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Monozukuri - ART for Human Possibilities

fall BE

The phrase “once in 100 years” has now come to be used almost on an annual basis. The environment
surrounding us is constantly changing due to various factors such as pandemics, military conflicts,
lockdowns. Therefore, the power of Agile (agility) and Resilience has become indispensable areas for
corporate management. Even though the environment is changing, I think we need to be strongly aware
of our own values(value definitions).

The company has “ART for Human Possibilities” as our long-term vision. We believe that this value is
where our customers can be not only impressed, but find greater happiness through our products and
services, and that we too can feel our own growth and be happier as well. Waving this flag as our value,
we need to move forward in this era of great instability.

The word ART has the meaning of Advancing Robotics, Rethinking Solution, and Transforming Mobility,
but on the other hand, it is important for Yamaha Motor, that our focus on “Artistic Commitment” is at the
manufacturing sites of development and manufacturing. Not only the efficiency of using Robotics and
Solutions, but also the value of craftsmanship and workmanship can be compatible, which should lead to
further the company’s efforts in the unique style of Yamaha.

Our Monozukuri-manufacturing has accumulated improvements and reforms centered on the methods of
theoretical-value-based production. This is a method of thinking about “what is the value in the essence
(theoretical value)?” The value in the essence does not only lie in efficiency that achieves the target
quickly and conveniently, but also the value of the product that moves the customer and the improvement
of one’s own skills and techniques increasing the human resource value.

In order to achieve our long-term vision, the evolution of digital technology in recent years has been
tremendous, and now there is an urgent need for further transformation through digitalization. Our DX
activities define four areas: marketing, engineering, supply chains, and smart factories.

In the area of “Monozukuri-manufacturing,” which is where I work, the activities of smart factories are
named “Value Innovation Factory (VIF)”. This is not just autonomation and labor savings, but also involved
in the pursuit of “human value” and expanding the human potential (Human Possibilities). In other words,
DX’s D (Digital) is just a means, but it aims to reform the value of people working in factories for the
purpose of X(Transformation).

For example, in a low-pressure casting site, we connect a lot of production condition data such as mold
temperature and cooling water flow rate with quality as a result index for each shot. This by itself, is just
visualization and does not create any value. Members with abundant on-site experience find good product
conditions from the connected data and help to mature the management and monitoring process to create
“new value” that was not achievable before, such as areas in the prevention of mass defects as well as
halving the defect rate. Workers have come to perform value-added work that makes full use of
technology and craftsmanship based on data and experience, rather than just simple labor. Then, through
the monitoring process, we work to build forecast & predictive management that takes immediate action
based on the current production condition data.

This activity is an example of using DX in our thinking of theoretical-value-production and connecting it
not only to efficiency, but also to human value reform and on-site management reform.

The background to the unique style of Yamaha is to enrich the abilities and sensibilities of the “people,”
as represented by. Jin-Ki Kanno(The Seductive Exhilaration of Being One With the Machine)*. This idea is
also incorporated into ART for Human Possibilities. I would like our engineers to not only to pursue
efficiency, but also to look to the potential of the “people” who create new value, and to further develop
technologies and develop human resources.

If one were to just think about value even a little, this message will hold more value. I hope you will all
find value in this piece too.

*Yamaha Exclusive Development Ideal
The seductive exhilaration felt when one with the machine that is shared as a baseline when quantifying and
integrating it into a Yamaha's performance
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Development of Plugged YAMAHA to New Era “E01”
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Abstract

In recent years, concerns over the environmental impact of CO, emitted from various economic activities have raised

environmental awareness around the world. In particular, the automotive industry is attracting attention, and environ-

mental regulations are becoming stricter in many countries to meet the 2050 CO; reduction target established in the

Paris Agreement. In such an environment, there are high expectations for EVs, which do not emit CO, while driving.

In this context, the company has developed the “E01,” an EV scooter with performance equivalent to the globally

popular 125 cm?®,
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“NEO’S” Development - New Standard of Mobility for the Next Generation
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Abstract

In the Lle category (vehicle category under European law), we have introduced many fun scooters in the past
increasing the number of younger users. Among these, the scooter “NEQO’S(engine model)” (hereafter, the engine
model “NEO'S”) equipped with a 50cm® engine and capable of carrying two people has been used as a means for
short-distance city travel in Europe since its first introduction in 1997. It is especially popular among teenage
students.

The 50cm® scooter market has seen the introduction of EV models by various companies in recent years, changes in
urban systems such as entry bans, departure from four-wheeled commuting due to parking issues and traffic
congestion, and therefore a shift to EVs among new and current 50cm® users. Demand for EV scooters in the 50cm?
segment is expected to expand into the future. The EV scooter “NEO’S” (hereafter, EV “NEO’S")is a model developed to
respond to the needs of the EV scooter market in this segment.

In this article, we will introduce an overview of the development of the next-generation EV “NEO’S” as one of our

above urban mobility solutions.
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l Development of the “HARMO” electric boat maneuvering system
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Abstract

On the back of heightened environmental awareness in recent years, a wide range of products have been converted
to electric power. Yamaha Motor is no exception. The company has many electrification initiatives underway working
toward carbon neutrality by 2050.

About 10 years ago, as the automobile industry saw more vehicles converted to EVs, Yamaha Motor anticipated a
similar change in the marine industry and the need to prepare itself for electrification in the future. The big challenge
the company had at the time was around cruising ranges, as boats, unlike automobiles, are subject to water resistance.
This results in the motor’s power consumption being large especially when traveling at high speeds, and the weight
and size of the battery installed on the boat are major considerations. Thus, the company began the development of
a product designed for low-speed applications, to take full advantage of an electric motor’s high torque at low speeds,
at the same time as minimizing the weight and size of the battery. Yamaha Motor set Europe as its main target for the
region’s high environmental awareness, with a use scenario of low-speed tourist cruising in canals such as those in
Amsterdam. Feedback from local exhibitions and test-ride events was considered in the value verification process to
ensure the right direction of development. Thus, the product development concept was defined to provide
unprecedented, brand-new value where “passengers on a low-speed tourist cruising boat can feel a sense of unity
with nature while hearing the sounds of the water and wind, or simply find greater enjoyment having conversations
with their families and friends”. The “HARMO" is also the embodiment of the company’s effort in the “electric” part of

the marine CASE strategy.
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Development of the “HARMO” electric boat maneuvering system
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l Development of the flagship sports boat “275SDX”
Fhl 23 TEHEA BHMEE
Abstract

Yamaha Motor have installed the maneuvering assist system “DRiVE®” on the sports boat (hereinafter, SB)“275SD” [l2!
announced in 2019 and have also expanded this system to other models.

Previously, it was necessary to operate the remote-control lever with the right hand while turning the steering wheel
with the left hand, but “DRiVE" makes it possible to move forward and backward at low speeds using the paddles
without removing both hands from the steering wheel. As a result, even in crowded marinas, it is now possible to
approach and dock at the pier without stress. Because of its uniqueness and ease of maneuvering, it won the NMMA
Innovation Award at the Miami Boat Show, the world’s largest boat show, and has received great interest from the
market.

Due to the recent increase in boat sizes and the growing emphasis on premium levels, there has been a growing
demand for such advanced boat control systems. In addition, new customers are entering the marine leisure business
due to the growing interest in outdoor activities.

Under such circumstances, we have developed the second-generation maneuvering assist system “DRiVE X*” with new
functions to expand the versatility of maneuvering the SB at low speeds and make it easier to dock and depart. As a
result, it is now possible for further maneuverability, such as lateral movements and pivot turns, which were not
possible with the DRIiVE. This article introduces the flagship model “275SDX” equipped with the “DRiVE X".

IZLBIC

W TIE 2019 IR I NIz A R—Y R—F (LL'F., SB)
275SDJ M #fiy 7 2 A 3 A5 1. [DRIVE® ) Z#5# L., Z
DMDETF ICHIERZ L TE T,

MR ETFTRT TV TR Lish b FT)EILL
IN—T R B H > T, [DRIVE [ IZ AT 7V T D5
i FAREE S o/ SRV TRETONiGERTTH T L]
HEL LTz, CHUCKDIRMEL 72 ) —F T A L A KRB
O7 7 a—FRfE RN REL I o Tz, ZTOMBA ML RO L

RIEIH5, MRRKBEDR— b2 a—TH oA T7IHR—
Fa—ITNMMA A/ RX—=2 a7 I — RS L TGED S
FVFHIZE TV 5,

ILAEDREARD KEUERL T LI 7 LRIHOMEDICE>T. T
DEITEIRT AP AT LDFEENEE>TWB £
FR7 AV ROEEDICKOFRIFHE DOV LI v — DS
ABIER I BH B,

ZDES W T, SB DIEHFEK TORA DO A EZEHIC
DS R KORATT B0, Frl i fihsRE 2 B Uz
5 ROER TS AR A7 LDRIVE X° 1 ZBIFE LTz, 2h

YAMAHA MOTOR TECHNICAL REVIEW 20



759Gy TRAKR—YR—b 12755DX1 DRIH

IC& D IDRIVE Tl T A TR B0 2 DY RluE i & D
b Al EL 755 To, AR TIEZ D IDRIVE X #5484 57
T H Ty TETIVI275SDX 1 2T B,

B3 DIAL

2-1. REBE
[275SDX | Cld Fac3 iz i H e Uiz,
=7\ SB OMEF TS DRIVE Z IE#fE L &85
TSNz T A NCKO T LI T LIEE I T3
(IR AR (T2 A5 2 RE) OERUEYE ) Ric kD 21—
P \LLEZ T S

2-2. HitT B
R EEZ KT B8, Fad3rizidii BL LThldtz

1720
AT TV ST EEE S I ENI® 7 DRI T
XBAVRA—T1—A%HFTS
AV R—=T 2 —=ADTHA N [2755DX | DAY 7Y k
bt . % Y e €3]
AA il T IR R EREE A SAUE T 2 S
FFeEMUESN R OB EIOHE %9819 %

2-3. 7HAY

“Intelligent Dynamism CHIFYEEENE) " 271 a7
e, HIMICHPEEE NI REIIR Z B IC RS a C b %2
BERLTTYA UKL UAAE (K1),

Design concept

INTELLIGENT DYNAMISM

E1 FHrravETh

R—=bD VLD (K2) & —REE RS, 759 7oy
ETIVICSED LW AR Z T 95721, Y=\ SB #l&
BBRENR—TDIA Ty T ZRROIAATE (X3),

2 1 YAMAHA MOTOR TECHNICAL REVIEW

Development of the flagship sports boat “275SDX”

X2 [275SDJDN\IVLs

H3 BEXX—IVEEDIALT7vT

#1&HTIDRIVE X ICfilin 2B H XL TLIMHICEEFTES
o, RN R AV ELEE Uz (K4) . ¥T2AT 7V 4k
LT RIZE ZICR 2 ANS AL EN., BELV Y
FOTVAT T —TICHZB LS TYA U Uiz,

———y

X4

REVEE



7599y TAR—YR— 12755DX1 DEIF

SIS

3-1. TDRIVE X #%8E

IDRIVE X DHEREIC DWW THANT T %, H— XD DRIVE,
ISFIVTORHE,RHERREICIN A, [DRIVE X IZAT 7V 7
AAw FIC K BHHE TN Z DBRIEH, EHIC SB AV T IUEGE
EUTHAE A — IV FESREB I RIL 72 (X5)

Ly

DOCKHOLD

PIVOT TURN”

%@@

DRIVE X MODE
X5 T[DRIVE X1D#8E

BRI AT T VT ALy F O EAICRE SN R A 7%
e TIEBIL, A1y F ML TV B2 ED—E
DHENDFAET BV DIV E L TH B M SR
W EET L TROBINIE RO AT TV T RA—)V 7 i
TET B LMD D LD S, BHGRV IR L& HIGH MODE
ZHMCT B THENIZKESTHILNTES,

ZOWAIEEIE PIVOT TURN KRRV 219 & CHRENH
IR0, AT 7V KA — )Lz Ll kIl & Z D 51ic
VAN CI[ T pza s

ek — U RESREE T > 2 F-CRENZ OHEN D RS
BREBET S RICAIRE DO — T T — 2% LT SR O
HOAUMZHS T TN TES,

FTAGERE D e 7 0] 13 % Tz AREAE BT E
BOIAENT VB, AT TV T KRA— VgLl k&7
DOEERITIGLTATY MUY T MeHE I aY ha—)b
LU ACGHFESL T OO R Z 1 E &85, > — LU Al
IC XD LERE R TE S,

PLEDESIT SB D217 |- B HfE% LHHEDIALTZ,

3-2. IDRIVE XJBg%

IDRIVE (&, {IH T OEAEZ ) 1 ERTZER ISRV
B AT L TH % Z DIRKOFRE AT TV T h5Fx
g c " FILD/SRIVTY TN Ay MVEETES
T THB, @l R— Mg 5RH3, W FTAT 7YY,
FEFETYVEIAV N8> TS 5728 POKEEDEHRE T
DEHFRIFEN P DA ETH %, [DRIVE] Tld, BT —

Development of the flagship sports boat “275SDX”

FHEL W “BEAs i COZOLK ZRIELT1 5,
CNSORHYZESICIN LERDTDDTATT I ATTY
IR FICKBMOBBI TH B, AT TV T IEF=
HERW LWV ZONEZTRL DD, B EIREHEDB NN K-
TXOMHIC "B TE S iz fefit LT,
ISPV LRI K DO BEBITHE D i ALE SRR 3 A
Ay F 2R L A5 PEIRAE LB IRDIRAED ED 5T HER IR
SHIEZREZ VAT I UTeo A0y F 2 EHUESTEMIL
MEAROKIIC, ET/ O BHOL A7 T bS5 %
¢ BB AR 2 Z2EIRE LY T2 Te, — 77 THAR
R—=IVRE—RRZ NI ARG NN K ST A2 0
RN R 2 — A& OB BITHGE L2 (X6)

Mgk SR Yy

L
p>

B6 RTTIVITRAYFDREVAR

TNV AZ—EX B ) Joystick B #12, Bi/kRED
FHFEZAT > 720 AP R Bl AR IC K D B T8 OKHE
DI BTE) A —ATRHE DD, il KB T8
WCAA S F N DR P2 W R LTz,

BNR—YDFA LT3 < — 51D LED Lo A0
% AL FHN—DEMTIRIEEBTE T, PEEAAHEEE
Uz,

AT TV ZA Y FDFHA V EHNIER T 1S 5701,
AT T VT RA—IVOFHEEAT oo T SR BT
%728, WHF D DRIVE] D Tl S K ELFN BT LS,
KA =IO DRkt Uiz,

CNSDORDFAICID AEEL TV A 2 ive U, S8
AR IR T BN TET,

3-3. T4 RTLA

12.3140 > F DR T4 AT LA Ficid, IDRIVE X @k
HOfROEE A —H THh % Pop-up tips ZZRL(K7). KD
BRI DD L= =T LV R =S AT L2 RB LTz,

YAMAHA MOTOR TECHNICAL REVIEW

22



759Gy TRAKR—YR—b 12755DX1 DRIH
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Development of the flagship sports boat “275SDX”
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1)YMMC: Yamaha Motor Manufacturing Corporation of America
2)YMUS: Yamaha Motor Corporation, U.S.A.
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- Self-support Automatic Factory Vehicle “FG-01"
[ (252 = X088 B B BEEA PAMsh LFIEX LA At

Abstract

In April 2020, Yamaha Motor Co., Ltd. (hereinafter, the Company) and Tier IV Co., Ltd. (hereinafter, T4) established the
joint venture, eve autonomy Co., Ltd. (hereinafter, eve autonomy), which provides automated goods transportation
solutions, including those within factory premises, and the three companies have developed the new self-driving EV “FG-01.”
The “FG-01" is a partner Factory Gear that can automatically deliver items within the factory by combining our vehicle
development technology for eve and the open-source automatic driving software “‘Autoware” (hereafter, Aw)

promoted by T4.
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Self-support Automatic Factory Vehicle “FG-01"
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Abstract

US =1t ANSI/PGMA #8153 CO 2/ — {3 HE

ANSI/PGMA Standard Compliant Generator with CO sensor for the U.S. Market
AARRE REHE BHIKS

NK&E AR SFHF

The ANSI*!/PGMA*? G300-2018, a standard which includes requirements for an engine stop function using a CO

sensor, was enforced in the American market in April 2020 in order to prevent an excessive carbon monoxide

environment during generator misuse.

Yamaha Motor Powered Products Co., Ltd. (hereafter referred to as the Company), as a member of the PGMA, has

decided to introduce to the American market products that comply with this standard and are therefore equipped with

a CO sensor. Here we introduce the details of the development.
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Abstract

E054 LED mJ#zU#% 528 [X-BUSTER LED

E054 LED Portable Floodlight “X-BUSTER LED”

Yamaha Motor Engineering Co., Ltd., plans, develops, and sells firefighting motorcycles, hose cars (vehicles for fire hose

carriage), and portable floodlights with signal lights designed for use in Japanese domestic firefighting. A signal fitted

portable floodlight (hereinafter referred to as a floodlight)is a portable lighting device that is loaded on a fire engine

or rescue vehicle. When firefighters search for survivors in need of help at fire scenes, they carry floodlights with

them. This paper introduces the LED portable floodlight “X-BUSTER LED,” which was developed in pursuit of “ease of

use” and has changed the light source from conventional halogen types to LED types.
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E054 LED Portable Floodlight “X-BUSTER LED”
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E054 LED Portable Floodlight “X-BUSTER LED”
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Abstract

Since announcing the electric scooter “FROG” at the Tokyo Motor Show in 1991, Yamaha Motor has continued to
develop electric models.

In its production of class-1 mopeds, Yamaha Motor was able to hone the company’s development technology through
models such as the “Passol”, “EC-02”, “EC-03”, and “E-VINO”. However, the “EO1” is the first electric version that
achieves a 104km range™".

The “EO1” has practicality and comfort as a class-2 moped scooter (less than 125cm®)and has a specification suitable
for short to medium distance travelling (such as commuting) . To achieve these specifications, the company took on
the challenge of developing new technologies that were not previously available.

This article introduces an overview of the electrical components and new technologies of the electric systems that
form the core of the “E01".

In addition, in the Yamaha Motor Group Environmental Plan 2050 announced last year, the company set a goal of

reducing CO, emissions by 2050 in Scope 3 (mainly during product use) by 90% compared to 2010. The “E01” is a

strategic model for electric products aimed at achieving this goal.
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The AI picking system is a bulk bin picking system (the work of picking parts from the parts box which is filled with

randomly piled parts) that uses an image processing Al method. This system is currently being brushed up to be used

as a facility, and is undergoing the proof of concept in the kitting process where automation has not progressed in

the Robotics Division (see Fig. 1). Here, we introduce technical topics related to this concept.
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MBD of the Sound Development Process for Outboard Motors
=i EE—E

The sound of an outboard motor is an important factor that helps to define comfort. In recent years, the demand for

comfort has increased due to the more output and radiated sound due to the installation of multiple units, as well as

changes in the user base and how they are used. In addition, the time span for introducing new models is becoming

shorter, and therefore the company must try to realize higher marketability over shorter time periods. In order to

meet these demands, we applied a new method using “Model Based Development” (MBD) to outboard motor sound

development, and through this, we have looked into whether product development with a higher level of

competitiveness could be realized over a shorter period of time.
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Abstract

Outboard motors are designed to pump water from around the vessels they are sailing in to help cool the engine.
When used at sea, as the cooling water is sea water, the temperature of the water increases due to the heat of the
engine. The cooling water passages of engine parts made of aluminum alloy are exposed to the severe corrosive
environment of “high-temperature seawater,” meaning high corrosion resistance measures are required. For this
purpose, Yamaha Motor has adopted a cationic electrodeposition coating system with the aim of improving corrosion
resistance through forming a coating film on the intricate cooling water passages in the machine, therefore blocking
the aluminum parts from direct seawater contact.

In the production preparation for electrodeposition coating, 3D CAD data is used from the design study stage, then
the design department, the casting process before and after the electrodeposition coating process, and the machining
process work together to create the shape of the parts.

In the production preparations to date, the deep parts of the cooling water passages have been confirmed using a
prototype, with the end shape being created through trial and error. However, with more complicated shapes and new
parts, there is a problem that the work so far is no longer valid and therefore the number of times required to check
the product increases. In addition, as the shape change affects the redoing of performance evaluations and production
preparations for other processes, there is a requirement for a rework of the product preparation.

In this paper, we introduce an electrodeposition coating simulation system to help improve the electrodeposition

coating production preparation process.
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. Cost reduction of Power Trim & Tilt motor for outboard units
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Abstract

Yamaha Motor Electronics Co., Ltd. (hereafter, the company) supplies POWER TRIM & TILT MOTOR (hereafter, PTT

motors)for hydraulic pressure generation for lifting outboard motors.

Although the company has been involved in the development and manufacturing of PTT motors for medium-sized

outboard motors, we realized there was margin for improvement in terms of overall quality in response to the

requirements to further reduce the cost when we first entered the PTT motor market for large outboard motors.

This paper introduces the company’s development efforts aimed at reducing these costs.
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One-sided flow prevention technology for assist type electric units
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Abstract
Yamaha Motor Co., Ltd. (hereafter, “the Company”) began selling electric units for wheelchairs in 1995. In 1996, the
“JW-II”

The assist-type electric unit (hereafter, “the electric unit”) is an application of the power-assist technology used in

- the predecessor model of the assist-type electric unit “JWX-2" currently on sale - was placed on the market.

electric-assisted bicycles, applied to wheelchairs in this case. The electric unit detects the magnitude of the force
applied to the hand-rims used to operate the wheelchair and outputs a corresponding driving force from the motor as
required. In addition, by attaching the electric unit to a manual wheelchair, it can be easily transformed into an
assist-type electric wheelchair. However, in the same way as a manual wheelchair, when an assist-type electric
wheelchair must be used on a one-sided slope (a slope that is inclined in either direction with respect to the direction
of travel), there is a phenomenon called one-sided flow, in which the course of the unit turns along the slope. When
a unidirectional phenomenon occurs, the user needs to strongly operate the hand rim on the lower side in order to
correct the course. Reduction of this phenomenon has been a long-standing issue.

This paper introduces the one-sided flow prevention mechanism jointly developed with the Hori Laboratory of the

University of Tokyo ™!, which has a proven track record in this research, in order to help overcome the above problems.
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Abstract

Yamaha Motor has set “Yamaha Motor to the Next Stage” as its digital transformation for further strategic use of the
latest digital technology and data. In order to strengthen existing businesses through the use of data, analysis of
various types of business data is essential to promote this, and therefore the company is collecting and analyzing
manufacturing data, product IoT data, and customer data. One example of this is by analyzing vehicle data from
connected motorcycles on the market, it is possible to more accurately understand users’ market levels, which was
previously an unknown sector. In addition, by analyzing the user’s activities records on the web page, it is further
possible to understand the customer’s journey leading up to the purchase of a product, etc. Using data and these
measures, the company aims to create new, and greater customer experiences.

This paper introduces the data analysis platform to conduct data analysis. Specifically, we will introduce a “data
analysis platform” that enables data collection, conversion, analysis, reporting, and other processes to be performed
by data stores and analysis sites. In addition, examples of data analysis for marketing and manufacturing systems

using this data analysis platform will also be introduced.
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Modeling methods that contribute to improvements in accuracy of CFD
analysis on electric motor
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Abstract

Yamaha Motor continues to work on development in electric mobility as this form of movement becomes widespread
worldwide. In the development of electric mobility, heat remains as a very important issue. While electric components
are heat-sensitive and therefore need to be designed accordingly, they are also required to be compact and
cost-effective, which is a contradictory to the requirement. For this development, the company is conducting a desk

study using commercially available Computational Fluid Dynamics (CFD) tools. This paper introduces the outline,

issues, and modeling methods, and their validity confirmation of CFD tools for electric motors.
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Abstract

Yamaha Motor continues to work toward shortening manufacturing lead times aiming to maximize the throughput at
our manufacturing facilities - especially for motorcycles (hereinafter referred to as MC’s) . However, the immediate
challenge is to minimize sudden equipment failures that hinder production plans. In particular, countermeasures
against the risk of product supply stoppages due to long-term failures have become a top priority.

Meanwhile, on the maintenance side, it is becoming difficult to ascertain incidents due to management costs. The main
reason for this is that it requires an additional cost to install sensors to dozens of pieces of production equipment for
every line for maintenance and management purposes, which tends to be given lower priority due to the low cost-ef-
fectiveness.

However, with more affordable data storage options and image analysis capabilities thanks to the price reduction of
semiconductors, smart factory technology (“SF technology”) has become easier to use and more accessible for factory
engineers in recent years, making it easier to develop low-budget solutions on their own. This is expected to help solve
the high-cost issue with the implementation of sensing technology.

As a result of verifying that these SF technologies can be combined with conventional sensing technologies to solve
maintenance issues, as sufficient results have been demonstrated, this paper introduces examples of a “new approach

to predictive maintenance initiatives using SF technology.”
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Abstract

This study focuses on improving durability of the resin coated piston developed especially for the monolithic cylinder
made of a hypereutectic Al-Si alloy, so-called DiASil®. The newly developed resin was designed to be cured at a
relatively low temperature considering over-aging of a piston and confirmed that it exhibited a lower friction
coefficient compared to an existing resin coating. Furthermore, pistons of which skirts had various depth and pitch of
grooves filled with the resin coating were offered to evaluate wear and seizure characteristics. The results showed
deeper grooves on piston skirts were remarkably effective to delay a seizure. All the seizures were triggered when the
ratio of Al substrate exposed to the sliding surface reached up to 60-80%, which implied it can be the empirical
criteria for a seizure. Therefore, it can be considered the seizure does not occur as long as adequate resin coating

remained in the grooves. Finally, influential factors for the seizure and printability of deep grooves were discussed.

A monolithic cylinder, so-called DiASil® (hereafter DiASil),

is made of a hypereutectic Al-Si alloy so that primary Si

INTRODUCTION

In recent years, growing environmental concerns have
encouraged the automotive industry to develop an engine
with superior fuel economy. Reducing friction losses is
recognized one of effective approaches to save energy.
Especially, the friction loss derived from sliding resistance
between a piston equipped with piston rings and a
cylinder bore has attracted great attention since it is
considered 45% of friction losses among all the engine
components is attributed to the piston assembly!!. By
covering piston skirts with a resin material including solid
lubricants, the friction loss between the piston and the
cylinder can be reduced, so the resin coating technology

has been widely used in the automotive sector.

8 1 YAMAHA MOTOR TECHNICAL REVIEW

particles with high hardness can appear on the cylinder
bore surface'?. Those particles play a key role to improve
resistance against wear and seizure without a cast iron
sleevel®. Owing to the sleeveless design, it can realize
excellent heat dissipation and lightweight. On the other
hands, DiASil cylinder has made it difficult to utilize a
resin coated piston because conventional resin coatings
can be easily worn out in short term by sliding against
the bore surface exposing hard Si particles. Dissipation of
the resin coating incurs not only deterioration of fuel
efficiency but also a risk of the seizure between the
piston skirt and the cylinder bore at the worst case.

Therefore, hard Fe plating instead of resin coating have
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been used on the piston skirt mating with DiASil cylinder

so far.

From this kind of backgrounds, the authors developed a
resin coated piston suitable for DiASil cylinder in the
previous work!¥. The piston skirts were coated with a
polyamide imide resin including newly blended solid
lubricants and hard fillers to achieve a good balance
between low friction and high anti-wear property.
Additionally, uniform coating thickness up to 20pm was
enabled in a single screen-printing process so as to
extend the coating lifetime. However, higher durability of
the resin coated piston is still required because the
sliding condition between the piston skirt and the
cylinder bore has been increasingly becoming more
severe due to recent engine features such as a high
compression ratio and a low viscosity oil. Thus, this study
is aimed to improve durability of the resin coated piston
furthermore by means of novel approaches focusing on
cross-linked structures in the resin material and a

geometry of the piton skirt surface.

EXPERIMENTAL

2-1. Cross-linked structure firmness of new resin

The coating material developed in the previous report¥
was mainly composed of solid lubricants, hard fillers,
polyamide imide as a binder and N-methyl-2-pyrrolidone
as a solvent, which is hereafter referred to as “existing
material”. Polyamide imide is one of super engineering
plastics and well known as a preferable coating material
for the piston skirt. Although it is recommended to be
cured at 230°C or above, curing at a lower temperature
is likely to be carried out in a practical process since
higher temperature over 200°C may cause undesirable
over-aging of the piston alloy. Curing at lower
temperature results in incomplete cross-linked structures
of polyamide imide, which will prevent it from fully
demonstrating the potential. To clear way for this
problem, a new resin has been modified to be cured
completely at a temperature lower than that in the piston
aging process. This new material with modified resin is

hereafter called as “modified material”.

Firstly, a test to evaluate firmness of the cross-linked
structures in polyamide imide was conducted. Pistons
having the diameter of 52.4mm and the height of 31mm
were prepared and all of them were weighted before
coating. This weight is referred to as W;. The existing and
modified material was screen-printed on the piston skirts
respectively followed by curing at 190°C, 200°C or
210°C for 30 minutes in an electrical oven. The typical
appearance after curing is shown in Figure 1. Each piston
was again weighted here, and this weight is referred to as
W representing the weight of the piston with the
coating. Subsequently, the pistons were immersed in
N-methyl-2-pyrrolidone, which is the solvent for these
materials, at ambient temperature for 2 hours followed
by heating at 180°C for 60 minutes to dry up the solvent
completely. Incomplete cross-linked structures are
expected to dissolve out through these processes,
resulting a weight loss of the coating. Thus, third weight
measurement was carried out after this treatment, and it
is referred to as W;. The percentage of the resin which
did not dissolve during the immersion, R, is calculated
by Equation (1). This value is considered as an indicator
of the firmness of the cross-linked structures. Each test

was conducted 3 times.

Wy, — W
Ron =(1—ﬁ)x100[%] 1)

2=

Fig. 1 Appearance of test piston

2-2. Frictional characteristic of new resin
Secondly, frictional characteristics were evaluated by
using SRV tester from Optimol Instruments Priiftechnik

GmbH. Barrel-shaped test specimens as shown in Figure
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2 (a) were prepared from a continuous cast bar used for
a forged piston production. This is Al-12wt%Si-4Cu-1Mg
alloy including small amount of other alloying elements
and given T7 heat treatment. These test specimens were
spray-coated with either existing or modified material
followed by curing at 200°C for 30 minutes. The coating
thicknesses were measured by an eddy current thickness
meter, which ensured those of all the test specimens were
approximately 15um. Test specimens whose geometry is
described in Figure 2 (b) were also prepared from an
actual DiASil cylinder block made of Al-17wt%Si-4.5Cu-
0.5Mg alloy including small amount of other alloying
elements and given T5 heat treatment. As can be seen
from Figure 3, the curved surface remained in a state of
the actual cylinder bore where a cross-hatched pattern

was induced by a honing process as shown in Figure 4.

o
o
: | _/ Rzjis1.0~3.0
Lo
e
' 22
&>

(a) Barrel-shaped test specimen

R26.2

-l

- 20 i

(b) Cylinder test specimen

Fig. 2 Geometry of test specimen for SRV test

Sampling position

Fig. 3 Sampling position of cylinder test specimen
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Fig. 4 Morphology of DiASil cylinder bore

Figure 5 shows a schematic illustration of SRV tester. The
barrel-shaped test specimen and the cylinder test
specimen were installed onto the upper and lower
specimen holders respectively which were designed to
make each test specimen contact at the center of them as
described in Figure 6. A normal load was applied through
a loading system consisting of a servo motor and a ball
screw shown as “load motor” in Figure 5. A horizontal
reciprocating motion was provided by a linear motor. The
lower specimen holder was filled with oil enough to
entirely immerse the contact area between each test
specimen. The setting temperature was adjusted so that
the contact area could be held at 200°C. During the test,
the normal load, horizontal load and friction coefficient
were monitored by the equipped sensors. Detailed test

conditions are summarized in Table 1. Each test was

Load motor
Load sensor

Load axle

conducted 3 times.

Linear motor | Specimen

holder (Lower)

Friction
sensor |

Fig. 5 Schematic illustration of SRV test
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Normal
load
) 4
«—
oscilgt
Contact at

the center of each test specimen

Fig. 6 Contact area between test specimens

Table 1 Detailed condition of SRV test

Normal load 30N
Frequency 10Hz
Stroke 1mm
Oil SAE 10W-40
Lubrication condition Immersion
Test duration 1800s

2-3. Wear and seizure characteristic of piston skirt
with various surface geometry

Actual pistons having various surface geometries were
prepared for this test. The surface geometry in detail is
described in the next section. The skirts of the piston
were machined according to several conditions before
coating. Subsequently, the pistons were screen-printed
with the existing material followed by curing at 200°C
for 30 minutes. The printing parameters were adjusted so
that the grooves on the piston skirts could be filled with
the coating material adequately. DiASil cylinder
mentioned above was also used for this test and cut into
a geometry shown in Figure 7. The curved surface still
remained in a honed state as well as the test specimen
used in SRV test. A reciprocating slide tester as shown in
Figure 8 was used to evaluate wear and seizure
characteristics of the pistons with various surface
geometries. The piston was attached to the piston holder
through the horizontally placed pin. It can rotate around
and slide along the pin so that the piston can have self-
centering mechanism along with the curvature of the
cylinder test specimen. The cylinder test specimen was
fixed in the pan in which cartridge heaters were inserted
and oil was pooled adequately enough to entirely
immerse the sliding interface. The piston holder can be

reciprocated by rotation of the crank connected to the

driving motor through the decelerator. The cylinder test
specimen was lifted up and pressed against the piston
skirt by putting weights on the hanger connected to the
pan through the link mechanism. A side view of the
reciprocating slide tester is schematically illustrated in
Figure 9. The test was stopped at certain intervals to
observe a state of the piston skirt surface by an optical
microscope and SEM, and then continued until a seizure
occurred. The timing of the seizure was detected by an
abnormal behavior of the tester such as increasing noise
and/or visible oil turbidity (blackening). The detailed test

conditions are shown in Table 2.

ﬁL S
O

i 22 i

=8 Piston holder
1)

Piston

Driving \
motor 1
[ S |

Cylinder
test spcimen

Qf Wight

Fig. 8 Reciprocating slide tester

Reciprocating

I I
Piston holder H. 7 Q
. Cylinder
Pin | test specimen

Piston @ Oil Crank
f / ’7 QOil pan

| ]
Heater

Fig. 9 Schematic illustration of side view
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Table 2 Detailed condition of reciprocating slide test

Normal load 100kgf
Crank rotation speed 217rpm
Stroke 20mm
0il ISO VG10
Oil temperature 140°C
Lubricant condition Immersion

2-4. Definition of surface geometry

A geometry of the piston skirt surface is defined by a
curvature of a tip of a turning tool (R) and a pitch of a
lathe turning (f). The tip of the turning tool is shown in
Figure 10. Figure 11 shows a description of a turning
process for a piston skirt. The relationship among the
surface geometry, R and f is shown in Figure 12. The
theoretical surface geometry is determined by following

equations.

Fig.10 Tip shape of turning tool

Piston ring groove Feed direction
e
Piston land /

Fig. 11 Description of turning process

Piston skirt

Turning
J/tool N

Turning direction

(f/2, £/2-R\2)

(0,0) (f 0)

(0,-R)
(0,-R\2) 4

Fig. 12 Surface geometry as function of R and f
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In the case of R/ V2<f/ 2,
h(peak)=f /2+(1-2)R 2)
In the range of 0 <x < R / /2,
—J(R*-=%) 3)
h=R-(R*-x") (4)
In the range of R /2 <x<f/ 2,
y=x—2R 6)
h=x+(1-V2)R 6)
In both ranges,
=(f/2-x)/(f/2) (7)

In the case of O Sf/ZSR/\/E,

h(peak)=f/2+(1-V2)R ®)
y==(R* =) ©
h=R- (R -x") (10)

=(f12-x)/(f/2) (11)

Here,
h(peak): peak height of the geometry
h: height of the geometry

ty: bearing ratio of Al substrate

A bearing ratio of the Al substrate, #,, indicates how much
percentage the Al substrate accounts for at a certain
height as illustrated in Figure 13. Thus, it can be also

described by Equation (12).

Resin coating

L Resin

H H
ie N

Ly
Al substrate

Fig. 13 Parameter description for bearing ratio

tp = LAI / (LAI + LResin ) (1 2)
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In this paper, the several surface geometries on the
piston skirt were prepared with changing the values of R
and f as shown in Table 3. Figure 14 shows theoretical

geometries of various specifications.

Table 3 Parameter for each surface geometry

R/ mm f/ mm
Rz2Sm150 1.50 0.15
Rz12Sm100 0.10 0.10
Rz18Sm120 0.10 0.12
Rz18Sm260 0.46 0.26
Rz25Sm140 0.10 0.14
0.035 T T
——Rz2Sm150
0.03 F N — T —RzI2Sm100
‘ ‘ ‘ ——Rz18Sm120
g 0.025 ——Rz18Sm260
g J—
£ 002 ~R2255m140
= i i
2D 0.015 o b e N froeeeeeea froeeeeeea
L ! !
T ; :
0.01 \ ————————————
0.005 \ ,,,,,,,,,
0 ' 1

0.2 0.25 0.3

Position, x/mm

Fig. 14 Theoretical surface geometry

RESULTS,AND,DISCUSSION

3-1. Characteristic of developed coating

The percentages of undissolved resin, R, based on
Equation (1) are presented in Figure 15. Each bar chart
shows the average value of the 3 measurement results.
R,.» of the existing material increased as the curing
temperature raises. However, there is a significant
divergence from complete firmness even cured at 210°C.
The modified material had the higher value compared to
the existing material under any curing conditions and it
reached 100% by curing at 200°C and 210°C. This result
suggests the modified material is easily encouraged to
form the strong cross-linked structures even at a

relatively low temperature.

102%

100%

98%
96%
Existing Modified| Existing Modified| Existing Modified
material material | material material | material material

190°C 200°C 210°C

94%

92%

Percentage of undissolved resin, R,,, /%

Fig. 15 Percentage of undissolved resin

Figure 16 shows a typical appearance of the barrel-
shaped test specimen after SRV test and profiles before
and after the test measured by a contact profilometer.
The wear height, /.., was defined as a gap between a
profile before the test and the one after the test. For
measurement of wear height, a curve extrapolated from a
profile of non-contact area was used instead of an
actually measured profile as an initial shape of the test
specimen since it was challenging to completely match
the measurement points before and after the test. The
average wear heights of each material are shown in
Figure 17. The value of modified material was around
25% lower than that of the existing material. The change
in the friction coefficient, x, during the test is shown in
Figure 18. The friction coefficient of the modified
material seems to be more stable than that of the existing
material. A polyamide imide takes on a role of holding
the additives such as solid lubricants and hard
fillers. The modified polyamide imide may prevent these
additives from dropping out easily and enable these
additives to fully exert their functions during sliding.
From these results, it can be considered the increase of
the strong cross-linked structure in the resin coating
could improve not only wear resistance but also friction

coefficient stability.
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conditions listed in Table 3 were measured at the center
of the skirt along the piston height direction as presented
in Table 4. The representative of actually measured
bearing curves is described with theoretical one derived
from Equation (2)-(11) in Figure 19. It is found the
experimentally measured curve shows a good agreement

with the theoretical curve.

Table 4 Measurement result of surface roughness

| Extrapolated curve
\ Wear height

/

Actual profile
of test specimen

/

Actual profile
of test specimen

40 40
800 400 0 400 800 ' 400 0 400
(b)Profile before SRV test (c)Profile after SRV test

Fig. 16 Typical appearance and profile of barrel-shaped
test specimen and definition of wear height
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Fig. 18 Friction coefficient during SRV test

3-2. Comparison of piston surface geometry
between theoretical and experimental result
The surface roughness parameters, Rzjis and Sm, of the

piston skirts after machined (before coating) under the
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Experimental result

Rzjis / ym Sm / pm

Rz2Sm150 1.5 120.6
Rz12Sm100 11.9 100.1
Rz18Sm120 19.1 120.4
Rz185Sm260 19.1 260.1
Rz25Sm140 25.2 140.2

35

Rz25Sm140 experimental
30 ¢ - = =Rz25Sm140 theoretical
2

25
g
=20
=
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10 N

N
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5 B s ~ ~
0 1 1 1 e~
0 20 40 60 80 100

Bearing ratio, £,/%

Fig. 19 Comparison between theoretical and experimen-
tal bearing curve

3-3. Effect of piston skirt surface geometry on wear
and seizure property

The effect of the piston skirt geometry on the wear and
seizure property was investigated using the reciprocating
slide tester. A typical morphological transition of the skirt
surface during the test is shown in Figure 20 obtained
from Rz18Sm120 specimen. The pictures in left side are
secondary electron image micrographs and the right ones
present carbon distribution analyzed by an energy
dispersive X-ray spectroscopy. Comparing these pairs, it
can be seen that there is a striped pattern consisting of
the Al substrate and the resin coating. Prior to this

evaluation, each piston skirt surface was initially run in
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until the Al substrate was slightly exposed to the sliding
surface. Therefore, the Al substrate could be preliminarily
observed at the beginning of the test (0 second). In
addition, this pretreatment served to smoothen and
conform the surface roughness among the various
surface specifications. As the wear of the piston skirt
surface proceeded, the area of the Al substrate gradually
spread in the sliding direction while that of the resin
coating complementarily diminished, finally leading a
seizure at 9900 seconds as shown Figure 21. It is worth
noting that the seizure did not take place until 9900
seconds even though the Al substrate was already
exposed to the sliding interface in the early stages.
Similar phenomena were found in the tests of the other

skirt surface geometries.

3

(b) Carbon distribution

b

(a) SEl micrograph
Fig. 20 Typical morphology transition of skirt surface

Fig. 21 Appearance of seizure at 9900 seconds

According to Equation (12), the bearing ratios of the
exposed Al substrate of each piston skirt surface were
measured by an image analysis of the SEI micrographs,
and the value was used as an indicator of the wear of the
piston skirt geometry. That is to say, the bearing ratio of
the Al substrate reaching 100% indicates the grooves
accommodating resin coating have been worn out and the
surface has consisted of the only Al substrate. The
relationships between the bearing ratio of the Al substrate
of each piston skirt geometry and the test time are shown
in Figure 22. As mentioned above, each piston skirt
surface was run in until the Al substrate was slightly
exposed to the sliding surface in advance. Therefore, the
each bearing ratio of the Al substrate had different values
at the beginning of the test (0 second). As can be seen
from Figure 22, there seems to be proportional
relationships between the bearing ratio of the Al substrate
and the test time in every case. Additionally, the slopes of
those, meaning an exposure rate of the Al substrate,
seemingly become smaller with increasing the skirt
roughness. The seizure occurrence moments of each
piston are shown in Figure 22 as color-coded dotted lines.
Thus, intersections of the solid lines with the dotted lines
indicate estimated bearing ratios of the Al substrate when
the seizure occurred as plotted by the asterisks in the
graph. From this result, it is clear the deeper grooves on
the piston skirts can play an effective role to delay the
seizure. The additional point to be noted in this graph is
that all the seizures were triggered when the bearing ratio
of the Al substrate reached up to 60-80% as described by
horizontal red lines, implying the bearing ratio of the Al

substrate can be the empirical criteria for the seizure.
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Fig. 22 Bearing ratio of Al substrate as function of test time

3-4. Influential factor for seizure

Somi et al. investigated seizure resistance of binary Al-Si
alloys and found wear types transited from mild wear to
seizure with increasing a load!”, which implies a stress
can be one of the influential factors for the seizure. Thus,
the stress distribution was calculated by a contact
analysis software, TED/CPA version 854 made by
TriboLogics Corporation. Physical properties used for the
calculation are listed in Table 5. A mating material is Al
having flat surface. Nominal pressure between the

surfaces was 100MPa.

Table 5 Physical properties used for analysis

Al substrate ‘ Resin
Elastic modulus, E/Gpa 77.8 4.0
Poisson’s ratio 0.37 0.43

A typical calculation result is shown in Figure 23. Stress
concentrations are observed at the edges of the Al
substrate contact surface. On the other hand, the stress
on the resin portion is much lower than that on the Al
portion. In order to investigate the change in the stress
on the Al and resin portions with increasing the bearing
ratio of Al substrate, the highest values as the stress
working on Al and the lowest values as the stress
working on resin are picked up from the calculation
results, then plotted these values against the bearing ratio
of the Al substrate as shown in Figure 24. Considering

the origin of the seizure, maximum pressure induced to
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the Al substrate should be noted rather than that on the
resin coating since the seizure will occur from a metal-to-
metal contact. Then, it is found the maximum pressure on
the Al substrate becomes smaller as the bearing ratio of
the Al substrate increases. Therefore, the hypothesis of
the stress-induced seizure cannot explain the phenomena

observed in this study.

~ Alalloy

o y
EX] s ) ales o

(a) Cross-sectional view (b) Contact pressure

Fig. 23 Contact pressure distribution
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Fig. 24 Change in contact pressure with increasing
bearing ratio of Al

It was implied above that the bearing ratio of the Al
substrate could be the empirical criteria for the seizure,
which indicates the coating remained in grooves may
play a key role to prevent the seizure. To verify an effect
of it on the seizure, a non-coated piston with RzZ18Sm100
was additionally tested. The load during running in was
lowered to one-tenth of the previous test, namely 10kgf,
so that the seizure could not be triggered. After
confirming by SEM observation that the tips of the
grooves were slightly worn and flattened as shown in
Figure 25, a main test was conducted under the
conditions in Table 2. As the result, a seizure was
observed within only 120 seconds after the main test

started as shown in Figure 26, which demonstrably
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proved the coating in the grooves could serve to prevent

the seizure.

Fig. 26 Appearance of seizure at 120 seconds

A conceivable mechanism of the seizure prevention by
the resin coating in the grooves is schematically
described in Figure 27. As can be seen in this figure, the
worn resin coating is sure to pass over the surface of the
adjacent Al substrate since the piston was reciprocated in
the direction perpendicular to the grooves. The resin
coating transferred to the Al substrate could cover the
exposed Al substrate and deter the metal-to-metal
contact, resulting in the prevention of the seizure. In the
early stage of the Al substrate exposure, deep grooves
could keep the adequate resin coating enough to protect
the adjacent Al substrate entirely. However, amount of
the resin coating stored in the grooves would gradually
decrease with the progress of the wear in the latter stage.
In addition, the Al substrate to be protected would
increase contrarily. Thus, the seizure could finally happen
from a part of the Al substrate not covered with the resin

coating. Further investigations and considerations are still

required to verify this hypothetical mechanism. For
example, surface composition analyses of the piston and
the cylinder test specimen during the test would enable
us to confirm whether the worn and transferred resin

coating actually covers the Al substrate.

Non-covered Al

Worn resin coating
substrate

on Al substrate Worn resin coating

Resin coating on Al substrate

Resin coating . :
remained in groove

remained in groove

Al substrate Al substrate \S
\ »(‘\0(\ \ c’(:\o(\
& > &
K2 L2
£ 2
& &

(a)Early stage (b)Latter stage

Fig. 27 Conceivable mechanism of seizure prevention
by resin coating in groove

3-5. Printability of deep groove

As mentioned above, the seizure can be delayed with the
deeper grooves on the piston skirts. However, it is
expected deeper grooves would show larger roughness
even after coating, which is one of concerns about an
increase in the friction loss as reported in the previous

studies®

especially at the early stage of an engine
operation. Thus, the roughness after coating with the
different surface geometries was evaluated. The pistons
were screen-printed under the condition individually
optimized for each geometry. Through this process,
grooves of each geometry were covered and filled with the
resin coating material. The roughness, Rzjis, on the piston
skirt covered with the resin coating was measured at the
center of the skirt along the piston height direction. After
coating, all the pistons except the one with Rz2Sm150
showed smaller roughness than as-machined state owing
to the leveling effect as shown in Figure 28. In case of
Rz12Sm100 and Rz18Sm120, the roughness after coating
were comparable to that of Rz2Sm150. On the other hand,
substantially large roughness still remained in case of the
pistons with Rz18Sm260 and Rz25Sm140. It had been
confirmed the roughness could be further reduced by
using a multiple screen-printing technique, but it will also
lead an increase in the process flow resulting in a cost
increase. Thus, in practical use, it is necessary to choose a
suitable geometry with considering required durability,

surface roughness and cost.
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CONCLUSION

In this research, the effects of the modified resin coating

and the deep grooves on durability of the resin coated
piston were investigated, and which has led following

conclusions.

(1) The polyamide imide was modified so that it can be
cured completely at a relatively low temperature. As
the result, frictional characteristics were improved

compared to the existing coating.

(2) It was found the deeper grooves on the piston skirts

can play an effective role to delay the seizure.

(3) Seizures were triggered when the ratio of the Al
substrate exposed to the sliding surface reached up to
60-80%, which implies the coating remained in

grooves may play a key role to prevent the seizure.

(4) Roughness on the piston skirt was reduced after the
coating process owing to the leveling effect. The
deeper grooves tended to remain relatively large

roughness even after coating.
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ABSTRACT
In recent years, topology optimization technology has been widely applied as a means of achieving weight reduction.
On the other hand, the development of additive manufacturing technology (3D printing) is making it possible to

manufacture structures called lattices. In this paper, we show that it is possible to create even stiffer structures by

combining both technologies, and we develop a design process that includes optimization calculations.

INTRODUCTION

Weight reduction is a particularly important issue not
only for motorcycles, but for any product. In general,
weight reduction is achieved by optimizing the materials,
structure, shape, etc., while considering the required
functions of the product, and in recent years, the
technology of “topology optimization™"! has been actively

utilized for structure and shape.

Topology optimization is a method for calculating the
optimal shape under given load boundary conditions and
constraints. Without geometrical constraints, the solution
is characterized by complex and organic shapes, and
additive manufacturing is often chosen as a method to
form such complex shapes. One of the features of
additive manufacturing is the ability to create
microstructures called lattice structures. Lattice
structures are expected to have various functional

benefits such as strength, stiffness, heat, and vibration,

and are also effective in terms of weight reduction. For
structure-related topology optimization, a mathematical
method called the SIMP (Solid Isotropic Material with
Penalization method)'?' is widely used. In this method, the
material density of the elements is a design variable, of
which most commercial software implementations

employ.

In this report, the process, and the effect of integrating
the above topology optimization and lattice structure
design techniques are shown with specific case studies. At
first, assuming the problem of a simple double-ended
fixed beam subjected to an equally distributed load on its
top surface, the stiffness of the beam under normal
topology optimization is compared with the stiffness of
the beam when the lattice structure is applied. Then, we
applied some of the process to an engine cover to
investigate a geometry that would provide both greater

stiffness and weight reduction.
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OPTIMIZATIONOFABEAM

To start things simply, let us assume the problem where
we apply evenly distributed loads to a double-ended iron
beam (Figure 1). Physical properties and load boundary

conditions were as shown in Table 1.

Fig. 1 Double-ended fixed beam

Table 1 Physical properties and load boundary conditions

Dimensions 10X 10X80 mm
Young Modulus 205 GPa
Poisson Ratio 0.3

Boundary Condition Both ends are completely fixed

Evenly distributed load on the upper

Load Conditi
oac Londition surface 1600 N(2x 10° Pa)

2-1. Topology optimization of a double-ended beam
First, the topology is optimized based on the SIMP
method. The shape is output with the relative density
threshold set to p = 0.5 and then smoothed using the
smoothing function of the design tool. The resulting
volume of the part is 3990 mm®. The optimization-related

conditions and results are shown in Figure 2 and Table 2.

Figure 3 shows a conceptual diagram of the shear force
and bending moment of a beam under equally distributed
loading with both ends fixed. The bending moment
diagram of the beam has a parabolic shape, with larger
values near the fixed ends and in the center of the beam.
To minimize strain energy, the second moment of the
cross section must be increased in areas of high bending
moment, so members are placed to the edge of the
design domain near the fixed end and in the central
upper and lower face areas, while the center of the beam
space can be thinned out. The shape shown in Figure 2

obtained by topology optimization and the second
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moment of area shown in Figure 4 generally reflect the
above and are structurally appropriate from a mechanical

point of view.

Next, we confirm the stiffness performance of the
topology optimized shape using static analysis. We set up
the simulation using the same loading and boundary
conditions as in the topology optimization step. The
maximum displacement in the loading direction is
2.204 X 10 mm. Figure 5 shows a displacement contour
plot in the load direction. The stiffness performance of a
functionally graded lattice structure will be examined and
compared in the next section with respect to the above

results.

Table 2 Optimization conditions and results

Minimize strain ener
Objective (Maximize stiffness) ®
Constraint Volume ratio 50% or less
Extraction Density Threshold | 0.5
Volume 3990 mm*®

Fig. 2 Topology optimized beam

Both ends fixed
Equally distributed load
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Shear Force Diagram
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Bending Moment Diagram
+

Fig. 3 Conceptual diagram of the beam
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Fig. 4 Second moment of area around neutral axis

Fig. 5 Displacement contour plot of topology-optimized
beam in load direction (deformation magnification
factor 0 X and 300 X)

2-2. Functionally graded lattice structure

In examining the lattice structure, we adopted a “shell
and infill” approach. The structure consists of an outer
shell and an inner lattice structure. This configuration is
bio-inspired and resembles the bone structure to improve

the stiffness.

An example structure is shown in the figure below.
Figure 6 shows a point cloud map of intermediate
density using the SIMP method, and Figure 7 shows a
cross-sectional structure of shell and infill. Here, the
topology optimization threshold of intermediate density
was set to 0.4, and the outer shell thickness to t = 0.6
mm. We used a gyroid lattice with a cell size equal to 3
mm for the internal lattice structure. The intermediate
density distribution of the topology optimization controls
the thickness of the gyroids and is set to gradually
change from 0.25 to 1.57 mm — thicker at sections with
higher loading. The final volume was almost identical to
the volume of the shape obtained from pure topology

optimization.

Fig. 6 Point cloud map of intermediate density

Fig. 7 Cross-sectional structure of shell and infill

Then we perform an analysis to confirm the part’s stiffness
performance. The maximum displacement in the load
direction was 2.100 X 10 mm (Figure 8). If we compare
the displacement of the functionally graded lattice structure
with the shape obtained by the pure topology optimization
example of the previous section (2.204 X 10 mm), we see

that the stiffness is improved by about 5%.

Note that the external shape of the shell and infill
structure shown in Figure 7 is not the same as the
external shape of the beam in Figure 2, but is about 6%
larger in volume and about 5% larger in average second
moment of area (however, both shapes satisfy the
constraint of 10X 10 X 80 mm for the overall beam
dimensions, which is the design domain). This is because
the intermediate density threshold for extracting the
external shape from the topology optimization results is

intentionally set smaller.

YAMAHA MOTOR TECHNICAL REVIEW 94



Stiffness optimization process using topology optimization techniques and lattice structures

The reason the external shape can be made larger
keeping the same total mass is that the optimal
intermediate density distribution can be faithfully
generated in the actual shape by using a lattice structure
for the interior. Due to the superior reproducibility of the
intermediate density distribution obtained by
optimization into the actual shape, the specific stiffness
can be expected to be higher than that of a solid

structure.

Fig. 8 Displacement contour plot of functionally
graded lattice structure cross-section

CASE . STUDY.ORORTIMIZATION
PROCESS APPLICATION

The following is a case study of weight reduction of a
motorcycle engine cover using some of the optimization
processes described above. The function of the cover is to
minimize damage to the engine itself when the
motorcycle falls over. Conventionally, it is difficult to
reduce the weight of these parts as they tend to be
heavy. In this case study, weight reduction was the first
priority, and we examined how much weight could be
reduced while allowing for a reduction in rigidity of up to
5%. The original cover shape is shown in Figure 9. In
order to maximize the benefits of the shell and infill

structure, the shape of the design area that did not
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interfere with other members was reexamined, and the
optimal arrangement of members to maximize stiffness
was then determined by topology optimization. The
design domain shape for optimization is shown in Figure
10, and the density distribution obtained by the

calculation is shown in Figure 11.

Fig. 10 Modified design domain for optimization

298000000
DORNRANNDND0O
Sloasth i T el

Fig. 11 Density distribution contours by topology
optimization

Here, the static analysis conditions and optimization
conditions are shown in Table 3. In this model, the inner
surface of the bolt holes of the cover was completely
fixed and the center of the cover was subjected to the
forces that would be applied by the road surface during
a fall(Figure 12).
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Table 3 Static Analysis Conditions

Young Modulus 75 GPa

Poisson Ratio 0.33

" Inner surfaces of the bolt holes are
Boundary Condition
completely fixed

" 4880 N at the reference point outside
Load Condition
the center of the cover

Coupling restraint between the reference
Constraint Condition | point and part of the outer surface of

the cover

Table 4 Optimization conditions

Minimize strain energy
Objective
) (Maximize stiffness)

Constraint Volume ratio 70% or less

Extraction Density Threshold 0.3

¥

A,

z

Fig. 12 Static Analysis Model

The next step is to divide the design domain into an outer
shell domain and an infill domain. In this step, we
modified the shape of the top of the cover, which is
known empirically to have less frequent contact with the
road surface. Although we intentionally left the lower
cover shape, which is in frequent contact with the road
surface, there was concern about weight increase if the
infill area was also made to follow the shape of the lower
cover. Therefore, for the infill area, we considered a shape
with a density between 0.4 and 0.9 in the optimization
calculation results as a guide, and for the outer shell, we
created a shape with the minimum wall thickness that can
be stably formed by additive manufacturing. Figure 13

shows the outer shell and infill areas.

Then, a beam-based lattice was placed in the infill area,
and the spacing of the beams was adjusted according to

the intermediate density distribution obtained from the

topology optimization. The final cover shape appearance
created is shown in Figure 14, and the lattice structure
specifications are shown in Table 5. The load point
displacements and volume of the original and final cover
shapes are also shown in Table 6. The lattice pattern
selected is called Voronoi®®, which is a method of space
division in which the beams are randomly oriented by
randomly placing the control points (site points) . Since
isotropic mechanical properties are expected, Voronoi is
easy to handle when multiple loading directions are

assumed.

Outer Shell Infill Area

Fig. 13 Outer shell and infill shape

Fig. 14 Final shape including lattice structure

Table 5 Specifications of the lattice structure

Outer shell thickness 0.8 mm
Lattice Pattern Voronoi
Lattice Cell Size 3.25~5.35 mm(Graded)
Strut Diameter 1.2 mm

Table 6 Weight and load point displacement

Load Point

Specification (?a om Volume [mm®]
Displacement [mm]

Original Shape 0.147 29938

Final Shape 0.153 24977
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Based on the displacement of the load point shown in
Table 6, 16% weight reduction was achieved despite 4%
reduction in stiffness. In terms of specific stiffness, it was

15% better than the original geometry.

As mentioned above, it was necessary to consider
requirements other than stiffness with respect to the
external shape (leaving areas of high contact frequency),
so performance comparisons with simple topology
optimization results were not performed. However, if the
external shape is the same, it is expected that
incorporating a lattice structure will provide higher

specific stiffness, as in the beam example.

In this case study, the stiffness maximization calculation
was performed during the topology optimization phase,
but it may be possible to realize a structure with high
tensile stiffness and low bending stiffness, for example,
by setting displacement constraints. In addition to
stiffness, it may be possible to achieve the desired
properties in various physical fields, such as thermo-fluid,
vibration, and acoustics, by devising a macroscopic
structure in addition to the properties of the material
itself. This concept is also called metamaterials, and
further technological development is expected in the

future.

SUMMARY, —

In this paper, we first show that the topology
optimization results for a simple double-ended fixed
beam are appropriate from the structural mechanics
point of view. Then, by adopting a shell-and-infill
structure and reflecting the optimization results
(intermediate density distribution) in the lattice of the
infill region, it is shown that the stiffness can be
increased compared to a simple topology optimization. In
addition, it was found that the shell and infill regions
need to be set appropriately based on the optimization
results, since the application of this method to a specific
part may involve multiple requirements other than
stiffness. In the proposed shell and infill structure,

various parameters are assumed, including outer shell
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thickness, lattice pattern, lattice beam thickness, plate
thickness, cell size, and its inclination range. The
selection and optimization of these parameters, as well as
the search for the optimal structure design process for

other physical domains, is the next challenge.
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