample was heated using 100 W CO, lasers.
Post-melting, the lasers were turned off, and the melt was
allowed to cool naturally to room temperature to form a

glass.

2.2. Measurements of Thermal and Optical Properties
The glass transition temperature (7,) and crystallization
onset temperature (7) were determined by differential ther-
mal analysis in air at a heating rate of 10°C/min using a
Thermo Plus EVO2 TG8121 thermal analyzer (Rigaku Co.
Ltd., Tokyo, Japan). All glass samples were annealed at
approximately their 7, to remove internal strain. Density was
measured using an AccuPyc II 1340 gas pycnometer
(Micromeritics Instrument Co., Norcross, USA) with an
accuracy of = (.01 g/cm®. Refractive index was measured

using one of three methods, depending on the sample size:
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the prism coupling, V-block, or minimum deviation methods.
Details of the measurement procedure by the prism coupling
method are described in our previous work [9]. Measure-
ments by the V-block method were performed using a Kal-
new KPR-3000 precision refractometer (Shimadzu Corp.,
Kyoto, Japan) with an accuracy of + 1 x 107°. The measure-
ments by minimum deviation method were performed using
an HR SpectroMaster UV-VIS-IR high-precision spectrore-
fractometer (Trioptics GmbH, Hamburg, Germany) with an
accuracy of = 1 x 107 Optical transmittance spectra were
acquired at 300-700 nm using a UH4150 UV-Vis-NIR spec-
trophotometer (Hitachi High-Tech Corp., Tokyo, Japan).

2.3. Diffraction Experiment

High-energy X-ray diffraction (HEXRD) experiment was
conducted at the BL04B2 beamline of the SPring-8 synchro-
tron radiation facility [10] for LTZ using 113 keV X-rays. The
total correlation function (7%(#)) was then obtained by the
Fourier transformation of the structure factors from 0.3 to
22 A7

24. Molecular Dynamics Simulations

Structural models of six LT-based glasses were con-
structed using ab initio molecular dynamics (AIMD) simula-
tions based on density functional theory. Simulations were
performed using hybrid Gaussian and plane wave method
implemented in the QUICKSTEP module of the CP2K code
[11]. Details of the AIMD simulations are shown in Nikon
Research Report Vol. 3. The classical molecular dynamics
(CMD) simulations with the LAMMPS code were used to
create the initial configuration for AIMD simulations [12].
Each simulation model contained approximately 550 atoms.
Multiwin software package was used for post-processing and
electronic structures, including calculations of electron
populations, bond orders, and localized functions were ana-
lyzed [13], [14].

Table 1 Oxide components contained in LT-based multicomponent

glasses
LT La;0s, TiO;
LTZ La;0s, TiO,, ZrO,
LTS La,03, TiO;, SiO;
LTZS La,0;, TiO,, ZrOs,, SiO;
LTZTS La;0;, TiO;, ZrO,, Ta;05, SiO;
LYTZAS La;03, Y203, TiO,, ZrO,, Al,Os, SiO;
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3 Results and Discussion

3.1. Thermal Properties

Table 2 presents the results of thermal analysis and den-
sity measurements. The temperature gap between Ty and Ty,
denoted as AT (= Tx - Ty), is used as a measure of glass
stability against crystallization [15]. The results indicate that
both ZrO, and SiO, enhance the thermal stability of the
glass, with LTZS (containing both ZrO, and SiO») exhibiting
the highest AT among the fabricated samples. Therefore, we
attempted to increase the size of the LT-based multicompo-
nent glasses using a larger-diameter gas nozzle. Conse-
quently, larger glass samples were successfully fabricated:
approximately 10 mm in diameter for LTZ, 15 mm for LTS
and LTZTS, and 25 mm for LTZS and LYTZAS. However, for
the binary LT, glasses with diameter larger than 3 mm could
not be obtained owing to crystallization. Figure 1 shows the
photograph of LT and LTZS.

3.2. Optical Properties

Larger sample sizes enabled precise refractive-index mea-
surements, which were previously challenging with the typi-
cal 2-3 mm diameter glasses obtained by containerless
processing. The refractive indices of LT were measured

using the prism coupling method; LTS and LTZTS were

Table 2 Thermal properties and densities of LT-based glasses

T, (0 T (0 AT(C)  p (g/cm’)
LT 800 862 62 4.91
LTZ 810 922 112 5.06
LTS 781 916 135 4.57
LTZS 794 973 179 4.88
LTZTS 793 966 173 5.11
LYTZAS 811 920 109 4.89

807068

Fig. 1 Photograph of LT (left, 2.8 mm in diameter) and LTZS (right,
23 mm in diameter): LTZS is polished into disk (3 mm
thickness) for the optical property measurement.
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measured using the V-block method; and LTZ, LTZS, and
LYTZAS were measured using the minimum deviation
method. Figure 2 presents the refractive index (#4) and the
Abbe number (vq) of the LT-based glasses, comparing them
with those of commercial optical glasses. The Abbe number
was calculated from the refractive indices at the F (486.133
nm), d (587.562 nm), and C (656.273 nm) lines as follows:

n—1
ng —Nc

Va=

@

In Fig. 2, the LT-based glasses exhibit significantly higher

refractive indices and relatively larger dispersion compared
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circles) and commercial optical glasses (gray squares)
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to the commercial optical glasses. LT and LTZ show particu-
larly high refractive indices around 2.3, while the other SiO-
containing compositions have refractive indices around 2.17.

The internal transmittance spectra of the LT-based glasses
(10 mm thickness) are shown in Fig. 3(a). High transmit-
tance is observed in the visible range, with a sharp absorp-
tion edge near 400 nm. Figure 3(b) shows the relationship
between the internal transmittance at 440 nm (T'y40nm, 10 mm
thickness) and the refractive index (n4) for both the LT-
based glasses and commercial optical glasses. For both glass
families, Tyonm tends to decrease with increasing #q. How-
ever, the LT-based glasses maintain relatively high transmit-
tance despite having significantly higher refractive indices

than the commercial optical glasses.

3.3. Glass Molding Press

In this study, we developed multicomponent LT-based
glasses with improved thermal stability, achieving glass sizes
significantly larger than the typical 2-3 mm diameter
obtained by containerless processing. These results moti-
vated us to fabricate prototype lenses using a glass molding
press in which glass preforms are reheated and molded into
their final shape. The preform of LT-based glasses was
placed between the molds and heated to a molding tempera-
ture above Ty of the sample. Once the molding temperature
was reached, the upper mold was pressed onto the glass
preform, giving it the shape of the mold. The molded sample
was then released from the mold and polished to obtain the
prototype lens. Using this method, a 25 mm diameter con-

cave meniscus lens (Fig. 4(a)) and a 27 mm diameter bicon-

a)°” Nikon Nikon Nikon ( ). Nikon Nikon Nikon Nikon
| :

Nikor m\\ Nikon itkon N “n Nika
Nikon
Nikos' Nikon Nikon) Nijkoi kon ’ ‘n Nik
/ 2 ~.
AN / [ Nik™ —«on Ni
Vlkot@!’;?oleo e 2o WS ‘1‘0
likon Nikon N"«ﬂl"' Nikon 0 T

Fig. 4 Photographs of the prototype lenses of LT-based glasses
fabricated using the glass molding test: (a) concave menis-
cus lens (LYTZAS, 25 mm in diameter), (b) biconvex lens
(LYTZAS, 27 mm in diameter), and (c) wafer (LTZS, 41
mm in diameter).
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vex lens (Fig. 4(b)) were fabricated from 20 mm diameter
LYTZAS preforms. Furthermore, a 41 mm diameter, 1 mm
thick wafer-shaped sample (Fig. 4(c)) was fabricated from a
22 mm diameter LTZS preform. No cracks or crystallization
were observed in the molded samples. These results are
expected to significantly expand the application potential of
ultra-high refractive index glasses produced by containerless

processing.

34. Glass Structures

The X-ray weighted total correlation functions (7%()s) for
LTZ obtained from HEXRD experiments and AIMD are
shown in Fig. 5(@@). The AIMD-derived T%(r) agrees well with
the experimental result, reproducing both the short-range
order (~1-5 A) and medium-range order (~5-10 A) accu-
rately. However, the mismatch at approximately 4 A suggest
that the M-M distance was reproduced slightly shorter in
AIMD. The R factor, an agreement index [16] between the
experimental and calculated T%()s (calculated over the
range of 1-10 A), was 2.8%. Figure 5(b) shows the struc-
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™
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(a) X-ray weighted total correlation functions, 7%(r)s, of
LTZ obtained from HEXRD and AIMD simulations. Partial
correlation functions for Ti—O (orange), La—-0O (violet),
Zr—0 (green), O-0 (cyan), and M—M (gray) obtained
from AIMD are also shown. (b) Snapshot of the LTZ
structure obtained by AIMD simulation (c) Snapshot of
edge- and face-sharing TiOg—TiOs polyhedral linkages
from the AIMD-derived structure

Atom colors: Ti (orange), Zr (green), La (violet), and O (yellow)

Fig. 5
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Table 3 Average M—0O coordination numbers in LT-based glasses
derived from AIMD

Nr.o Nao Nsio
LT 897 | - |567| - = = =
LTZ | 8.91 - 5.69 | 6.89 - - -
NS 8.48 - | 5.47 | - = - | 4.00
LTZS | 8.83 - 5.68 | 7.06 - - 1 4.08
LTZTS | 8.74 | - 558 1 6.94 6.11 | - | 4.15
LYTZAS | 8.83 | 7.36 | 5.70 | 6.76 | - | 4.80 | 4.26

tural model of the LTZ obtained from AIMD simulation. The
model suggests average M-0O (M denotes the metal cation)
bond lengths of 1.90 A (Ti-0), 2.13 A (Zr-0), and 2.49 A
(La-0) and average M-O0 coordination numbers of 5.69
(Ti-0), 6.89 (Zr-0), and 8.91 (La-0). A distinctive struc-
tural feature of LTZ is the large fraction of edge- and face-
sharing connections between MO, polyhedra (Fig. 5(c)). The
connectivity between TiO, polyhedra in L'TZ was 69.8%
corner-sharing, 28.9% edge-sharing, and 1.2% face-sharing,
while the connectivity between LaO, polyhedra was 35.7%
corner-sharing, 48.7% edge-sharing, and 15.7% face-sharing.
These structural features of high coordination numbers and
prevalence of edge- and face-sharing polyhedral connectivity
in LTZ do not follow the well-known Zachariasen’s rules for
glass formation [17].

Regarding the structural features of the LT-based glasses,
Table 3 lists the average M-O coordination numbers
derived from the AIMD simulations. Si, a typical network-
former cation, exhibits 4-fold coordination with oxygen
atoms. By contrast, transition metal cations (Ti, Zr, and Ta)
show higher oxygen coordination numbers (approximately
6-7), and rare-earth cations (La and Y) have even higher
coordination numbers (approximately 8—9 and 7, respec-
tively). Figure 6 shows the average M—O coordination num-
ber (Num.0) and the percentage of edge- and face-sharing
MO,-MO, polyhedral linkages calculated from the AIMD
models. The LT-based glasses in this study exhibit a positive
correlation between the total fraction of edge- and face-
sharing linkages and Ny_o. This suggests that the high pro-
portion of edge- and face-sharing polyhedral connections in
these glasses can be attributed to the high oxygen coordina-
tion numbers of the constituent rare-earth and transition
metal oxides. Edge- and face-sharing polyhedral linkages
reduce the inter-cation distances compared to corner-shar-
ing, resulting in significantly high oxygen packing density in
LT-based glasses [6], and consequently, contributing to the

high refractive index.
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Fig. 6 Correlation between average coordination number (Nu-o) and
the fraction of edge- and face-sharing polyhedral linkages in
LT-based glasses (derived from AIMD simulations)

The dotted line is guide to the eye.

3.5. Electronic Structures

According to Mulliken population analysis [18], the net
charge of atom A (AQ,) is calculated by subtracting the
gross atomic population (Q4) from the nuclear charge (Z4):

AQr=Z ) —Qn )

Q4 is the sum of the net atomic population (@) and half of
the total overlap population ((1/2)X@Qag), Where B represents
an atom bonded to atom A:

QA=QAA+éZQAB ®

@an and Qap are given by:

Qna =Zzz7hcuicvi Ix,‘ (r)x (r)dr @

peA veA i

QAB=ZZZZniCpiniJ xu (1) 20 (r)dr ®)

ueA veB i

where y,(r) and y.(r) are the atomic orbitals; ¢,; and ¢,; are
the contribution of y,(r) and y.(r) in the molecular
orbital ¢;(r); and #; is the number of electrons in ¢;(r). Fig-
ure 7 presents the results of population analysis based on
above method for oxygen atoms in the LT-based glasses.
The average electronic polarizability of oxygen atoms (ao)
was calculated using the procedure described in [6]. While
the gross atomic population of oxygen (o) shows minimal
variation, the net atomic population (Qoo) and the total over-
lap population (£Qon) exhibit significant changes with oxy-
gen polarizability. The decrease in £Qom with increasing oo
suggests a decrease in covalent nature of O-M bonds.
Furthermore, the increase in Qoo implies an increase in the
number of non-bonding electrons on oxygen atoms, which
likely contributes to the increased oxygen polarizability.
Table 4 lists the average bond orders of M—-O0 pairs in each

glass, calculated using the aforementioned Mulliken scheme
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Fig. 7 Results of population analysis and electronic polarizability
of oxygen atoms in LT-based glasses
Dotted lines are guides to the eye.

Table 4 Average bond orders of M—O pairs in LT-based glasses

La-O Y-O Ti-O Zr-O Ta-O Al-O Si-O

LT (0.132, - |0.441| - - - =
LTZ |0.132| - 10.435]0.393 - - -
LTS | 0.145 - 0.445 - = - 0.873
LTZS 10.135, - 10.432/0.381 - - 0.853
LTZTS 1 0.136 & - |0.440/0.388 0.524 | - |0.840
LYTZAS  0.135 1 0.241]0.431 | 0.395| - 0.409  0.821

(equivalent to Quo in Eq. (5)). Si—0 bonds exhibit high
values of bond order (> 0.8), indicating strong covalent char-
acter. By contrast, the transition metal and rare-earth cat-
ions, which are the primary components of the LT-based
glasses, exhibit much lower values of bond order, indicating
predominantly ionic bonds with oxygen atoms. These highly
ionic characters increase the net atomic population of oxy-
gen atoms (Qoo), resulting in high electron polarizability of
oxygen atoms.

Finally, the chemical bonding nature was visualized using
the electron localization function (ELF) [19], as shown in
Fig. 8. ELF is an indicator of electron localization in space
[20]. In Fig. 8, the ELF localizes between Si and O atoms,
indicating shared electron pairs and strong covalency of Si—
O bonds. Meanwhile, the spherical distribution of ELF
around oxygen atoms in Ti—O bonds suggests a more ionic

bonding character.
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Fig. 8 ELF isosurface at level of 0.82 for SiO,—TiOs fragment
extracted from AIMD model of LTZS
Colors of atoms: Ti(orange), Zr (green), Si (cyan), and O
(yellow)

4 Conclusion

This study successfully developed new multicomponent
La,03-TiO, (LT)-based glasses exhibiting enhanced thermal
stability and significantly larger sizes compared to binary LT
glasses. The incorporation of ZrO. and SiO, improved glass
stability, enabling the fabrication of samples suitable for pre-
cise optical measurements and prototype lens production via
glass molding press. These LT-based glasses exhibited
exceptionally high refractive indices (nq = 2.16-2.31) and
good transmittance in the visible range, making them suit-
able candidates for a variety of optical applications. Structural
analysis revealed a unique glass structure characterized by
high coordination numbers and abundant edge- and face-
sharing polyhedral linkages, possibly contributing to
increased packing density. Notably, containerless processing
allowed for achieving the glassy structure despite the pres-
ence of large fraction of edge- and face-sharing linkages.
Furthermore, the predominantly ionic character of the cat-
ion—oxygen bonds resulted in increased oxygen polarizabil-
ity, further enhancing the refractive index. This study dem-
onstrated the potential of multicomponent LT-based glasses
for practical applications requiring high-refractive-index
materials. The findings indicate scope for future advance-
ments in the miniaturization and performance enhancement

of optical devices.
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