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Introduction to CAE R&D Center

　In October, 2018, CAE R&D Center was established to enhance the R&D and 
Manufacturing operations and increase the efficiency of various departments (Design, 
Development, Prototyping, Testing, Manufacturing, etc.), reorganizing the existing CAE 
Department.

　CAE (Computer Aided Engineering) is a technology to validate if the planned product/peripheral structure 

satisfies the required performance by computer simulation. This helps us to improve design accuracy where 

design validation was conventionally difficult. This even allows us to study the design safety factors of products 

including the peripheral components. By simulating fabrication of prototypes and experiment/evaluation of the 

prototypes in advance, we can reduce the number of prototype builds and testing to improve the efficiency of 

design/experiment and provide cost�reductions.

　The recent improvements of CAE have been remarkable and CAE technology has been introduced and 

enhanced in all the industrial fields. NTN Next Generation Research Alliance Laboratory at Osaka University 

also adopts CAE in its research projects for establishing next generation technologies and quickly applying 

them to products.

　By reducing the R&D man-hours with CAE technology, researchers and engineers are allowed to dedicate 

themselves to higher-value activities. The development period can be reduced and competitive products can 

be introduced to the market faster. As NTN transforms its operations from the development of single products 

to modules and system products, we are appling technology to more complex mechanisms and simulations of 

composite and different materials.

　As an example of CAE simulation technology, the following are some of the calculations of the force applied 

from rolling elements to the cage in bearings used to support transmissions which are the power transmitting 

devices in automobiles. CAE simulation technology enables the following:

· Calculation of the load acting on each rolling element in the bearings of a moving automobile.

· Calculation of the force from the above rolling elements to the cage and the generated stress.

⇒ These calculations help optimize the number and diameters of the rolling elements and improve the bearing 

load capacity by precisely determining the required strength of the cage.

Simulation of force applied to cage of transmission bearings and initiation of�stress
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The automotive industry is facing a huge transformation period. All the companies in the world associated 
with automobiles are in the midst of fierce competition in technology, performance and cost, in an industry 
which is swept away by the market trend characterized by “CASE,” such as the agreement of controlling 
global average temperature at the COP 21 Paris Agreement, electrification to improved fuel economy as 
a response to global warming, autonomous driving providing improved safety and the idea of a shared 
economy.

We are a bearing manufacturer with 100 years of history since its foundation; however, we have been 
proactive in advanced development ahead of the market trend so that we can achieve “sustainable growth” 
and be a “surviving company” into the next generation. The origin of NTN’s development is our core 
competence including tribology technology but we have also expanded our development philosophy from 
original development to partnership with third parties.

Our foundation is our core competence in tribology. We think that this core competence continuously 
enhances the companys value when it is applied to new products. In our company, the Advanced Technology 
R&D Center is in charge of core technology, New Product Development R&D Center is in charge of new 
product development and the Process Engineering R&D Center is in charge of manufacturing technology. 
The NTN Next Generation Research Alliance Laboratory at Osaka University was founded in 2017 for 
research of next generation technologies which are expected to grow in the future such as AI and IoT. The 
NTN Next Generation Research Alliance Laboratory is responsible for incorporating those technologies as 
our new core competence, and for the training of our researchers. In addition, the CAE R&D Center was 
newly founded in October, 2018. Its purpose is to advance simulation technologies we have been developing 
to work on tasks such as engineering challenges of all NTN groups, faster development/refinement and 
accuracy improvement. Since simulation technologies are a research area to be further actively pursued, we 
are continuing our research at the NTN Next Generation Research Alliance Laboratory, as well as elevating 
the applicability of these technologies to our development and using them in our products.

We have also realized vehicle autonomous driving and electrification, with advanced development of 
module and system products, which increased our value in the industry. Those products include IWM (In-
wheel motor systems), among others, such as electrical module products that can be used for electrical 
accessory devices such as oil pumps, water pumps and vacuum pumps. There are also multifunctional 
products such as eHUB and sHUB, which consist of axle bearings (our main product), motor and controller. 
We are also contemplating development of “sensorized bearings” . With the integration of special sensors, 
we can transform wheel bearing operations offering service solutions such as status monitoring and fault 
prevention using the output of those sensors and analyzing them with advanced programs equipped with an 
AI algorithm. 

We have been preparing for the drastic transformation of the automotive industry by reorganizing our R&D 
and production systems. We believe that the success of our challenge of “sustainable growth” and being a 
“surviving company” depends on how we can achieve competitive products fast, taking advantage of the 
technologies and know-how accumulated so far. The foundation for this challenge is our mid-term business 
plan “NTN100” of 2015. In “DRIVE NTN100” of 2018, we set a plan to promote new products.

We would be grateful if these plans can contribute to further development of the entire industry.

A message for the special issue on “Automotive Products
for Electric, Autonomous and Low Fuel Consumption”

Representative Executive Officer, 
Senior Managing Executive Officer and CTO (Chief Technology Officer)

Yoshinori TERASAKA

Preface
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Contribution

Perspective for Advanced Vehicle Technology into CASE Era

1. Introduction
Automobiles have contributed to the development 

of industry and culture by expanding free and safe 
transportation of people and goods since the end 
of the 19th century. In 1885, Karl Benz of Germany 
succeeded in running a 3-wheel vehicle with a newly 
invented gasoline engine on a public road. The 
glorious fi rst-ever automobile’s name was Benz Patent 
Motorwagen. It created the basic form of the current 
automobile. In 1908, the king of automobiles, Henry 
Ford, introduced the mass-production “Model T,” as 
he “wanted a vehicle as fast as a train that can run 
anywhere like a horse,” which created an “automotive 
revolution.”

And today, the environment surrounding the 
automotive industry is in a foregoing period of a large 
paradigm shift, such as diversifi cation of power train 
led by electrifi cation, global competition of autonomous 
driving, acceleration of “intelligent vehicles with IoT” 
and transformation of “ownership and use of vehicles” 
as can be seen in “emergence of sharing services.”

From the perspective of the global industry 
competition, energy, IT and automotive industries 
are actively partnering with each other across the 
borders for innovation and acquisition of new business 
segments while competing with each other. Even in 
this environment, however, we cannot overlook the 
fact that Tesla’s fast growth quickly achieved entry 
to the automotive industry from Silicon Valley, by not 
just building an EV but by building a vehicle platform 
through electrifi cation that cannot be achieved by the 
conventional internal combustion engine power train. 
Tesla created a vehicle with very high fundamental 
performance that is fun, comfortable and attractive to 
consumers.

Also, the European automotive industry, led by 
Germany, is diligently working on the evolution of 
environment-friendly, comfortable, easy-to-drive 
and intelligent vehicles incorporating advanced 
technologies such as drive assistance and connectivity 
backed up by the respective state through the 
collaboration among the industry, academia and 
government. In addition, these new trends have 
potential to quickly expand to the automotive markets 
of emerging countries such as China, India and South-
East Asian countries. The Japanese automotive 
industry also needs to be competitive to win in 
this paradigm shift both in global competition and 
competition with other industries such as IT.

These global trends can be interpreted as a 
solution to the compelling social problems such as 
global warming, traffic jams/accidents, declining 
birthrate and an aging population while achieving a 
rich and comfortable mobility society. In other words, 
the automotive innovations with better and smarter 
vehicles are the “primary units” and “driving force” for 
enriching the communities and the citizens (Fig. 1).

Traffic
Accidents

Traffic
Jam

Aging
Society

Driving
&

Mobility

Electrification

Lightweight/rational 
vehicle package

Intelligence

Information

Innovation

Fig.1 Direction of vehicle innovation

What is the CASE (Connected, Autonomous, Shared & Services, Electric)1)era? 
The integration of information and mobility has begun a paradigm change that will 
drastically change the ecosystem of people, cars, and transportation society, and it 
can be said that it is a borderless competition and collaborative era of Silicon Valley 
players, European car manufactures, new comers, and developing countries. Looking 
back on the history of automotive technology, I would like to discuss this perspective 
with you based on the examples of the evolution of safety, deepening driving, and 
mobility city systems that are the foundation of the eco-system.

Hideo INOUE
Professor, Faculty of Creative Engineering, Chair of Department of Vehicle System Engineering, 
Kanagawa Institute of Technology
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“The real automobile innovation is starting now!” 
“Vehicle development” and “human development” with 
“integration of advancement and foundation” will make 
or break is not an overstatement.

Now, let me discuss the perspective raised in the 
title of this paper by looking back at the ITS (Intelligent 
Transport System) activities so far. Although CASE 
(Connected, Autonomous, Shared & Services, Electric) 
is a term that expresses the current paradigm shift 
of the automotive and IT industries well, it is not so 
different from the change nurtured by the long ITS 
activities aiming for the “sustainable mobility society.” 
The biggest difference is the automotive industry is 
forced to make a big transformation in the era of new 
entrants from the IT industry of Silicon Valley such as 
GAFA2), energy industry and new industries through 
electrifi cation and autonomous driving. However, this 
was also included in the discussion of ITS activities, as 
it expressed the importance for the automotive industry 
to have a perspective of an ecosystem consisting of 
people, transportation community and the use ICT 
(Information and Communication Technology) for 
building a rich and comfortable mobility community 
(maximizing) by solving social problems (minimizing) 
such as traffic accidents/jams, energy/environment and 
aging society3), 4). Then, what are the real differences?
·  The evolution of electrifi cation, autonomous driving 
and ICT raised the expectation that the dream of a 
mobility community may come true

·  It revealed the change cannot be coped with using 
the conventional framework of the automotive 
industry alone and a new ecosystem from both the 
industrial and social system perspectives needs to be 
built

·  A ubiquitous and global borderless era facilitated by 
the Internet made it easier for the new entrants to 
play with new ideas

·  Due to all of the above, the design structure of the 
automobile itself, needs to be innovated
Are the above not the real differences from the 

perspective of the history of the automotive industry? 
This also shows the conventional structure and 
mechanism of production is close to the limit and a 
new S curve needs to be built for breaking the limit 
representing the needs of the times. Although the 
threat from IT, energy and new industries exist, the 
automotive industry should not take them as the entire 
picture. The real challenge is: 
·  if the automotive industry can transform itself, and
·  if the automotive industry can take the leadership 
while repeating collaboration and competition with 
other industries,

aiming for a comfortable and rich mobility community. 
In order for the automotive industry to take the 

leadership, its own core technology is needed.
Thus, the ecosystem raised by CASE can also be 

expressed as the cyber physical system (Fig. 2)5).

Running 
environment database

Human factor database

  Near-miss incident data and accident 
prediction analysis 
 Evolution of the map for dynamic application
 Predition simulations of traffic congestion
 etc.

Fig. 2 Example of cyber physical system
 
The cyber physical system is a system of cyber 

space (virtual space) and physical space (real space) 
highly integrated by ICT.

I highly expect the automotive industry to achieve 
self-transformation and take the leadership of other 
industries by putting the people (citizens) in the center 
of mobility (Fig. 3).
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Fig. 3 Relationship among industries

In this paper, I would like to think about the mobility 
community of the 21st century together with the 
readers, introducing cases from the viewpoints of 
“driving” and “mobility” on how the ecosystem and 
cyber physical system in this mobility change in the era 
of CASE.
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2. �Autonomous Driving; “Unity of Rider 
and Horse” and “Driving Intelligence 
Aiming for Further Safety”

2.1 �What Are “Autonomous Driving” and “Driving 
Intelligence”?

Information on autonomous driving technology is 
constantly publicized at the media, industry and state level 
in the world. Although with rather excessive expectation, 
the autonomous driving technology is promoting a big 
dream in the mobility community where the people have 
foresight of innovation in vehicles, transportation system 
and even information services.

Let us track down the history of autonomous driving. 
Leonardo da Vinci dreamed of an autonomous driving 
vehicle when he thought of a mechanical vehicle. In 
the 1960s to 1970s, the first smart car “Stanford Craft” 
was conceived for investigation of the lunar surface. 
Long cables were equipped for a video camera and 
remote control which contributed to obstacle avoidance 
technology and higher image processing performance 
later in the development. However, the biggest impact on 
the automotive industry and society came as autonomous 
driving vehicles from colleges and companies participating 
at two DARPA (Defense Advanced Research Projects 
Agency) Challenges subsequent autonomous driving 
vehicle from Google. Google has continued the driving 
experiment on public roads since 2010, totaling 700 
thousand miles (approx. 1,130 thousand km) by April, 
2014. In Europe, state level projects such as HAVEit 
are making progress through a collaborative framework 
among industry, academia and government6). In 2013, 
Daimler announced that it would introduce autonomous 
driving vehicles into the market by 2020, disclosing that 
its vehicle traveled autonomously on a German public 
road for over 100 km. Furthermore, European project 
PEGASUS recently created and proposed a framework 
for the development and evaluation process based on 
systematic driving scenarios. Also recently reported is 
the announcement of establishing a research center for 
autonomous driving taxis by the U.S. car sharing company 
Uber, and a plan of an on-demand autonomous car 
service from Google. As such, the competition of research 
and development has heated up with participants 
worldwide from the automotive, IT, car sharing service 
and logistics industry which combine engineering and 
business operations with the actual introduction reportedly 
around 2020. When we consider the advantage/value 
of autonomous driving from the viewpoint of the social 
challenges,
(1) �Improvement of traffic flow (reduction of congestion/

CO2)
(2) �Reduction of accidents due to human errors 

(carelessness/distraction/fatigue)

(3) �Reduction of accidents due to health problems/
unconsciousness

(4) �Safe driving under low visibility (nighttime/rain/snow)
(5) �Reduction of accidents by aged drivers/securing 

means of transportation (decline of driving ability due 
to physical impairment)

(6) �Improvement of comfort by reduction of driving load
can be expected. However, “autonomous driving” is not 
necessarily “safe” all of sudden. I think there is “good 
driving” and “bad driving” for “autonomous driving,” 
as well. With the technology today, it should not be 
difficult to run the vehicles automatically, however, 
“good driving” is a different matter. Driving by an 
expert driver requires observation of the surrounding 
environment predicting possible changes based on 
the knowledge, experience, and understanding of his/
her own vehicle’s behavior and motion characteristics 
with prediction of possible outcomes. The driver 
enjoys the value of transportation, freely, safely and 
comfortably by doing all of the above but it is not as 
easy for a machine to do that on behalf of human 
beings. Recognition of the surroundings is not 
sufficient. It requires “driving intelligence.” Also, neither 
people nor machines are 100% safe or trustworthy. 
They grew (learn from each other) by enhancing their 
advantages and complementing disadvantages to 
improve the driving quality by continuously creating 
“better” and “safer” driving operation under various 
driving conditions. Regardless of who drives the 
vehicle, people or machines, safe driving technique 
is common. Therefore, I think incorporating more 
“driving intelligence” into the vehicles and driving its 
evolution specifically is the most important challenge. 
In the history of mankind, the relationship between 
machines and people is commonplace. There has 
been a lot of evolution when transportation changed 
from the horse to vehicle; however, there are things 
horses can do but vehicles cannot. I do not think the 
vehicles have achieved the value of so-called “unity 
of rider and horse” such as the “safety instinct where 
the horse would not jump off from the cliff even if the 
rider instructs so and running with comfort together,” 
“ability of the rider, who may or may not want to drive, 
to communicate and act on the context of the wills 
of each other between the rider and the horse,” and 
“not to be isolated in the communication between the 
riders.”

In the context of CASE, this aspect of “driving” is 
not largely raised. In addition, we cannot ignore 
the development of the people (drivers) and traffic 
environment (infrastructure) along with the development 
of vehicles in the context of the relationship among the 
people, vehicles and traffic environment. As mentioned 
before, the driving technique of an expert driver 

Perspective for Advanced Vehicle Technology into CASE Era
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comes from the information learned under various 
driving conditions and knowledge accumulated over a 
long driving experience. An expert driver internalizes 
the dynamic vehicle motion reaction against the driving 
maneuver and holds it as “driving intelligence” in the 
physical model. Therefore, the driving technique of an 
expert driver can be understood as a cyber physical 
system integrating the “experience/knowledge information 
model” and “physical model of vehicle motion.” Is this 
“driving intelligence” not the important aspect where 
the autonomous driving technology makes the real 
difference?

Recognizing these challenges, I would like to step into 
the discussion of the evolution of “safe driving technique” 
and “autonomous driving with unity of rider and horse 
(shared control)” based on “driving intelligence,” which 
can be interpreted as the instinct of a vehicle, not only 
remaining in the generalized concept of “autonomous 
driving.”

The following is based on the research and 
development conducted since 2011 on a collaborative 
framework between universities and industry “Driving 
Intelligence System to Enhance Safe and Secured Traffic 
Society for Elderly Drivers”7) which is the theme adopted 
by the “Japan Science and Technology Agency (JST) 
Strategic Innovation Promotion Program (SIP)” and my 
own view.

2.2 �Driving Intelligence Aiming for Further Safety
2.2.1 �Driving Support System and Autonomous 

Driving Technology
The safe driving technology has evolved from 

collision safety to preventative safety. The recent idea 
of “integrated safety,”8) which covers the entire safety 
phases from the normal driving phase to collision and 
rescue/emergency response phase for reviewing and 
responding is an important philosophy showing “there is 
no compromise for safety.” With this philosophy, adoption 
of a driving support system that recognizes the driving 
surrounding environment and obstacles using sensors 
such as cameras and radar expanded very quickly. 
Devices such as collision damage reduction/preventative 
automated brake systems are deployed in many products 
as their benefit is easily recognized and its adoption is 
recently expanded even in light vehicles under the name 
of AEB (Automated Emergency Brake). This way, the 
capability of accident avoidance is a little over a second 
before collision, such as rear-end collision, has greatly 
improved. On the other hand, systems for reducing 
the driving load during normal operation have been 
deployed, such as the ACC (Adaptive Cruise Control), 
LKA (Lane Keeping Assist) and LDW (Lane Departure 
Warning (& Prevention)). From the safety standpoint, 
driving phases consist of the “normal driving” phase 
for smooth driving without any risk and the “emergency 

avoidance” phase, which is a few seconds before 
potential collision and with increased potential/apparent 
risk. In the former phase, it is necessary to drive with 
caution while predicting potential risks as the driving 
schools often teach with “risk predictive driving” (Fig. 4). 
So far, the driving support system has been effective in 
“normal driving” and “emergency avoidance” phases. As 
the autonomous driving technology evolves, we must 
not overlook the technology of “look-ahead driving” 
that corresponds to the risk increasing phase. Also, as 
mentioned earlier, since 90% of the traffic accidents are 
caused by human errors, the evolution of driving support 
systems to deal with the various causes, such as 
elderly drivers, distraction, health problems, distracted, 
congestion, etc. is expected. However, adding individual 
systems will not be effective. It should be necessary to 
complement driver errors by the autonomous /intelligent 
driving systematically.
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Fig. 4  Concept of risk phases for preventative safety (SIP)9)

2.2.2 �Driving Intelligence with Risk Prediction 
Capability

Now, how can we specifically capture the driving 
intelligence? First, it is essential to “observe well” the 
surrounding environment, namely, improve the ability 
of “recognition” with sensing technologies. In addition, 
it is necessary to create the basic drive planning ability 
such as generating the path to the destination from the 
recognized information10) and pass around the stopped 
vehicles. In addition essential drive planning and risk 
prediction intelligence will be required by looking ahead 
and anticipating risks (Fig. 5).

Map 
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Visible risk potential (following vehicles ahead/avoiding parked cars/passing pedestrians)

Basic running potential (course trace/entry into intersection)
(Normal driving)

Potential objects Near-miss incident 
weighting factor

To motion optimization 
calculation section

Fig. 5  Layered structure of risk predictive control (SIP)11)
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Risks include apparent risk such as a bicycle 
or pedestrian who is visible but “may” change the 
behavior in the next instance, and potential risk such 
as a pedestrian who is hidden and may jump out from 
behind a stopped vehicle. There are two important 
points for making the risk prediction technology. The 
fi rst is the model to defi ne the possibility of collision 
a few seconds away while running and to physically 
express the present margin toward the risk. There are 
some methods such as the potential fi eld, but this is an 
important model expression for generating the optimum 
driving path with smaller risk and control of the vehicle 
speed. The second is the learning process based on 
the experienced running information. The ontological 
approach based on rich information is also necessary in 
order to determine the risk from the apparent conditions. 
Building prediction model’s integrating the physical 
model and information model is a new challenge 
for the automotive industry. The “near-miss incident 
data”12), 13) currently accumulated at Tokyo University of 
Agriculture and Technology is very useful as a source 
of information. Since this is the information source 
determining risk events such as “emergency brake was 
applied even if it did not lead to accidents,” learning the 
data may lead to risk prediction. As described above, it 
is indispensable to implement the intelligent behavior of 
people, such as feeling “somewhat risky” from general 
observation and slowing down, to the machine (vehicle) 
for evolution of safety and technical challenge called 
autonomous driving.

Fig. 6 shows the physical model expressing the 
risk as the potential fi eld (hereafter, “risk potential”) 
in the SIP project. By making the space information 
recognized by various peripheral monitoring sensors 
risk potential, the risk image of driving environment 
such as the parked vehicles can be continuously 
presented as the physical expression. Furthermore, 
this potential fi eld facilitates driving control since it can 
optimize the target course and speed (I am omitting the 
detailed explanation. Refer to the reference for more 
information)14).

 

Fig. 6 Optimization of target trajectory by risk potential

2.3  Near-Miss Incident Database and 
Information Risk Model

We learned a lot from the near-miss incident data 

in the SIP project15). We made progress in building the 

“Data Driven Risk Prediction Model” which predicts the 

risk potential in the future from the near-miss incident 

empirical data, not only from the risk potential of the 

physical model. Fig. 7 shows the framework leading to 

the risk prediction control built in this project16).
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Fig. 7 Framework of data-driven risk predictive control

The causes and effects of “driving behavior factors” and 
“driving environmental factors” to the near-miss incident 
events are expressed by the quantitative indices, LHP 
(Long-term Hazard Potential) and Rv (Risk value). These 
2 risk quantitative values are determined by the data 
between approx. 10 seconds and 3 seconds before the 
risk events. The value of these not-so-complex quantitative 
indices, LHP and Rv, which show 2 key non-stationary 
factors of the “human drivers” and “driving environment” in 
vehicle driving is signifi cant. Furthermore, by incorporating 
them in the virtual driving/traffic simulation to make it 
a framework of prediction from near-miss incidents to 
accidents, we could make probabilistic predictions from the 
“risk prediction control,” such as “risk predictive driving.” 
Fig. 8 shows an example of its results16).

Approx. 10 km of public 
roads around Kanagawa 
Institute of Technology 
were modeled

With risk predictive 
control (SIP)

Without risk 
predictive control 
(AEB/autonomous 
driving) Total

7,486
incidents

Total
211

accidents

(Only vehicles)

98%

80%

20%

Near-miss incidents rate
→reduced to 1/4

Accident rate
→reduced to 1/50

With risk predictive 
control (SIP)

Without risk 
predictive control
 (AEB/autonomous 
driving)

Pedestrians and bicycles accidents → near-miss incidents were 
reduced to 1/4 through risk predictive control and accidents were reduced to 1/50

2%2%

    Fig. 8  Prediction of risk predictive control through 
driving/traffic simulation
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We have simulated intersections and jumping-out of 
pedestrians and bicycles on public roads of approx. 10 
km around the Kanagawa Institute of Technology and 
built a virtual model considering the LHP and Rv indices. 
This dynamic simulation result shows a reduction of 
near-miss incidents to approx 1/4 (total of 7,486 near-
miss incidents) and a reduction of accidents to approx 
1/50 by the introduction of risk prediction control (slowing 
down by risk predictive driving). This result indicates the 
difference between “autonomous driving to apply brake 
after observation (recognition)” and “driving intelligence 
of slowing down by looking ahead for something jumping 
out from the visible environment.” This kind of simulated 
effect prediction does not have enough credibility, yet, as 
the history of weather forecast shows. However, it shows 
a direction of risk prediction technology both as the 
system control technology and as the digital twin virtual 
validation technology integrating the “information model” 
and the “physical model.” This framework that we could 
build this time is important but we have to note that this 
database might not be effective in the area/country where 
the traffic environment is different, similar to the fact that 
the people familiar with the area can drive effectively. Our 
challenge is how to build near-miss incident database for 
each community and how to structure them.

2.4 �Autonomous Driving with Unity of Rider and 
Horse (Shared Control)17)-19)

The machines are only used by the people when 
trusted. As mentioned earlier, the people may want 
to drive or may not when tired or under monotonous 
situation. Elderly people feel uncomfortable driving, 
recognizing poor physical conditions. Enabling them to 
drive worry-free to the destination should be the role of the 
intelligent machine, not taking away the driving privilege 
from the elderly people. The benefit of cars is not only 
providing means of flexible transportation but also driving 
pleasure. Use of machines by people has an aspect 
of stimulus to the instinct where the people become 
active and motivated. Recently, “use of information” 
significantly expanded through the use of smartphones. 
If the information provides value for “knowing,” “things” 
have value “to be seen, touched and felt.” The question is 
not to determine which is better, but the important point 
they both offer in common is if the context the machines 
provide can be understood by the people who use them 
(or easily understood). This does not immediately jump 
into the discussion of HMI (Human/Machine Interface) 
or driver monitor, but rather, we have to check if the 
machines provide the outcomes (performance) that meet 
or exceed expectation of the people who use them (this 
is the baseline for the trust). The machines should predict 
the result (performance), provide the context of their action 
to the people and be understood. In this context, the 

smartphones are ahead. The vehicles are still behind the 
curve. By providing the road conditions and recognition 
that the machines determine optimal as rational as possible 
to the people and expressing them through the steering 
wheel, acceleration and braking which the people can 
touch and feel while the frontal view that the people can 
see and understand, the machines can become closer to 
the horses. It is imperative not to add new interfaces and 
increase the load of driving. Can the context of driving be 
firmly grasped and communicated to the people? This is 
also what is expected from the intelligence of autonomous 
driving (i.e. driving intelligence).

An example of the research achievements of SIP project 
is shown in the following. Fig. 9 shows a conceptual 
diagram of Haptic Steering Shared Control11). It aims for 
guiding the vehicle to a better course trace by applying the 
difference between the steering operation modeled after 
an expert driver and steering operation of a real person 
to the steering torque reaction force. It revealed that this 
control improves both traceability of the model course and 
smooth operation (Fig. 10)14), 20), 21).

Traffic 
environment

Model steering angle Assistance adjustment 
mechanism

Steering reaction 
force

Actual 
steering angle

Driving characteristics 
(response time, etc.)

Physical condition 
(fatigue, sleep, etc.)

Driving 
intelligence

Machine driving 
(an expert driver)
(Look-ahead driving, risk prediction)

Elderly driver
(Reflect driver’s conditions)

Fig. 9  Haptic Steering Shared Control
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I have discussed “driving intelligence aiming for 
further safety” and “autonomous driving with unity of 
rider and horse” in the evolution of autonomous driving 
technology as my expectation. I welcome participation 
of those who share my view in this discussion.

3. �Connected; Mobility Ecosystem 
Connected by Information

3.1 Overview
Now, let us think about the transformation of 

transportation system as the ecosystem of people, 
vehicle and traffic environment. That is, MaaS (Mobility 
as a Service). The possibility of service businesses 
is unlimited in the cyber physical network where 
information and mobility are integrated. Services to 
use multiple means of transportation in an integrated 
fashion are beginning and expected to grow worldwide. 
In Finland and Singapore, collection of traffic 
information and creation of database for dynamic 
communication are led at the government level. The 
initiatives at ITS include solution of mobility divide, that 
is, safe mobility and active life support of elderly and 
disabled people who are vulnerable road users, and 
revitalization of local communities and improvement 
of QOL (Quality of Life) of citizens. Therefore, the 
concept of “provision of equal mobility to everybody” is 
also important.

The above is an example focused on the 
information/software aspects but formation of 
ecosystem as an infrastructure that includes IoT and 
physical space is also important as the information and 
mobility are integrated. Let me introduce a research 
and development project in Singapore, “TUMCREATE,” 
as an evolution of mobility from transformation of 
transportation system.

3.2 TUMCREATE
A project of Technical University of Munich, 

TUMCREATE (TUM: Technical University of Munich), 
adopted by the CREATE (Campus for Research 
Excellence and Technological Enterprise) program 
of Singapore’s National Research Foundation is a 
good research example that shows a new mobility 
community.

This project is joined by Singapore’s NTU (Nanyang 
Technological University) and thus contributing to 
the development of young Asian engineers. The first 
phase was conducted from 2010 to 2016 with the 
theme of “The Center for Electromobility in Megacity” 
and the second phase is being conducted from 2016 
to 2021 under the theme of “Towards the Ultimate 
Public Transport System.” Over 100 engineers and 
researchers will participate in this project from both 
universities and the professors from the Technical 

University of Munich are also stationed in Singapore 
dedicated to 5 years of research.

In the first phase, NTU’s engineers learned the 
architecture of vehicles including package design as 
the foundation of automotive engineering, in addition 
to building an EV. They also digested the foundation of 
the electric motor system such as the design of battery 
pack and test bed and fabricated a research vehicle 
taxi EV suitable for megacities in South East Asia, 
called EVA (Fig. 11).

 

(Source: TUMCREATE website)

Fig. 11  TUMCREATE EVA – Tropical taxi EV 22）

In addition, they conducted simulation of the traffic 
conditions in Singapore, as well as to the simulation of 
the battery management in the vehicle. They even built 
a data management system for optimization of driving 
and battery charging.

The research theme of the second phase is traffic 
congestion, energy and security in Singapore, which is 
precisely the solution aimed at problems of megacities 
in the new ecosystem proposed by the ITS activities.

First, the mobility called SRT (Semi Rapid Transit) 
System is planned, which uses units of 30 person 
capacity to form a flexible caravan of autonomous 
driving. This is a mobility capability aimed for increased 
efficiency in urban transportation, between MRT 
(Mass Rapid Transit) System which is high speed/high 
capacity with sparse passengers and a bus service 
which is slow and low capacity (Fig. 12).

 

(Source: TUMCREATE website)

Fig. 12  Semi Rapid Transit System 22）
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Naturally, the electric vehicle with the technology 
developed in phase 1 is used. The SRT System is 
characterized by the following, in addition to the 
service offering of seamless use of multiple means of 
transportation (mobility X).
· �Multifunctional capability by autonomous driving as 
the module

· �Clean urban environment by electric vehicles
· �Dynamic and flexible passenger transporting 
capability up to 10 units (300 passengers) in a 
caravan during peak hours

· �Quick response to demand reducing wasted time
· �Quick loading/unloading at the SRT stops

Next, the SRT-MODULE is not a stand-alone project 
but a component of an integrated ecosystem with SRT-
CENTRAL, SRT-INFRASTRUCTURE, SRT-CONNECT 
and SRT-POWER (Fig. 13, 14).

The SRT vehicle unit is designed with user-
friendly features, such as an air curtain to contain the 
conditioned air in the vehicle while loading/unloading, 
all wheel independent steering mechanism for a small 
turning radius and easy parallel parking (Fig. 15), low-
floor and guidance technology with road projection for 
easy access, adopting many novel ideas.

(Source: TUMCREATE website)

Fig. 13  Semi-Rapid Transit(SRT) System 22）

 
(Source: TUMCREATE website)

Fig. 14  SRT-MODULE 22）

 
(Source: TUMCREATE website)

Fig. 15  All wheel steering system 22）

They can be evaluated/designed on the virtual space 
using VR (Virtual Reality). The most spectacular point is 
that they have built a dynamic simulation of the entire city 
of Singapore, called CityMoS (Fig. 16).

This is the system with layers of power system, sensor 
network and a traffic system for the entire city not only 
providing simulation (virtual world) but also actual data 
sensing (real world), so it is built as a cyber physical 
system. In other words, the city-state of Singapore itself, 
as the “Cyber City,” has become an intelligent system.

 
(Source: TUMCREATE website)

Fig. 16  SRT – CENTRAL (CityMoS) 22）

As an advisor of this project, I am impressed with 
the young engineers of TUM and NTU who are excited 
and confidently working on their respective R&D 
subjects. Post doctoral researchers, doctors, professors 
and engineers of NTU from the international alliance 
are increasing their capabilities through automotive 
design and manufacturing while acquiring a high skill 
set of the cyber physical system. The level of these 
R&D activities is equivalent to forefront R&D activities 
at large corporations. Some companies seem to 
participate in the actual manufacturing process but 
most of the basic design is decided by this project. 
Also, the project offers a powerful human development 
opportunity for young engineers.

3.3 Disaster-Resilient Ecosystem for Japan
In this Chapter, I have only mentioned good projects 

from the overseas but now I would like to mention 
universal concepts originated from Japan which (in my 
opinion) should also work worldwide.

In the era of Heisei, Japan was struck by many 
disasters and many people had a bad experience. 
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However, the Japanese culture had strength to 
overcome these disasters. Based on these lessons, we 
have to build an ecosystem suitable for Japan in the 
era of Reiwa, which is highly active in normal period 
and resilient to disasters.

In the Great East Japan Earthquake of March 11, 
2011, the entire nation of Japan grieved over the death 
of many people. I would like to express my deepest 
sympathy to the deceased and encourage the people 
who are working hard in the aftermath.

Personally, I also experienced the earthquake 
on March 11, when I was holding a conference in 
Sendai. I experienced the infrastructure risk firsthand. 
An experience of loss of social infrastructure with 
information completely blocked, energy risk of 
electric power and gasoline, disruption of means 
of transportation, lack of food and water, etc. The 
following is an unofficial proposal we made to the 
government and business community, which is 
based on my own note of lessons I learned as one 
of the citizens working on the mobility industry and 
contribution from colleagues.

3.3.1 �Lessons from the Experience of 
Infrastructure Risk

· �Mobile phones did not work as the base stations 
were dysfunctional.
→ �Internet and WiFi spots are effective. Distribution-

optimized ad-hoc base stations are needed.
· �It was unfortunate that a Prius generator could not 
be used for 12V output. (Toyota provided this feature 
soon after the disaster.)
→ �Electrification means having optimum battery 

capacity; yet, having generators is also important. 
Especially a multi-fuel generator.

· �Real-time mobility connection information is 
required on how to coordinate public transportation, 
automobiles and other mobility modal.

· �Autonomous distributed power management system 
is also required, not only overall optimization such as 
the power grid.

· �It is important to “have the ability to communicate with 
strangers,” “take action when scared” and “believe in 
one’s own sense of risk.”

3.3.2 Proposal for Disaster-Resilient System
· �Locally generated/locally consumed distributed 
energy community
→ �Autonomous management of local power system 

for energy saving and efficient use based on 
management of local energy information such as 
a stationary battery. Control of demand and supply 
balance with the power grid by dynamic pricing 
during normal operation.

· �Building autonomous and distributed mobile wireless 
communication network
→ �Use vehicles as the temporary wireless tandem 

stations for ad-hoc communication network using 
WiFi functionality during disasters or in remote 
areas, as a limited emergency communication 
system.

· �Multi-fuel range extender
→� Effective during normal and disaster periods.

· �Automatic driving system for remote control and 
autonomous driving
→� The questions of security need to be addressed, 

but remote control driving is effective during 
disasters. Vehicles with ability to run on bad terrain 
such as SUVs are also effective.

Some of the above have made good progress 
but having built the cyber physical ecosystem with 
autonomous and distributed system in addition to 
overall optimization system must be particularly 
important for the ecosystem of Japan where many 
disasters strike.

4. Summary
In this paper, we have discussed the evolution 

of advanced automobile technologies toward the 
era of CASE and evolution of ecosystem of people, 
automobile and traffic environment, although the 
discussion may have been generalized towards the 
end. For example, the discussion included much of 
my personal views, which may not reflect the trends of 
the time objectively. We are certainly in the midst of a 
once in a century paradigm shift and we should have 
a sense of urgency as global competition intensifies; 
however, this change is an inevitable result of evolution 
and is also important to have originality in our vision 
and ideas based on the Japanese culture and history, 
for the requirements of the mobility society and 
automotive technologies. I believe that these views and 
ideas will have a positive global impact.

Perspective for Advanced Vehicle Technology into CASE Era
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Perspective

NTN's Approach and Effort for CASE

1. Introduction
Automobiles are a useful means of transportation, 

but a significant change to electrification is now 
underway due to recent environmental issues. 
Autonomous driving is another area of research for 
a safer and more efficient transportation system. 
Research of autonomous driving involves both control 
of a single vehicle and a safe and highly efficient 
autonomous driving system that incorporates various 
types of information. Particularly in Japan, with a large 
aging society, autonomous driving should be effective 
means in avoiding accidents.

In addition, the car sharing system is also 
expanding, particularly in urban environments where 
automobiles are being shared instead of owned.

As such, the automobile industry is in an era of 
transformation so-called “once in a century”, which is 
driving an alliance among automobile manufacturers in 
order to reduce the burden of development expenses. 
As new entrants are making strides into autonomous 
driving from outside the automobile industry, such 
as communication companies, it is not clear from the 
consumers who the decision makers of the automotive 
industry will be in the future.

The impact of these large trends on product 
development is significant for NTN, and as a result we 
have been developing electric module products. We 
have also conducted development of energy saving 
features on the existing products.

This paper describes our approach for development 
of new electric module products to support CASE, 
which is depicted in Fig. 1, as well as an overview of 
new development to our existing products for faster, 

more reliable, quieter and more durable operation in 
addition to our continuous efforts to reduce size/weight 
and lower friction.

■ �Connection with IoT communities,  
smartphones, etc.

■ �Offering of various services such as  
entertainment in the vehicle

■ Achieving zero traffic accidents
■ Use of IoT/AI technologies
■ Evolution of sensing technology

■ From ownership to sharing
■ Transformation of business model
　 toward sharing service business

■ Requirement for policy of improved 
　 environment
■ Adoption of EV/HEV/PHEV

Fig. 1  Overview of CASE for automobile

2. Approach to Support CASE
2.1 �Development of the Electric Actuator and Its 

Applications
NTN has developed the “Electric Motor and 

Actuator” series, which is essential for by-wire control 
that is expected to be widely used for vehicle drive and 
control.

Significant electrification is now underway in the 

Currently, it is said that automotive industry enters a phase of major change which comes “once in a century”. 
One of the representative development trends is CASE.
"CASE" consists from initials of Connected (External connection), Autonomous (Autonomous driving), Shared 
& Services (Car sharing and service or Car sharing only) and Electric (Electrical vehicles). 
CASE is advocated by Dr. Dieter Zetsche (ex-CEO of Daimler AG) at Paris Motor Show 2016. 
This paper introduces our developing activities with this major trend which we are greatly concerned with.

Koji KAMETAKA*

 * �Executive Officer, Deputy Corporate General Manager, Automotive Business Headquarters, General Manager, Electric Module Products Division
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automotive industry, particularly with by-wire control 
as the core technology along with the various systems 
that support drive and control, in response to the 
requirements needed for autonomous driving and 
improved fuel efficiency.

To address such market trends, NTN developed 
the “Electric Motor and Actuator” series shown in 
Table 1 and Fig. 2, combining its core technology 
of bearings and ball screws with motor design and 
electronic control technology for controlling vehicles. 
The product line-up features common components 
and specifi cations with a variety of shapes and sizes, 
which eliminates the need for individual designs and 
reduces development time.

The developed products can be applied to various 
on-board applications, but should be applicable for 
a wider range of fi elds in the future that is beyond 
automotive. NTN is aiming to establish early volume 
production and promote global distribution for on-board 
applications fi rst, and then expand applications to 
other devices that use actuators.

Table 1 Types of electric actuators

Type Feature

1
Parallel shaft 

Type B II

• Lightweight with resin housing
• Can be equipped with a reverse input 

rotation prevention unit that can be 
used for parking brakes, etc.

• Add-on reducer unit that can be used 
for high-thrust applications

• Integrated non-contact linear position 
sensor

2
Coaxial Hollow 
Shaft Type B III

(Fig. 2)

• Compact design with coaxial 
configuration

• Optimum size, torque and output by 
layering the magnet and core

• Common magnets and coils that are 
the core components of motors

• Integrated non-contact linear position 
sensor

Motor

Motor coil Planetary gear

Direct output 
shaft

Hollow ball screw

       Fig. 2  External view and configuration of Coaxial 
Hollow Shaft Type B III

2.1.1 Electric Oil Pump for Transmission
An example of this development is the electric oil 

pump for idling stop function. Idling stop is provided 
as one of the methods to reduce fuel consumption 
and requires a lightweight/compact, more efficient 

and higher energy savings electric oil pump, which 
requirement is met by the pump that uses NTN’s 
“Electric Motor and Actuator.”

In addition, the ZEV (Zero Emission Vehicle) 
regulations in the U.S. and China, for example, require 
EV mode driving of approx. 50 km or more for HEVs 
and PHEVs, which is only met by electric oil pumps 
with higher output than those for idling stop.

2.2  Module Product with Added Functionality 
for Axle Bearings

2.2.1  Hub Bearing with Motor Generator 
Function “eHUB”

“eHUB (Fig. 3)” is a product already developed 
which combines a motor generator with a hub bearing 
to support wheel rotation. As improvement of fuel 
efficiency of vehicles progresses and regulation of CO2 
emission is strengthened, the adoption of the “48V 
Mild Hybrid System” (hereafter, 48V MHEV), which 
improves fuel efficiency by adding power at start or 
acceleration of vehicles, has increased.

The “48V MHEV” is a system that uses the engine 
as the main power source and provides additional 
power using a small motor while driving the engine 
when starting and accelerating. Also, the energy 
can be recovered as electric power in deceleration 
(regeneration) resulting in even better fuel efficiency.

When “eHUB”s are used for front-wheel drive 
vehicles they are also mounted on the rear wheels 
(non-driven wheels) to provide driving assist power 
with the motor in order to reduce engine load and also 
act as power generators to regenerate energy into 
electric power when decelerating. When “eHUB” is 
combined with the “48V MHEV” already in use (such 
as starter generators), an improvement of up to 25% 
in fuel efficiency is expected compared to conventional 
vehicles with only engines. It can also be used for EV 
creep and vehicle stability control on slippery roads (low 
friction roads).

Hub bearing

Brake disc

Motor generatorOuter diameter less than the inner 
diameter of brake disk

             Fig. 3  Cross-section of Hub Bearing with 
Motor Generator Function
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2.2.2  Hub Bearing with Steering Assist Function 
“sHUB”

NTN has developed a hub bearing with a steering 
assist function, “sHUB”, which integrates the hub 
bearing and steering angle adjustment mechanism. 
“sHUB” combines motor and motion control 
technology with the design and manufacturing 
technology that has been acquired over many years 
with the development of the hub bearing, which NTN 
has the No. 1 global share.

With conventional vehicles, the tires and the steering 
device placed on the front wheels are mechanically 
connected and therefore the turning angles of both 
front tires are fi xed to the angle of the steering wheel 
being operated. While driving it was not possible to 
change to an optimal setting for each driving condition, 
such as driving straight or cornering.

“sHUB” (shown in Fig. 4) is a module product 
that can correct the steering angle at the left and 
right wheels separately and be installed onto a 
vehicle’s front wheel steering and the suspension 
system without replacing the existing steering device. 
Optimum correction of the turning angles of each tire 
based on the data on the speed and steering wheel 
operating angle while driving improves the cornering 
performance and high-speed stability, as well as 
vehicle stability in emergency against skidding, for 
example, and fuel efficiency.

It is expected that “sHUB” will be used as part of a 
system to provide a safer risk avoidance performance 
in full-autonomous driving vehicles and it is anticipated 
that this product will expand in the market in the future.

Knuckle

Hub bearing

Steering axis
Controller Actuator

         Fig. 4  General structure of Hub Bearing with 
Steering Assist Function

3.  Improvement of the Existing 
Products for Reduced Size/Weight 
and Lower Friction

3.1  “Ultra-low Friction Sealed Ball Bearing” for 
Transmission

NTN developed the “Ultra-low Friction Sealed Ball 
Bearing” for automotive transmissions that reduces 
rotating torque by 80% compared to the conventional 
contact sealed type bearing by adopting a proprietary 
shape of the ultra-low friction seal.

Lower torque is required for better fuel efficiency 
in addition to a longer life for transmission bearings 
used for automobiles. Use of the contact sealed type 
was standard for longer operating life by preventing 
hard foreign objects, such as wear debris from the 
gears in the transmission, to penetrate the bearings. 
However, this resulted in drag torque due to the seal 
contacting the inner ring when rotating. Furthermore, in 
applications where high-speed rotation is required, such 　
as recent EVs and HEVs, use of the contact sealed 
type was difficult due to the restriction of the peripheral 
speed limit of the seal.

“Ultra-low Friction Sealed Ball Bearing” has achieved 
an 80% rotating torque reduction compared to 
conventional products and provides a low torque effect 
equivalent to that of the non-contact sealed type. This 
is achieved by adopting a newly developed contact 
type seal which arranges arc-shaped (half-cylindrical) 
micro convexes at evenly spaced intervals on the sliding 
contact section of the seal lip, as shown in Fig. 5. 
During rotation an oil fi lm is formed between the sliding 
surfaces of the seal and inner ring due to the wedge fi lm 
effect of the micro convexes. This signifi cantly reduces 
the drag torque of the seal, even if it is a contact 
sealed type. Also, because the seal lip convexes are 
microscopic, they allow lubricant to pass through but 
prevent harmful hard foreign matter from entering the 
bearing, which contributes to longer bearing life.

Cross-section view of the 
developed product

Arc-shaped micro convexes 
(5 convexes are shown in the above cut view)

    Fig. 5  General structure of “Ultra-low Friction Sealed 
Ball Bearing” for Transmission
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3.2 �ULTAGE Tapered Roller Bearings for 
Automotive Application

“ULTAGE Tapered Roller Bearing for Automotive 
Application (Fig. 6)” is introduced in the following 
paragraphs, which delivers the world’s highest standard 
load capacity and rotational speed performance by 
optimizing the internal design of the bearing.

Tapered roller bearings for automobiles are used in 
components such as transmissions and differentials, and 
need to have a high-load capacity in order to operate in 
conditions that are becoming increasingly more harsh, 
including greater loads due to a higher power output, as 
well as greater unbalanced loads caused by the lower 
rigidity due to lightweight housings. The bearings also 
need to provide the low torque required for lower fuel 
consumption and high-efficiency and high-speed rotational 
performance with a low temperature rise.

“ULTAGE Tapered Roller Bearing for Automotive 
Application” improved on the optimal design technology 
that maximizes the rolling operating life developed for 
the Large Size Tapered Roller Bearing and applied it to 
the compact series lineup. This was done to realize the 
maximum potential of the bearing operating life even 
under increased and high unbalanced loads by making the 
contact stress even between the rolling elements (rollers) 
and the raceways (inner/outer rings).

This developed product has realized a load capacity 
1.3 times higher and a rated life over 2.5 times longer 
than the conventional product. In addition, the permitted 
rotational speed increased by approximately 10% to offer 
the world’s highest level in load capacity and rotational 
speed performance by optimizing the sliding contact zone 
between the rollers, inner ring and cage.

    Fig. 6 � ULTAGE Tapered Roller Bearing for Automotive 
Application

3.3 �“Low Friction Hub Bearing III” Reducing 
Rotational Friction by 62%

“Low Friction Hub Bearing III” reduces rotational friction 
by 62% compared to the conventional product and is 
introduced in the following paragraphs.

Hub bearings that support wheel rotation are now being 
required to further reduce rotational friction in addition to 

satisfying the basic performance, such as operating life 
and strength.

NTN has been researching and developing hub bearings 
for many years in pursuit of lighter weight, longer operating 
life, and higher efficiency. We have also promoted to unitize 
bearings and components (GEN1 to GEN3) to improve fuel 
efficiency and ease of assembling by making them smaller 
and lighter. We also developed hub bearings with longer 
operating life and lower friction by improving materials, 
greases, seals, and other items, for use in the global 
market. Today, NTN has the world’s largest market share in 
hub bearings.

“Low Friction Hub Bearing III” reduces rotational 
friction by 62% compared to the conventional product 
and improves the fuel efficiency by approximately 0.53%, 
by developing a low friction grease as shown in Fig. 7. 
The newly developed product has improved operating 
life and resistance to fretting wear in low temperature. In 
addition, by optimizing the preload inside the hub bearing, 
the developed product reduces the rotational friction 
of the bearing itself while still maintaining the required 
performance.

● Low friction seal
•Labyrinth structure
•Lip contact optimization
•Application of seal grease

［Inner seal］
Labyrinth lip

Labyrinth lip

Labyrinth

Slinger

［Outer seal］

Reduce seal 
rotational friction

<New development>
● Low friction grease

•Lower viscosity of base oil
•Thickener improvement
•Revised additive contents

Reduce bearing 
rotational friction

Fig. 7  Low Friction Hub Bearing III

3.4 �Compact Plunging Type Constant Velocity 
Joint for Propeller Shafts “HEDJ-P”

“HEDJ-P” (Fig. 8) is a plunging type constant velocity 
joint for propeller shafts that achieves the world’s highest 
level of compactness and lightweight with 17% weight 
reduction and 6% decrease in outer ring outer diameter 
when compared to conventional products.

Propeller shafts are used on vehicles, such as ones 
with 4WD, and take the role of transferring transmission 
rotation to the front and rear of the vehicle, as shown in 
Fig. 9. Also, constant velocity joints for propeller shafts 
have increased in application as there is now an increase 
emphasis on NVH (Noise, Vibration and Harshness) for 
luxury passenger vehicles as well as SUVs (Sports 
Utility Vehicle).

The conventional HEDJ, which this development 
was based on, provides excellent balanced NVH 

NTN's Approach and Effort for CASE
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characteristics, as well as easy mounting ability on a 
vehicle since a greater slide amount and operating angle 
can be used, which improves the flexibility of vehicle 
layout and is suitable for use on SUVs which use large 
angles.

NTN has been widely distributing HEDJ’s, which have 
been adopted by a great number of users around the 
world since the first product roll out. The newly developed 
“HEDJ-P” is redesigned based on the conventional HEDJ 
in order to make the outer ring even more compact and 
the inner ring thinner for dedicated use with propeller 
shafts. As a result, it achieved 17% weight reduction 
and 6% reduction in the size of the outer diameter while 
maintaining the same performance as the HEDJ.

Fig. 8 � Compact Plunging Type Constant Velocity Joint for 
Propeller Shafts HEDJ-P

   Fig. 9 � Application of Compact Plunging Type Constant 
Velocity Joint for Propeller Shafts HEDJ-P

4. Conclusion
This paper introduced NTN’s current development 

and products regarding one of the main development 
trends, CASE (Connected, Autonomous, Shared & 
Services, Electric), which represents a “once in a 
century” transformation of the automotive industry.

We described our approach for development of 
new electric module products, as well as an overview 
of new development items to our existing products 
for faster, more reliable, quieter and more longer 
life operation in addition to our continuous efforts to 
reduce size/weight and lower friction.

Numerous items in development are based on 
NTN’s core competency of tribology technology, 
high-precision processing technology, high-precision 
measurement technology and analytical technology 
such as simulation, as well as our alliance with 
external agencies in view of increased speed and 
expansion of fields of application.

We hope to provide a major contribution to the 
development of the automotive industry and to the 
community at large through our technologies and 
products.

Koji KAMETAKA

Executive Officer
Deputy Corporate General 

Manager, Automotive Business 
Headquarters,

General Manager, Electric 
Module Products Division

Photo of author
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New Products

Hub Bearing Module with Steering Adjust Function

1. Introduction
In conventional vehicles the tires and the steering 

device placed on the front wheels are mechanically 
connected and therefore the turning angles of both front 
tires are fi xed to the angle of the steering wheel being 
operated. When making a big turn at slow speed, the 
turning radii of the right and left wheels are signifi cantly 
different. Therefore, in order for a smooth turn they 
should follow the Ackermann geometry (larger angle for 
the inner wheel with smaller angle for the outer wheel). 
On the other hand, parallel or reverse Ackermann 
geometry is suggested to improve the turning 
performance in mid to high-speed maneuvers.

The Ackermann characteristics are determined by the 
geometric confi guration of the steering device; therefore, 
volume production vehicles choose to emphasize either 
maneuverability at low speed or turning ability at high-
speed depending on the vehicle concept.

Also, the toe angle of the outer wheel, which 
supports a heavy load while turning at mid to high-
speed, is passively controlled by the damping 
characteristics of the suspension bushings; however, 
it is more desirable to actively control the optimum 
steering geometry based on the turning radius and 
turning acceleration.

As the top manufacturer of hub bearings, NTN has 
developed a brand new “Hub Bearing with Steering 
Assist Function” (hereafter, sHUB®)1) which combines a 
mechanism that adjusts the steering angle of the tires 
on the hub bearing, for actively controlling the steering 
geometry depending on the driving conditions while 
solving the above mentioned trade-off.

sHUB provides safe and comfortable driving by 

controlling the left and right wheels independently 
to the optimum angles depending on the running 
conditions of the vehicle. This module system improves 
straight-running and cornering stability and contributes 
to risk avoidance in emergencies, for example when 
a wheel skids on a low-μ road surface. In normal 
driving conditions it contributes to energy saving by 
minimizing the cornering drag while turning in a curve. 
It could also be applied to avoidance maneuvering in 
upcoming autonomous driving vehicles.

Fig. 1 shows an overview of how sHUBs are 
installed on a vehicle. They can be installed on vehicles 
together with the existing steering devices without 
making large modifi cations to the suspension system. 
The controller of sHUBs independently calculates and 
controls the target angles of the sHUBs on the left and 
right wheels based on the vehicle information, such as 
the vehicle speed and steering angle.

Existing 
steering 
system Steering 

operation

Vehicle

Actuator

Steering 
axis

Range of angle for 
adjustments
±3.5°

KnuckleVehicle 
speed

Controller

Fig. 1 Vehicle with sHUB installed (on front wheels)

2. Concept
The following parameters were set as the design 

concept for achieving improved vehicle dynamic 
performance, as well as safe and comfortable driving.

We have developed a hub bearing module, ‘sHUB’ with steering adjust 
function incorporating the steering angle adjustment mechanism in the 
hub bearing. We demonstrated that the prototype successfully modifi ed the 
steering angles of the left and right wheel independently according to the 
driving situation of the vehicle and the operation of the driver. The developed 
hub bearing module will hence make a signifi cant contribution to the dynamic 
performance improvement of the vehicle.

Satoshi UTSUNOMIYA* Norio ISHIHARA*
Yuusuke OOHATA* Atsushi ITO*

 *New Product Development R&D Center
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(1)  Installed on the left and right wheels in order to 
independently control steering angles of both 
wheels

(2)  Optimum control to the best angles depending on 
the driving conditions
・Energy saving driving minimizing cornering drag
・ Maintain vehicle stability even in an emergency 

situation, such as risk avoidance
(3)  Able to be installed on the driven wheels (front 

or rear wheels) of existing vehicles regardless of 
the type of steering/suspension systems without 
requiring a large modifi cation

(4)  Compact and lightweight based on the optimum 
internal design

Fig. 2 shows the appearance of the prototype (for 
right wheel) to be used with the strut type suspension 
for front wheels. As shown in Fig. 3, the small size 
allows installation on both front wheels of a vehicle 
without modifying the surrounding structure, such as 
the suspension.

Knuckle

Actuator

Hub bearing

Steering axis

 
Fig. 2 Prototype of sHUB

 

sHUB

sHUB

Fig. 3 sHUBs installed on front wheels

Fig. 4 shows the basic design of sHUB when it is 
installed on the front wheel. The kingpin axis which is 
the central axis of the tire during normal steering and 
the steering axis of sHUB are two different axes. It was 
designed so that those two axes cross at the ground 
surface. With this structure the amount of sliding 
is reduced by the steering-assist of sHUB, which 
improves safety.

Steering axis of sHUB

Contact point 
with ground

Kingpin axis

Lower arm

Fig. 4 Basic design of sHUB installed on front wheel

Fig. 5 shows an example of sHUB installed on the 
rear wheel. Similar to the case of the front wheels, it 
can be installed with modifi cation only to the knuckle. 
In this case, the suspension system is a regular rigid 
axle (torsion beam). The rear wheel steering was easily 
achieved by merely installing sHUB on the torsion 
beam where the hub bearing is normally installed.

Actuator

Hub bearing

Steering axis of sHUB

Fig. 5 sHUB installed on rear wheel

3. Configuration and Specification
3.1 Components

Fig. 6 shows the components of sHUB. sHUB is 
comprised of an actuator, hub bearing and knuckle. 
The function of the respective components is 
described as follows:

・ Actuator
Fixed to knuckle and steers hub bearing

・ Hub bearing
Rotary support of tire; rotary support of the steering 
axis of sHUB against the knuckle

・ Knuckle
Connection with vehicle suspension
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Actuator Knuckle Hub bearing

Knuckle

Actuator

Trapezoidal screw

Speed 
reducerMotor

Hub bearing

Hub bearing

Arm

Steering axis

Motor

Fig. 6 Components of sHUB

The motor of the actuator is controlled by the 
controller based on an input, such as the vehicle 
speed and steering wheel angle in order to achieve 
the best tire angle. The rotation from the motor, 
through the reducer, is converted to linear motion by 
the trapezoidal screw, which drives the end of the arm 
installed on the hub bearing and steers the tire around 
the steering axis.

The reverse input from the tire due to the reaction 
force from the ground is blocked by the self-lock 
mechanism of the trapezoidal screw. Therefore, power 
consumption of the motor can be saved.

3.2 Specification
Table 1 shows the specifi cation of the prototype, 

which was designed for front wheels of a C-segment 
vehicles with rear wheel drive. The weight of the 
prototype was 13.8 kg, which only adds 5 kg or less to 
the standard components (knuckle and hub bearing) of 
the original vehicle.

Table 1   Specification of prototype

Item Values

Maximum steering torque 350 Nm

Supply voltage 24 V

Maximum steering angle ±3.5 deg

Maximum steering angular speed 16 deg/s

Weight 13.8 kg

4. Basic Performance Test
A C-segment rear-wheel drive vehicle was chosen 

as the test vehicle with the sHUBs described in 
Section 3.2 being installed on the front wheels.

4.1 Frequency Response Characteristics Test
A frequency response characteristics test was 

conducted in a stationary state by mounting the front 
wheels of the sHUB installed on the vehicle to a turntable. 
The actual angles were verifi ed by giving an angle 
command in the form of a sinusoidal wave (0.5 deg. of 
amplitude and 1, 2, 4, 6 and 8 Hz of frequencies).

Fig. 7 shows the test results. The dashed curve 
indicates the command angle and the solid curve 
indicates the actual angle of sHUB. As the frequency 
increased, the delay of the actual angle against the 
command angle increased; however, the maximum 
frequency in practical use is 5 Hz or less and in this 
range the delay of the actual angle from the command 
angle was 0.025 sec or less, which is sufficiently small.
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Fig. 7 Frequency response characteristics

Hub Bearing Module with Steering Adjust Function
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4.2 Steering Response Speed Test
The steering response speed was obtained by 

steering the sHUB while a steering torque is applied to 
the hub bearing. The command value shown in Fig. 8 
(dashed line) was given to the controller to determine 
the steering response speed of sHUB. The steering 
response speed was determined from the slope of the 
actual measurement (solid line).
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        Fig. 8 � Command value and measured value of  
steering angle

Fig. 9 shows the steering response speed of sHUB 
against the steering torque. As the steering torque 
increased, the steering response speed decreased. 
However, it satisfied the target response time of 10 deg/s 
or more in the entire range of the steering torque.
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   Fig. 9 � Relationship between steering torque and 
steering response speed

4.3 Rigidity Test
The rigidity of the axle of a turning vehicle was 

verified against a moment load being applied to the 
tires. Fig. 10 shows the flange angles of a standard 
hub bearing and sHUB for the same type of vehicle for 
comparison of moment rigidity.

As a result of the optimization of internal 
specification of the hub bearing, which is a component 
of sHUB, steering axis support bearing and bearing 
preload, the flange angle of sHUB increased 5% 
compared with standard hub bearings in the high-load 
range.
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Fig. 10  Flange angle

5. �Vehicle Motion Control by the Front 
Wheel Steering

A joint development with Yamakado/Kano Laboratory 
of Kanagawa Institute of Technology was conducted 
for verification of effective control method of sHUB.

“Control to Improve Transient Response” which 
improves the vehicle response in transient mode and 
“Control to Improve Turning Characteristics” which 
optimizes the lateral skidding angle of the tires in a 
steady turn of a vehicle were developed.

5.1 Control to Improve Transient Response2), 3)

This control adjusts time constants of 3 responses, 
namely, lateral skidding angle, yaw rate and lateral 
acceleration against the vehicle speed and steering 
by the correction of steering operation of sHUB for 
improvement of vehicle dynamic performance.

In order to verify the improvement of the vehicle 
responsiveness by this control law, a “pulse steering 
input” test was conducted using a test vehicle with 
sHUB according to the “Transient Response Test 
Procedures for Passenger Cars (JASO Z110:2003).”4) 
A test condition of 80 km/h vehicle speed and a 
triangular wave with pulse width of 0.5 s for drivers 
steering operation was used.

The results of frequency response of yaw rate and 
lateral acceleration against the steering wheel angle 
are shown in Fig. 11.

By using this control, it revealed that the vehicle 
responsiveness against steering operation improved, 
as the peak value increased and the phase lag 
improved, both for yaw rate and lateral acceleration 
in the frequency range (0.5 to 2.0 Hz) of the steering 
wheel angle, which is equivalent to normal driving.

 
 



22　　NTN TECHNICAL REVIEW No.87

0.0

0.1

0.1 1 10

0.2

0.3

0.4

0.5

0.8

0.6

0.7

Frequency  Hz

-90

-60

0.1 1 10

-30

0

30

60

90

Frequency  Hz

-90

-60

0.1 1 10

-30

0

30

60

90

 G
a

in
  

m
/s

2
/d

e
g

0
0.1 1 10

0.05

0.1

0.2

0.15

G
a

in
  

1
/s

P
h

a
se

  
d

e
g

P
h

a
se

  
d

e
g

Without control

Control to Improve 
Transient Response

Without control

Without 
control

Without 
control

Control to Improve 
Transient Response

Control to Improve 
Transient Response

Control to Improve 
Transient Response

0.0

0.1

0.1 1 10

0.2

0.3

0.4

0.5

0.8

0.6

0.7

Frequency  Hz

-90

-60

0.1 1 10

-30

0

30

60

90

Frequency  Hz

-90

-60

0.1 1 10

-30

0

30

60

90

 G
a

in
  

m
/s

2
/d

e
g

0
0.1 1 10

0.05

0.1

0.2

0.15

G
a

in
  

1
/s

P
h

a
se

  
d

e
g

P
h

a
se

  
d

e
g

Without control

Control to Improve 
Transient Response

Without control

Without 
control

Without 
control

Control to Improve 
Transient Response

Control to Improve 
Transient Response

Control to Improve 
Transient Response

          

Fig. 11 Test result of frequency response characteristics

Next, the change of vehicle behavior was evaluated 
with the actual vehicle, with and without this control, 
by conducting a single lane change at the speed of 80 
km/h on an asphalt course shown in Fig. 12. Fig. 13 
shows the change of yaw rate and lateral acceleration 
in the test. It revealed that this control decreases the 
required steering wheel operation and improves the 
response of yaw rate and lateral acceleration.

 80km/h

Fig. 12 Actual driving test course (single lane change)
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Fig. 13 Test result (yaw rate and lateral acceleration)

5.2 Control to Improve Turning Characteristics (SAHS)5)

The following shows the control law to efficiently utilize 
the maximum tire performance in response to the load 
shift during turns, in the entire speed range from ultra-
low speed to mid/high speed when the load shift on the 
left and right wheels increases. This control law is called 
SAHS (Super Ackermann Hub Steer).

When a running vehicle makes a turn, load shift 
between the left and right wheels and lateral skidding 
occur. When the load on the inner wheel and outer wheel 
during a turn are represented by  and  respectively, 
and the lateral skid angle by , (inner wheel: , outer 
wheel: ), then the relationship between the cornering 
force and lateral skid angle is similar against the change 
of the load, which can be depicted as Fig. 14.
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     Fig. 14  Relationship between lateral skidding angle 
and cornering force

In SAHS control, the lateral skidding angle of the 
inner wheel is decreased and that of the outer wheel 
is increased by sHUB so that the loads on the right 
wheel and left wheel become equal (to the 
direction of the arrows in Fig. 14). With this control, the 
sum of the cornering forces can be increased without 
changing the average steering angles of the left and 
right wheels, utilizing both tires effectively during turns. In 
other words, at ultra-low speed where lateral acceleration 
(load shift) can be ignored, the control realizes an ideal 
Ackermann geometry and at mid/high-speed where lateral 
acceleration increases, reverse Ackermann geometry is 
followed.

An evaluation test was conducted for verifying the 
effect of SAHS using a test vehicle with sHUB. Fig. 15 
shows the layout of the test course. The change of vehicle 
behavior was evaluated with and without this control by 
inputting a steering maneuver ramping up to 130 degrees 
at 0.5 sec intervals starting from point A after straight 
running at a speed of 50 km/h. The control parameters 
were determined based on the sensitivity evaluation 
during driving.

Hub Bearing Module with Steering Adjust Function

15m 15m 15m

2.5m

2.5m

(a)Yaw rate (b)Lateral acceleration



　NTN TECHNICAL REVIEW No.87　　23

 

Point A

2.5m

Fig. 15  J-turn test course layout

Fig. 16 shows the result of test. Without the control, 
the ratio of skidding angle against tire load (burden 
on the tire) is significantly different between the inner 
and outer wheels. On the other hand, with the control 
the load is equivalent between the inner and outer 
wheels. Therefore, the force from both tires is efficiently 
transmitted on the road surface. As a result, the turning 
radius decreased as shown in Fig. 17.
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Fig. 17  Test result (driving trajectory)

6. Conclusion
Structure, specification and basic performance of the 

“Hub Bearing with Steering Assist Function (sHUB®)” were 
introduced.

Also, it was confirmed that two control methods (Control 
to Improve Transient Response and Control to Improve 
Turning Characteristics (SAHS)) can significantly improve 
the vehicle characteristics by applying correction to the 
steering angles of the left and right wheels against the 
driver’s steering operation for improved vehicle dynamic 
performance, as shown in the driving test with sHUB 
installed on an actual C-segment vehicle. In addition, we 
are currently working on building an integrated control 
combining these two control methods.

Moving forward, we will study control methods to take 
advantage of sHUB more effectively for its application 
on many vehicles including being applied for the driving 
wheels. We believe in the high potential of sHUB for 
increasing the driving degrees of freedom in the “steering 
by wire” system which is expected to be a technology of 
the future in order to increase responsiveness even more, 
as it can apply corrective control at the closest position 
from the contact point between the tire and the ground.
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Technical Article

Hub Bearing Module with Motor and Generator Function

1. Introduction
As environmental regulations are strengthened globally, 

each country has established stringent regulations 
for automobiles toward reduction of CO2 emissions. 
Along with this trend, the electrifi cation of automobiles 
has been accelerating with the active development 
of hybrid vehicles including plug-in, battery powered 
electric vehicles and fuel cell vehicles. Fig. 1 shows 
the production forecast of passenger vehicles globally. 
48V mild hybrid vehicles (hereafter, 48V MHEV) are 
expected to grow to 25% of all the production vehicles 
by 2025 since electrical handling is easy and the 
implementation costs are low. It is known however, 
that the rate of improvement of fuel efficiency is about 
15% maximum even if the effect to fuel cost against 
implementation costs are large. The implementation 
rate of these vehicles in terms of low fuel consumption 
such as electric vehicles and plug-in hybrid vehicles 
is expected to be slow due to the promulgation 
of infrastructure, battery supply and cost issues. ; 
Improvement of fuel efficiency of 48V MHEVs, which 
are expected to grow faster, is required to address the 
strengthening regulatory requirements on fuel efficiency 
in the near term.
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     Fig. 1  Production forecast of global passenger vehicles
(Our own analysis and forecast based on IHS Markit)

Therefore, NTN has developed a Hub Bearing with 
Motor Generator Function (hereafter, eHUB), to be 
installed on the rear wheels (driven wheels) of front 
wheel-driven 48V MHEVs1). The following shows the 
development concept of eHUB.

(1) Improved fuel efficiency of 48V MHEV vehicles
(2) Improved vehicle dynamic performance
(3) Installable on existing suspension systems
In the previous article, we reported that the eHUB 

improved fuel efficiency by 3.2% in WLTC mode when 
installed on the rear wheels of a front wheel-driven 
internal combustion engine vehicle (ICE vehicle)1). 
Additionally, eHUB can drive the left and right wheels 
independently with good responsiveness as it transmits 
torque directly to the wheel, and controls regenerative 
torque. These characteristics contribute to driving stability 
and ride comfort. In this article, improvement of vehicle 
dynamic performance based on the independent control 
of eHUBs on the left and right wheels is discussed, 
focusing on concept (2) above.

2. Basic Configuration
2.1 Structure and Specification

We set the following goal for the size of the outer 
diameter so that it can be installed on an existing 
suspension system.

・  Outer diameter less than the inner diameter of brake 
disk

・  Same axial length as a conventional hub bearing
A three-phase brushless DC motor was adopted to 

obtain as much output as possible in a limited amount 
of space. Table 1 shows the specifi cation of the eHUB 
used for evaluations. The prototype eHUB was larger than 
the target size (width) requiring modifi cation to the test 
vehicle. NTN is currently working on size modifi cations to 
the design achieving the same output and results.

NTN has developed the hub bearing module combined with a motor generator, 
‘eHUB’. This module is mounted on an existing vehicle with less modifi cation of 
the chassis. It will make a contribution to the improvement of the fuel efficiency 
and vehicle dynamics practically when it is applied to a 48V mild hybrid vehicle. 
This article focuses on the improvement of the vehicle dynamics.

Kentaro NISHIKAWA* Mitsuo KAWAMURA*
Hiroki YABUTA* Atsushi ITO*

 *New Product Development R&D Center
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Table 1 Specification of eHUB

 

Item Target value Prototype

Appearance

Outer diameter  mm φ 160 φ 159

Width  mm
(Hub bolts not included)

80 126

Weight  kg 10 14

Driving voltage  V 48 48

Maximum output  kW 5.0 4.5

Maximum torque  Nm 60.0 59.2

Maximum rotational speed  min-1

(Equivalent vehicle speed km/h)
1,700
(200)

1,200
(130)

2.2 Test Vehicle
Improvement of vehicle dynamic performance 

was reviewed by installing the eHUB on the front 
wheel-driven application of a B segment vehicle. 
The vehicle used for measuring fuel efficiency in the 
previous report was used for this test. The power 
train confi guration is shown in Fig. 2 and the vehicle 
specifi cation is shown in Table 2. A commercially 
available internal combustion engine vehicle (ICE 
vehicle) was modifi ed to install the eHUB on the rear 
wheels. As shown in Fig. 3, the torsion beam was 
modifi ed to install the eHUB and existing hydraulic 
brakes. The controller unit and battery were installed 
in the rear seating area and cargo space (Fig. 4). The 
eHUB was built as a control system independent from 
the existing vehicle system, that obtains information 
such as steering angle, acceleration and speed from 
the vehicle. Commercially available products were 
used for the 48V battery and controller unit, building 
an environment where the control model created for 
simulation can be directly evaluated with the actual 
vehicle.

 
Fig. 2 Power train configuration of the test vehicle

Table 2 Test vehicle specification

Item Specification Remark

Driving method
Front

wheel-driven

Main drive power ICE

Transmission type MT

Number of passengers 2
Rear seats were  

removed

Tire size 195/45/R17

Vehicle weight  kg 1,207 No load

ABS system OFF

Electronic stability control 
system

OFF

eHUB Prototype Refer to Table 1

eHUB installation
Rear wheels 

(left and right)
Torsion beam is 

modified

Torsion beam (modifi ed)

Hydraulic brake

eHUB

Fig. 3 eHUB installed

Existing 
vehicle 
system

48V
battery

Controller unit

Front Rear

Transmission

eHUB

ICE
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48V battery

Inverter
(2 units)

Controller

Fig. 4 Controller unit and battery

3. Direct Yaw Moment Control (DYC)
We worked on vehicle dynamic control taking 

advantage of the benefi ts of eHUB, which can drive 
the left and right wheels independently and regenerate 
energy. Vehicle dynamic performance can be improved 
by appropriately operating eHUB depending on the 
vehicle information such as the speed, steering angles 
and changing the vehicle behavior.

The approach to actively producing different 
driving inputs to the left and right wheels to directly 
control the vehicle yaw moment is called Direct Yaw 
Moment Control (hereafter, DYC)2), 3). DYC is expected 
to improve the responsiveness of yaw rate against 
steering and vehicle maneuverability on slippery road 
surfaces such as roads with compacted snow or ice.

An approach to produce yaw moment from the 
difference of driving inputs to the left and right wheels 
to compensate for the difference between the target 
yaw rate and vehicle yaw rate is known as the DYC 
yaw rate response. The target yaw rate  is expressed 
by Equation (1) in conventional DYC.

Where,

 : target yaw rate [rad/s]
 : steering angle [rad]
 : natural frequency of yaw rate response
 : damping ratio of yaw rate response
 : time constant of yaw rate response [s]

 : steady gain of yaw rate response
 : control parameter of natural frequency
 : control parameter of damping ratio

Equation (1) shows that the natural frequency and 
damping ratio of the yaw rate response to steering can 
be changed by arbitrarily setting the control parameters 
α and β. The yaw moment  necessary to achieve 
this yaw rate is expressed by Equation (2).

Where,
 : time constant of yaw moment response [s]

 : steady gain of yaw moment response

 : required yaw moment [Nm]

Equation (2) shows that the yaw moment is 
determined depending on the steering angular velocity 
and angular acceleration in the conventional DYC. 
By adjusting α and β to maximize the effect of DYC, 
the yaw moment becomes large due to the term that 
depends on the steering angular velocity, resulting 
in the required maximum torque of several hundreds 
of Nm per wheel, on both wheels. Therefore, the 
conventional DYC cannot be applied to eHUB, which 
has the maximum torque of a magnitude of tens Nm.

Therefore, we focused on the stability of 
maneuverability on slippery roads and adjusted the 
control parameters for improving the yaw rate response 
at the beginning of steering operation. If we set β = α 
in Equation (1), the target yaw rate can be expressed 
by Equation (3) and the required yaw moment by 
Equation (4), respectively, improving the torque 
response against the steering angular acceleration. 
This enables improved response to the initial steering 
operation even with relatively low torque.

The yaw motion of the initial steering operation is 
enhanced when  α > 1, and suppressed when α < 1. 
Torque of the eHUB to achieve the yaw moment of 
Equation (4) is Equation (5).

Where,
 : rear wheel tread [m]
 : dynamic effective radius of tire [m]

 : torque of eHUB (left and right) [Nm]

Fig. 5 shows the result of the simulation for the 
required torque against the steering angles. In the 
ordinary DYC, the torque is determined according to 
the change of steering angular velocity and steering 

Hub Bearing Module with Motor and Generator Function
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angular acceleration. In contrast, in the DYC for the 
eHUB, since the torque responds to the change of 
steering angular acceleration, the increase in torque 
is faster compared with ordinary DYC. A driving test of 
a single lane change on a low μ road was conducted 
using this method for setting parameters. As shown 
in Fig. 6, the vehicle’s speed is adjusted to 30 km/h 
in the speed adjustment zone and the acceleration 
pedal is released at a predetermined point to coast 
for a lane change. Fig. 7 shows the driving trajectory 
of the vehicle. The figure shows an average of 3 runs 
under the same conditions. Without control and with 
DYC (α = 0.8), the vehicle turned wide when steering 
back (at around 20 - 30 m in the figure), but the vehicle 
with DYC (α = 1.2) turned smoothly and remained 
stable. Fig. 8 shows the change of yaw rate against 
the steering angle. Applying DYC (α = 1.2) improved 
traceability of yaw rate to steering angle and the 
amount of steering significantly reduced compared to 
the vehicle without control. That means that the vehicle 
behavior responds well to the steering operation and 
the vehicle turns more easily. On the other hand, in the 
case of DYC (α =0.8), the amount of steering is almost 
the same as the case without control but the area 
inside the curve is larger. That means that the yaw rate 
response is delayed against the steering operation, 
the vehicle behavior does not respond well and the 
vehicle turns less easily. As such, we could verify that 
even a small amount of torque, such as the eHUB, can 
change the vehicle behavior by driving/regenerating 
the left and right wheels separately.
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4. �Longitudinal Acceleration Control 
According To Lateral Acceleration

DYC in the previous Chapter is effective when 
the friction coefficient between the tire and the road 
surface is low. However, these driving conditions are 
limited so another method for controlling vehicles more 
cohesively with longitudinal and lateral acceleration 
is being proposed by adding longitudinal acceleration 
according to lateral acceleration4).

Fig. 9 shows a graphical representation of 
longitudinal and lateral acceleration during turns of 
everyday drivers and expert drivers in regular driving 
conditions. Ordinary drivers tend to decelerate before 
a turn and only maneuver the steering wheel while 
turning. Therefore, the lateral acceleration abruptly 
changes after deceleration as shown in (a) in the 
figure. The passengers feel significant change of 
inertial force that may cause carsickness or discomfort. 
On the other hand, expert drivers adjust acceleration/
deceleration along with steering operation, which 
makes the combined acceleration of longitudinal and 
lateral acceleration transition along with a smooth 
curve. Therefore, the passengers feel a smoother 
change of inertial force and a improved comfort level5).

The driving technique of expert drivers can be 
achieved by adding longitudinal acceleration to lateral 
acceleration, which can be expressed in Equation (6). 
The left and right torque from the eHUBs are the same 
to realize this and can be expressed in Equation (7).
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    Fig. 9 � Lateral/longitudinal acceleration during a turn 
(graphical representation)

Where,

	 : vehicle lateral acceleration [m/s2]
	 : vehicle lateral jerk (time derivative of ) [m/s3]
	 : vehicle target longitudinal acceleration [m/s2]
	 : first-order lag time constant [s]
	 : vehicle weight [kg]
	 : control parameter of longitudinal acceleration

Fig. 10 shows the graphic representing longitudinal 
acceleration control. The longitudinal acceleration 
is controlled with the torque produced by eHUB 
according to lateral acceleration. Deceleration is added 
when the vehicle enters into a curve so that the load 
moves from the rear wheels to the front wheels and 
the yaw moment to assist turning is created. On the 
other hand, acceleration is added when the vehicle 
exits from the curve so that the load moves from the 
front wheels to the rear wheels and the yaw moment to 
restore the vehicle stability is created.

Fig. 11 shows the result of the driving test with an 
actual vehicle similar to that in Chapter 3 to verify the 
effect of the longitudinal acceleration control through 
drive/regenerating brake control of the eHUB. Two 
control conditions were used: without control and 
longitudinal acceleration control. The results show 
an average of 3 runs, similar to the test with DYC. 
The longitudinal/lateral acceleration transitioned in a 
smooth curve when longitudinal acceleration control 
was applied.

These results suggest high potential for improvement 
of vehicle dynamic performance if appropriate vehicle 
operation is implemented, even with a motor/generator 
of small output such as eHUB. In the next stage, 
we will build an integrated control combining DYC, 
longitudinal acceleration control and optimum logic for 
fuel efficiency, etc.
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5. Conclusion
In this paper, the effect of vehicle dynamic control 

was verified with the eHUB, which improves fuel 
efficiency and driving performance of 48V MHEVs 
without significant modification to the vehicles, and the 
following result was obtained.

(1) �Direct Yaw Moment Control 
It was verified that DYC with higher sensitivity to the 
steering angular acceleration was effective for the 
stability of driving trajectory and the reduction of the 
amount of steering in a single lane change on a low 
μ road.

(2) �Longitudinal Acceleration Control Coupled with 
Lateral Acceleration 
It was verified that application of longitudinal 
acceleration, which is said to contribute to the 
improvement of ride comfort, was effective for the 
smoother change of lateral/longitudinal combined 
acceleration and the improvement of ride comfort in 
steering.

In the next phase, we will work on improvement 
of the eHUB for higher output and higher efficiency 
to enhance the effect of reduced fuel consumption, 
as well as the improvement of vehicle dynamic 
performance for practical applications.
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Development of Control Platform for Electric Module

1. Introduction
Various companies are developing initiatives for 

Connected, Autonomous, Shared & Services, and 
Electric (CASE) with the aim of reducing traffic accidents, 
providing safe and secure freedom of transportation, 
usefulness to users and environmental measures. 
NTN, in view of these trends, has developed a 
universal series of electric modules containing various 
motors and actuators so that we can contribute to the 
“Autonomous” and “Electric” aspect of CASE. NTN 
achieves this through the use of our core expertise and 
technologies which includes bearings and ball screws, 
as well as our research into the design technology of 
motors and control technology of vehicles. The following 
are descriptions related to some of the electric modules 
we have developed as well as their proposed uses.

1) Overview of Electric Module Series
(1) B II Series (Fig. 1)

・ �Electric actuator using paired gears to reduce the 
speed and convert rotation motion to linear motion 
through the use of a ball screw

・ �Through the use of optional components such as a 
planetary reducer or a reverse lock out, the driving 
power can be increased as well as the ability to 
maintain actuator position

(2) B III Series (Fig. 2)
・ �A compact electric actuator that combines a high 

output brushless DC motor, a ball screw and a 
linear motion mechanism within a hollow structure.

・ �For use in applications where it will be directly 
installed on components

 

Fig. 1   Outlook of B II Series (B II 00)

Fig. 2  Outlook of B III Series (B III N)

In the automotive industry, the development of CASE (Connected, Autonomous, 
Shared & services, Electric) has proceeded. Many devices (such as cameras, 
sensors, actuators, motors, etc.) are used for autonomous driving and electrification. 
And the software for controlling those devices increase year by year. The functional 
safety standard ISO 26262 has been established and development to ensure safety 
is proceeding. However the development which is based on ISO 26262 requires 

larger number of people, costs, and much more skills than conventional development which is based on IATF 
16949. NTN is developing electric motors, actuators, and controllers that contribute to electrification and By-wire-
system. In this article, we introduce the development of control platform for NTN electric motors and actuators.
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(3) SP Series (Fig. 3)
・ �Brushless DC motor series
・ �For use in applications that require a thin and high torque 

rotational actuator. This is based on the hollow motor 
structure of the BIII series but with a reducer in the hollow 
part.

Fig. 3  Outlook of SP Series

2) �Examples of proposed uses of Electric Module 
Series

(1) �Transmissions as an electronic shift selector (B II Series) 
The shift lever of both AT and CVT are usually 
connected to the transmission with a mechanical wire, 
etc. for selecting the shift position. Using the B II Series 
module it would be possible to electrify the shifting of the 
transmission.

(2) �Electric hydraulic brake (B III Series) 
Applying the coaxial type B III Series with built-in 
ball screw to the master cylinder shaft contributes to 
reducing the overall size of an electric hydraulic brake 
system

(3) �Electric variable valve timing control (SP Series) 
Space efficient electric variable valve timing mechanism 
can be created by incorporating the SP Series into cam 
shafts

(4) �Electric oil pump (SP Series) 
Integrating a thin and highly efficient SP motor and 
controller contributes to reducing the size of an electric 
oil pump

With the development of the different Electric Module 
Series, the software needed to support each Electric 
Module and application also needed to be developed, which 
increased man-hours for development and maintenance.

Failure rate was also increased due to the complexity of 
the electronic system, in addition to increased risk of new 
failure modes due to the application of new technologies. 
Out of these backgrounds, the Automotive Standard for 
Functional Safety, ISO 26262 was issued. It became 
imperative to build a new process for efficient software 
development not only to cope with the requirements of 
ISO 26262 but also to address the need of software 
support for each application of electric module series.

2. �Background of Control Platform 
Development

The electric module series was developed as a 
product line-up for applications such as chassis, 
engine and transmission, and are selected to meet 
the application specification. Various software versions 
have been developed for different applications by using 
the existing asset, which created the following issues:

・ �Complexity due to many changes, enhancements, 
and reproduction of code

・ �Side effect of software changes causing degradation 
and failure of existing functions

To address the issues of the conventional 
development approach of using the existing asset 
and to cope with ISO 26262, we decided to analyze 
the current situation and introduce two development 
methods.

1) Development of software product line
The characteristics of the Electric Module series 

of products were defined by the external variability 
(characteristics/values of the system viewed from 
outside) and the internal variability (elements to 
compose a system). Using a variety of systems and 
software it was possible analyze the dependencies 
and differences between the Electric Module product 
series. As a result, the software product line was 
introduced, which is effective at reducing the number 
of man-hours by creating a core asset of software, and 
for improving quality by repetitive use of the core asset. 
This is further described in Section 3.2 in details.

2) Model Based Development
In general, it is said that validation by simulation 

during the requirement definition and basic design 
phases reduces the man-hours of test phase and rework 
(Fig. 4).

Fig. 4  Shift of development to design process
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Conventionally, simulation of responsiveness, etc. 
was conducted by spreadsheet software, which had 
its own limitations. In order to increase the simulation 
accuracy and to understand the basic characteristics 
of a motor at the design phase, JMAG*1 is used for 
motor design.

It is also required to conduct simulation of the 
system including controller (motor control part) and 
plant (JMAG-RT*2 model created from JMAG).

As ISO 26262 also suggests validation using 
simulation, fault injection test*3, which intentionally 
creates faults in the model, can be easily conducted 
in shorter time and at less cost than using actual 
machines. Validation by simulation can also be 
conducted at the requirement defi nition phase. We 
decided to use the Model Based Development to 
address the above.

We are currently conducting the development of 
the Control Platform using these two development 
methods, which is described in the following Chapter.
*1: JMAG:  Simulation software made by JSOL for development of electric 

equipment design
*2: JMAG-RT:  A high-speed and high-accuracy plant model for system-

level simulation derived from the FEA model
*3: Fault injection test:  Validation to review if the system turns into a safe 

condition as designed, by intentionally injecting 
faults

3. Control Platform Development
3.1 Overview of Process

The entire process was built with compliance to 
the functional safety standard ISO 26262, which 

is subject to quality management, and is based on 
the internal process that conforms with IATF 16949, 
adding Automotive SPICE (system development 
process model for on-board systems) which is highly 
compatible with ISO 26262 (Fig. 5). The following 
shows the features.

・ Since Automotive SPICE only defi nes the framework, 
requirements on methods and safety specifi ed by 
ISO 26262 are incorporated into the process to 
make it compliant to the standard.

・ Process defi nition (where work fl ow is specifi ed) 
is made available to software developers at any 
time, using EPF Composer (a tool that defi nes the 
development process and converts it to HTML) via 
the Intranet (Fig. 6).

・ The software process is separately defi ned for core 
asset development and new product development 
aligned with the Product Line newly introduced for 
efficient development of software (Section 3.2).

・ The following was introduced mainly for validation 
of motor control in the Model Based Development 
(Section 3.3):
In the system requirement phase: MILS*4

In the software design phase: MILS, RCP*5

*4: MILS:  Model In the Loop Simulation; Simulation that operates the 
control specifi cation written in the model, combining with the 
plant model

*5: RCP:  Raid Control Prototype; Validation of the actual machine subject 
to control, which incorporates the control specifi cation written in 
the model into the general purpose controller

Development of Control Platform for Electric Module

*a Automotive SPICE: process improvement model for on-board system development
*b SURIAWASE:   Strategy that Ministry of Economy, Trade and Industry (METI) compiled to enhance harmonization by taking advantage of a model-based      

development (MBD) process that uses virtual simulations instead of physical machines.
*c SOTIF: safety of the intended functionality

Fig. 5 Foundation of the development process
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1) Development of core asset
(1)  The common part and variable part of the product 

group (Fig. 8) are created by the feature model that 
defi nes the variability of functions and features which 
are used to generate the base of the confi guration 
model (model to select the product properties)

(2)  Reusable assets are incorporating into the deliverables 
(requirement specifi cation, architecture, Simulink® 

model, codes) which helps develop the feature model 
of the common and variable parts of the product group

2) New product development
(3)  The requirement specifi cations of the new product are 

classifi ed into “common part/variable part” and “product 
specifi c part”

(4)  The common/variable parts of the requirement 
specifi cation of new products are selected from the 
confi guration model

(5)  The confi guration model created in (4) and based on the 
reusable assets created in the core asset development 
(2) is loaded into the Binding Tool. This is then used 
for binding and deliverables based on the required 
specifi cation of the new product

(6)  The deliverables for the product specifi c part are newly 
created

(7)  The deliverables to conform to the new product 
requirements are created by combining the deliverables 
extracted from the core asset (5) and the deliverables 
newly created for the product specifi c parts (6)

 Product specifi c part
Product A

Product B

Product C

Product D

Common part
Variable part 

Fig. 8 Common part and variable part

Fig. 6 Process definition created by EPF

3.2 Software Product Line
The Software Product Line is a method to analyze 

the products to be developed and to categorize certain 
portions into the common part and product specifi c 
part. Using this method, the common part is defi ned 
as assets to be reused and the product specifi c part 
is developed efficiently. It is effective in reducing the 
development period and man-hours while improving 
quality. In applying the Software Product Line, the 
scope (range of specifi cations that covers a product 
group) was defi ned as the existing motor series. The 
deliverables were defi ned as the software requirements, 
architecture, detailed design specifi cation, Simulink®*6 
model, hand implementation code and test specifi cation. 
The fl ow of the Software Product Line is explained in the 
following, along with Fig. 7.
*6: Simulink®:  Block diagram environment for Model-Based Design 

developed by MathWorks

Fig. 7 Total view of Software Product Line
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Tools could be created in-house in a short time, by 
using FeatureIDE an open source product for creating 
the feature model and configuration model and 
developing the Binding Tool.

We used a sample core asset for binding (5) and 
verified that the required deliverables were extracted. 
With this, we completed creating the mechanism of the 
process.

Currently, we are converting the requirement 
specifications and architectures of the existing 
products into parts to be reused. In this process, since 
the difference (variability) needs to be considered for 
design and implementation, some of them need to be 
modified before turning them into parts.

In the Product Line, since specifying and managing 
the variability that exist in the product group are 
important, we plan to thoroughly analyze the 
differences (variability) of the software platform for 
functional safety under development to make the 
design easily reusable.

3.3 Model Based Development
In order to verify the system to conduct simulation of 

the controller model, where the motor control algorithm 
and the controlled objects are incorporated into the 
plant model, the Model Based Development was 
applied.

In the process definition, the process was identified 
with system requirement review phase, software 
architecture design phase and simulation (MILS, RCP) 
in the detailed design phase (Fig. 9).

3.3.1 Result of Simulation and Future Plan
As the target of simulation, in MILS, JMAG and RCP, 

the relative error of N-T and I-T characteristics, which 
are regarded as the basic characteristics of the motor, 
were set to ±10%.

Firstly, the motor control (vector control) algorithm 
was modeled reverse engineered from the existing 
C source code, to create the controller model by 
Simulink®. The vector control algorithm that was 
modeled was bound to the motor model (JMAG-RT) 
in order to conduct MILS with the general purpose 
controller. This control was connected to the inverter 
and motor to be evaluated and RCP was conducted. 
The comparison of N-T and I-T characteristics 
from MILS and RCP (Fig. 10) revealed that the 
I-T characteristics almost matched and the N-T 
characteristics were within ±10% when no load 
was applied but as the current increased, the N-T 
characteristics exceeded ±10%. Since the motor phase 
voltage dropped by 1.73V against the power source 
voltage of 12V, the voltage drop may have occurred 
due to the internal resistance or wiring resistance 
in the inverter used in RCP (Fig. 11). We plan to 
investigate the cause of this error by comparing the 
theoretical calculation and the actual measurement of 
the voltage drop due to internal resistance, etc. and 
improve the model.

Development of Control Platform for Electric Module

Fig. 9  V-shape development model
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Fig. 10  Simulation result (N-T, I-T characteristics)

   Fig. 11 � U phase voltage when phase current effective 
value is 25Arms
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3.3.2 Result of Controller Model and Future Plan
In the controller model, we are promoting the use 

of the core asset (reusable asset) anticipating the 
forthcoming auto code generation. As one subsystem 
meets multiple requirements, the subsystems were 
recreated to correspond to each requirement in the 
requirement specification.

Then, the switch of subsystems where made in three 
patterns based on “with/without” requirement. The 
three patterns determine the binding time depending 
on “when” the variability is realized for each subsystem 
(Fig. 12).

1) �Required model elements are edited (added/
deleted) by the Matlab script

2) �Required model is selected by the Variant 
SubSystem and Configurable SubSystem

3) �Processing is dynamically selected by If/Switch 
Case SubSystem and Switch block

Switch is applied at the design phase for 1), code 
generation or compiling phase for 2) and software 
execution phase for 3). The model unit test was 
defined in the process to verify the output result per 
SubSystem.

By conducting the simulation test per subsystem, 
faults can be removed before implementation with 
auto code generation. The model based development 
comes with a rich set of test tools; however, in order 
to eliminate variance of quality of manual tests and for 
efficiency purposes, a tool for automatic testing that 
works with different tools was developed. This enabled 
automatic generation of test specifications, simulation 
models and test results, easy retesting and recording 
of evidence (Fig. 13).

For applying auto code generation to the products 
in the coming years, we will prepare the environment 
and process for conducting verification of consistency 
between the model and codes (Back to Back testing) 
required by ISO 26262 (SILS, PILS).
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Development of Control Platform for Electric Module
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　4. Conclusion
NTN will continue developing electric module 

products, which can be applied to various applications 
efficiently, taking advantage of our base technologies, 
and contribute to the promotion of autonomous driving 
and electrifi cation, which is evolving in the automotive 
industry.

1.  Required model 
elements are edited by 
the Matlab script

2.  Required model is selected by the Variant SubSystem and 
Configurable SubSystem

3.  Processing is dynamically selected by If/Switch Case SubSystem and Switch block

(Example) Unnecessary subsystems and 
signals are deleted in the implementation 
stage

(Example) Necessary subsystems 
are “selected” in the implementation 
stage

(Example) Processing of a subsystem can be 
isolated by a compilation switch even after the codes 
are output

(Example) The constant value to 
switch processing is “selected” in the 
implementation stage

(Example) Processing of a subsystem can be 
isolated by switching the constant value even after 
the codes are output

(Example) Processing of a subsystem can 
be isolated by switching the command 
value even at the execution phase
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Fig. 12 Relationship of replacement measures between the binding time and Simulink® subsystem
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New Products

Introduction of Sensor Modular Products and Technologies for 
Autonomous Driving and Electrification of Automobiles

This article describes what NTN is challenging to meet the emerging 
requirements on automobiles, ‘CASE’ , focusing on newly developed sensor 
modular products and technologies applied to the existing automotive bearings.

Yasuyuki FUKUSHIMA* Hiroyuki HAKAMATA*
Christophe DURET**

1.  Automotive Market Trend and NTN’s 
Approach

The automotive industry is facing a signifi cant 
transformation period that only happens once in 
a century. Responses to the new requirements of 
“CASE” are needed, in addition to the improvement 
of conventional vehicle performance: “driving”, 
“turning” and “braking”. CASE stands for “Connected”, 
“Autonomous”, “Shared & Services” and “Electric”1)-3).
・ Connected

Exchange of information between an automobile 
and everything else connected to the network, such 
as roads, homes, dealers and other automobiles via 
wireless transmission pathways such as 5G networks.

・ Autonomous
Autonomous vehicle driving represented by vehicle 
driving assistance and driverless taxis.

・ Shared & Services
Sharing and service offerings including MaaS 
(Mobility as a Service).

・ Electric
Not only the electric power train of electric vehicles 
(EVs), but also electrifi cation of every moving 
element of vehicles.

NTN provides the automotive sector with hub 
bearings and CVJs (driveshaft), and module products 
that incorporate them. Hub bearings are important 
components in many vehicles that support rotation of 
the wheels and are equipped with ABS sensors (wheel 
rotational speed sensors) to detect the rotational 
speed of each wheel. NTN-SNR has been leading the 
fi eld of wheel speed active sensing technology since 
the 1990s, by developing a technology to integrate the 

rubber magnet with the seal of hub bearings (ASB®: 
Active Sensor Bearing; shown in Fig. 1) as the global 
standard4). In this article, NTN’s sensor products/
technologies that can satisfy the new requirements 
of CASE are introduced, which have been developed 
after the above mentioned technology.

Rubber magnet 
integrated seal

Fig. 1 ASB® (Active Sensor Bearing) hub bearing

2.  Hub Bearing with Integrated High   
Resolution Rotation Sensor

NTN developed the “Hub Bearing with Integrated 
High Resolution Rotation Sensor” 6) which is equipped 
with wheel speed sensor technology that achieves 
a max. 40 times higher resolution by using a high-
resolution rotation sensor (MPS40S)5), without 
changing the specifi cation of the conventional hub 
bearing. The improved resolution promotes accurate 
estimation of the tire and road conditions. The Hub 
Bearing with Integrated High Resolution Rotation 
Sensor is shown in Fig. 2. In this section, an overview 
and the evolution of the Hub Bearing with Integrated 
High Resolution Rotation Sensor are discussed, with 
focus on its application to autonomous driving.

 *New Product Development R&D Center    
 ** NTN-SNR ROULEMENTS Research & Innovation Mechatronics
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  Fig. 2 � Hub Bearing with Integrated High Resolution 
Rotation Sensor

2.1 �Overview of Hub Bearing with Integrated High 
Resolution Rotation Sensor

An overview of the Hub Bearing with Integrated High 
Resolution Rotation Sensor equipped with the high-resolution 
rotation sensor (MPS40S) is shown in Fig. 3. The high-
resolution rotation sensor, which is the detection component, 
is molded together with the fixing core grid with resin, and 
press fit onto the stationary ring (outer ring). The component 
to be detected is a magnetic ring with alternating North 
and South-poles (48 poles total), which is press fit onto the 
rotating ring (inner ring). The high-resolution rotation sensor 
(MPS40S) creates high resolution output signals by electrically 
interpolating (multiplying) the length of the pole-pair of the 
magnetic ring. The multiplier can be set up to 40 times, with 
output of 1,920 pulses/rotation.

High resolution sensor
(IC, processing circuit)

Resin mold

Seal
Magnetic encoder

Seal with magnetic encoder

Magnetic ring

  Fig. 3 � Overview of Hub Bearing with Integrated High 
Resolution Rotation Sensor

2.2 �Application to Estimation of Tire/Road Conditions
NTN has been working on the approach to estimate the tire 

and road conditions by extracting and analyzing the information 
of the changes of the rotational speed from the wheel rotation 
signals of a running vehicle using the Hub Bearing with an 
Integrated High Resolution Rotation Sensor. The rotational 
speed variation includes information about the variation of the 
road surface/tire and vehicle propulsion condition, as shown 
in Fig. 4. Fig. 5 shows an example of signal processing for 
obtaining the rotational speed variation. The tire and road 
conditions are estimated by analyzing patterns obtained by 

extracting the rotational speed variation of one tire rotation. The 
data is extracted under the condition that the driving speed 
is constant in order to obtain highly accurate information. The 
rotational speed variation patterns are generated from the 
signals of multiple rotations to reduce the random noise that 
comes from the road surface while the vehicle is running. The 
rotational speed variation patterns obtained this way provide 
characteristic waveforms dependent on the tread patterns. It is 
estimated that they show the rotational speed variation caused 
by the deformation of the tread when the tread comes in contact 
with or separates from the road surface. In high speed driving, 
the deformation of the tread cannot be captured easily because 
the tire-specific vibration mode becomes dominant. Therefore, 
the detection accuracy can be increased by obtaining data in 
low speed driving. The conventional ABS sensor cannot extract 
the rotational speed variation with sufficient resolution since it 
provides much fewer pulses per rotation. Therefore, the signals 
from the high-resolution rotational sensor can be used to 
increase accuracy of the estimation of the tire and road surface 
conditions. Sections 2.2.1 to 2.2.5 discuss the result of test 
verification with different conditions of the tire, such as a foreign 
object inserted in the tread, tire type, wear, air pressure, as well 
as different conditions of the road surface. The multiplier of the 
high-resolution rotational sensor was set to 10 (output of 480 
pulses from AB phase per rotation).

Detected rotational speed variation

Road surface/tire variation

Vehicle driving condition

Road surface

Tread pattern

Change of rigidity due to temperature

Deformation/expansion due to rotation

Wear

Condition (dry/wet)

Roughness, friction coefficient

Power train friction resistance/change of input torque

Internal pressure (temperature)

Wheel load

Roundness of tire

Inserted foreign object

Rotation synchronization 
component

Asynchronous 
change (drift-like) Random

Tire

     Fig. 4 � Information contained in the rotational speed 
variation components

Fig. 5  Example of rotation pulse signal processing
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2.2.1  Detection of Foreign Objects in the 
Tire Tread

To simulate the condition of foreign objects in 
the tire, a screw was set between the treads of the 
tire without puncturing it (Fig. 6). Fig. 7 shows the 
rotational speed variation patterns with and without a 
screw. A part of the rotational speed variation pattern 
signifi cantly changed due to the presence of the 
foreign object in the tread, verifying the difference of 
rotational speed variation patterns with/without the 
foreign object.

Fig. 6 A screw is inserted in the tread
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 Fig. 7  Comparison of rotational speed variation patterns 
with and without the screw

2.2.2 Detection of Tire Types
Improvement in vehicle safety and fuel consumption 

can be expected by optimally controlling propulsion/
braking based on the characteristics of the detected 
tire type. Two types of tires, A and B, which have 
different tread patterns, were prepared. The 
rotational speed variation patterns of tires A and B 
were obtained, and in order to clearly observe the 
characteristics of the tread patterns, an autocorrelation 
value (cyclic nature of signals) was calculated by 
shifting the phase of each rotational speed variation 
pattern, and the resulting patterns were compared (Fig. 
8). The autocorrelation pattern of each tire is clearly 
different, which verifi ed that the tire types could be 
differentiated.
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 Fig. 8  Comparison of autocorrelation patterns of 2 types 
of tread patterns

2.2.3 Detection of Tire Wear
Fig. 9 shows the results of the rotational speed 

variation patterns of two sets of tires with the same 
tread pattern and different tread depths of 8 mm 
and 2 mm. It was verifi ed that the amplitude level of 
the rotational speed variation patterns are different 
depending on the tread depth.
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 Fig. 9  Comparison of rotational speed variation patterns 
with different tread depths

2.2.4 Detection of Air Pressure
Tires with eight levels of air pressure (0.14, 0.15, 

0.16, 0.17, 0.18, 0.2, 0.23, 0.26 MPa; the standard level 
is 0.23 MPa) were prepared to obtain rotational speed 
variation patterns of four wheels (FL: front left, FR: 
front right, RL: rear left and RR: rear right). To verify 
the difference due to the air pressure levels, the cross-
correlation values (similarity of signals) of the rotational 
speed variation patterns of different air pressures 
versus the variation patterns at the air pressure of 0.23 
MPa were calculated and plotted in Fig. 10. As the 
air pressure changes, the contact position between 
the tread and the road changes and the rotational 
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speed variation pattern changes; therefore, the cross-
correlation values decrease. From this test result, it 
was verified that the change of air pressure could be 
detected from the relative change of rotational speed 
variation patterns.

0.1
-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

0.15 0.2

Air pressure  ［Mpa］

C
ro

ss
-c

or
re

la
tio

n 
va

lu
e

0.25 0.3

FL

FR

RL

RR

     Fig. 10 � Comparison of cross-correlation values with 
different air pressures

2.2.5 Estimation of Road Conditions
Fig. 11 shows the cross-correlation values of the 

rotational speed variation patterns of an asphalt paved 
road and a road with compacted snow; the baseline 
rotational speed variation pattern was obtained from a 
different asphalt paved road. When the friction coefficient 
of the tire and road surface decreases, the cross-
correlation value also decreases, which verifies the 
possibility of detecting the change of road conditions.
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     Fig. 11 � Comparison of cross-correlation values with 
different road conditions

2.3 �Application to Autonomous and Shared & 
Services

For autonomous driving, especially automated vehicle 
parking, accurate information is needed about the 
traveling distance of a vehicle so that the vehicle can 
move exactly to the desired position. This information can 
be gathered by detecting the rotation of the wheels. The 
wheel speed sensors widely used today do not output a 
rotation pulse until the wheel rotates approximately four 
centimeters or more. That means that vehicle movement 
of a few centimeters cannot be detected; the vehicle 
may contact an obstacle due to detection error of the 
vehicle position based on the wheel rotation. When 

high-resolution rotation sensor technology is applied, 
the rotation signal frequency increases by a factor of 
forty (maximum of approx. 1.4 kHz) compared with the 
conventional wheel rotation speed sensor, with the output 
of a rotation pulse when the wheel travels approximately 
1mm. This has the potential to contribute to riding 
comfort and improve operating stability. This technology 
is expected to address the requirements of autonomous 
driving.

Autonomous driving vehicles where users do not drive, 
and shared vehicles which a large unspecified number of 
drivers drive only for a short time present problems that 
the users may not become aware of, namely risky vehicle 
conditions such as tire wear and low tire pressure. As 
mentioned above, this technology can detect the variation 
in the contact condition between the tires and the road 
surface based on the resulting rotational speed variation 
and provide the information of the conditions to the users 
and administrators. This helps prevent accidents and 
enables scheduled maintenance, as well as secures the 
safety of autonomous driving and shared vehicles and 
improves their availability.

3. �Application of high-resolution 
rotation sensor technology

NTN has bearings with rotation sensors7) in its 
product line. Therefore, NTN developed bearings 
with high-resolution rotation sensors by combining 
the high-resolution rotation sensor technology with 
bearings similar to the case of hub bearings. In 
addition, NTN promotes CASE by proposing use of the 
magnetized ring, which is the key component of the 
high-resolution rotation sensors.

3.1 �Bearing with High-Resolution Rotation Sensor
In autonomous driving, it is necessary to recognize the 

environment surrounding the vehicle as accurately as 
possible. The components currently used to accomplish 
this, such as cameras, LiDAR and millimeter-wave radars, 
are listed in Table 1 with their respective characteristics7).

Table 1  Sensors for recognizing the surrounding environment

Sensor type Range Advantage Disadvantage

Camera 300m
Resolution

Color 
identification

Poor 
Environmental 

resistance

LiDAR 200-300m
Distance 
finding 

performance

Poor 
Environmental 

resistance

Millimeter-
wave radar 200-300m

Speed 
measurement
Environmental 

resistance

Resolution

Created based on Reference 7)

Introduction of Sensor Modular Products and Technologies for Autonomous Driving and Electrification of Automobiles



　NTN TECHNICAL REVIEW No.87　　41

LiDAR acquires distance data by measuring the time 
of the refl ected light from two-dimensional scanning 
of a near-infrared laser beam. Currently, rotating 
mirrors are used to scan the laser light. Although 
the development of non-mechanical light scanning 
technology is expected that uses no mechanical 
movement or rotating components for achieving light 
and compact LiDAR with high reliability, challenges 
remain for both wide scanning angles and stability.

The rotating mirror scanning method requires 
accurate detection of the rotational angle of the rotating 
mirror in high resolution for further segmentation of 
the distance data for the scanned surface. Currently, 
application of magnetic rotational angle sensors has 
begun for mass production automobiles considering 
both the environment and cost.

NTN is proposing the “Bearing with High-Resolution 
Rotation Sensor” using the MPS40S sensor for this 
application8). Fig. 12 shows the appearance of the 
Bearing with High-Resolution Rotation Sensor. The 
MPS40S sensor is certifi ed by the reliability test for 
automotive electronic components, AECQ100, which 
proves its high environmental performance. It also has 
a compact structure that allows installation in the same 
way as conventional bearings. Therefore, information 
on rotation and angle can be acquired with high 
accuracy by simply replacing the existing bearings. 
For example, it can be used in the application where 
highly accurate angle detection is required with small 
and light form factor such as LiDAR of the rotational 
mirror scanning type. NTN is prepared to apply this 
technology in a broad range of applications in vehicle 
electrifi cation.

Fig. 12 Bearing with High-Resolution Rotation Sensor

3.2 Tube Type High Resolution Rotation Sensor
When the Bearing with High-Resolution Rotation 

Sensor discussed in Section 3.1 is used in a muddy 
water or oily environment, the magnetic detection 
elements need to be protected by a waterproof/oil 
proof structure, because the sensor detects magnetic 
fi elds by Hall elements. NTN started proposing the use 
of the Tube Type High Resolution Rotation Sensor (Fig. 
13) where the elements and peripheral circuits are 
sealed by a tube-shaped thin laminate structure. NTN’s 
proposal began in Europe, where it is beginning to be 
used on agricultural tractors and small autonomous 
buses. With this sensor, high-resolution pulse signals 
can be acquired by a factor of 4 to 200 more times 
over the N-S magnetic pole pair width (standard width 
is 5 mm). Table 2 shows the key specifi cations. The 
multiplication factor, magnetic pole width, sensor 
size and mounting method can be customized, which 
allows its use in broad applications.

.

Fig. 13 Tube Type High Resolution Rotation Sensor

  Table 2  Key specifications of Tube Type High Resolution 
Rotation Sensor

Size (excluding wiring) Φ 15.2 × L73mm

Output
Two-phase square wave 

(phase A, phase B)

Input voltage range 8-32V

Magnetic pole width 5mm(1, 2.5 mm selectable)

Air gap 3 mm or less

Waterproof structure IP67

3.3 Multi-track Magnetic Ring9)

The next topic to be discussed is the application of 
the multi-track magnetic ring (Fig. 14) in car sharing. 
The driver of a shared vehicle needs to adjust the seat 
position and the mirror angle every time he/she drives 
depending on his/her physical size or preference. If 
electric adjustment mechanisms such as power seat 
and the position data are available, the vehicle can 
automatically adjust to the driver-specifi c seat position. 
A driver who uses a vehicle sharing service can register 
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his/her seat position setting data into the cloud and the 
vehicle can set the adjustment position the next time 
he/she drives the car using that data and the electric 
adjustment mechanism. An angle sensor is required to 
reproduce the rotational angle of the electric actuator 
for adjustment. Drivers often feel discomfort when the 
seat position is off even a little bit. The Bearing with 
High-Resolution Rotation Sensor, which provides high 
resolution and accuracy, along with an angle detection 
system equipped with a multi-track magnetic ring for 
acquiring absolute angle without initialization, can be 
used in these situations.

The multi-track magnetic ring has two magnetic tracks 
with a different number of pole pairs and can detect 
absolute angle with high accuracy (±0.1°) and resolution 
without the need of initialization, by the dedicated 
magnetic sensor using the difference of the number of 
pole pairs. A series of radial type (magnetized on the 
circumferential direction) and axial type rings (magnetized 
in the axial direction) as well as different numbers of 
pole pairs are available to be used depending on the 
application and layout.

　

b) Axial typea) Radial type

Fig. 14  Multi-track magnetic ring

3.4 �Rotation angle sensor as an alternative to 
resolvers

Electrification of vehicle power trains, such as in hybrid 
electric vehicles (HEVs) and electric vehicles (EVs), is 
expected to grow due to the trends of global environment 
protection (including legal regulations), and innovative 
battery technology reducing cost and improving 
performance. Along with the drivetrain, accessories are 
being electrified like those that use the power generated 
by the internal combustion engine, such as the air 
conditioner, and devices that use negative engine 
pressure and hydraulic pressure, such as the brake.

Together with the trends of electrification, compliance 
to international standard ISO 26262 is required regarding 
vehicle functional safety. This standard requires 
measures on the vehicle system, hardware, and software 
depending on the ASIL (Automotive Safety Integrity 
Level) considering the severity of any risk factors. They 
are ranked from A to D depending on the probability of 

exposure, controllability and severity. For items that directly 
involve lives, such as the EPS (Electric Power Steering), 
where the highest safety is required, measures of ASIL-D 
are mandatory. For example, misdetection of angles of 
a motor, which is controlled by detecting the rotation 
angle, may result in a major functional loss. In this case, 
the functional loss is prevented by redundancy, placing 
multiple detectors. For redundancy, if multiple detectors of 
the same type are implemented, they may fail altogether 
with the same cause; therefore, implementing detectors 
with different detection methods will be a safer choice.

Redundancy of rotation angle detection is expected to 
be achieved by inexpensive and highly accurate rotation 
angle sensor technology, to respond to the demand of 
functional safety. Currently, resolvers are widely used as 
the rotation angle detection sensors for motors; however, 
magnetic type rotation angle sensors are attracting 
attention as a redundancy sensor due to their cost and 
detection method.

Resolvers are widely adopted for controlling motors 
for propulsion, and have become an inexpensive and 
secure detection means due to the volume production 
effect and broad adoption of processing circuits with 
signal processing hardware. Magnetic-type rotation 
angle sensors for automotive applications have also 
been widely adopted as wheel speed sensors and crank 
angle sensors, but they are not cost competitive against 
resolvers for achieving highly accurate absolute angle 
detection functionality.

NTN developed a new rotation angle sensor combining 
a magnetic ring that uses special magnetization 
technology and an inexpensive magnetic sensor. 
Absolute angles can be calculated from the output 
signals of sine/cosine waves according to the rotation 
angles, and highly accurate angle information can be 
acquired by the proprietary magnetization technology 
and signal processing. Fig. 15 shows the external view 
of the developed Bearing with High-Resolution Rotation 
Sensor.

Fig. 15  Bearing with rotational angle sensor
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4. Summary
In this article, NTN’s activities around bearings, 

and bearing module products/technologies to respond 
to the new demands of CASE are discussed. These 
demands can significantly change the business 
structure of the automotive industry, as part of a 
transformation that happens once in a century. Table 3 
shows the summary of the discussion. These products/
technologies are required in global markets including 
Japan. NTN, as a group, will continue to devote 
ourselves to this development.
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Hub Bearing with 
an Integrated

High Resolution 
Rotation Sensor

Hub Bearing with 
an Integrated

Rotation Sensor

Tube Type High 
Resolution Rotation 

Sensor

Multi-Track 
Magnetic Ring

Rotation Angle Sensor 
as an alternative to 

Resolvers

Connected ○ ○ ○ ○

Autonomous ○ ○ ○ ○ ○
Shared & 
Services ○ ○ ○

Electric ○ ○

Table 3  Summary of NTN sensor related products for CASE
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Technical Article

Vehicle Motion Control with In-Wheel-Motors

A vehicle equipped with In-Wheel-Motors can control the braking / driving 
force independently in the left and right wheels. NTN has developed a vehicle 
motion control that balances turning performance and attitude stability by 
adjusting the braking / driving force of the In-Wheel-Motors according to the 

driving attitude of the vehicle. This paper mainly introduces, among the developed vehicle motion control, the 
effect of yaw moment control that we verifi ed by the actual vehicle test.

Junichi HIRATA*
Yuta SUZUKI*

1. Introduction
Recently, various policies for promoting electric 

vehicles (EVs) as a measure to solve environmental 
issues such as global warming and air pollution have 
been put in place globally1). With EVs, the driving 
power source changes from the conventional internal 
combustion engine to electric motors, which also 
enables active use of regenerative braking2),3).

The methods for using the motor for driving vehicles 
include on-board method4) which places the motor 
on the body and transmits the power to the tires via 
driveshafts and in-wheel motor method5) which places 
the motor inside the wheels and transmits the power 
to the tires directly without the use of driveshafts. 
Adopting the in-wheel motor method means that the 
braking/driving power to the left and right wheels can 
be independent, responsive and precisely controlled 
because the driveshaft is not used.

NTN developed vehicle motion control technology 
to improve both the turning performance and attitude 
stability by controlling the braking/driving power of in-
wheel motor (hereafter IWM) according to the vehicle 
driving conditions. In this article, the effect of the yaw 
moment control is introduced from the developed 
vehicle motion control technology, among others.

2. Vehicle Motion Control
Fig. 1 shows the block diagram of integrated control, 

which is the developed vehicle motion control. The 
integrated control consists of 4 functional blocks. 
The μ estimation is the block to estimate the friction 
coefficient of the road surface and the anti-skid control 
is the block to control the skidding of tires by reducing 

the torque commanded to IWM when skidding begins. 
The turning performance improvement control and 
attitude stability control are the blocks to control the 
vehicle yaw moment.

The concept of the yaw moment control operation 
is shown in Fig. 2. The vehicle in Fig. 2 is equipped 
with IWM on the front wheels, similar to the test 
vehicle introduced in Chapter 3. The yaw moment is 
generated to the vehicle by creating different braking/
driving powers to the left and right front wheels (orange 
arrows in Fig. 2). When the yaw moment is created 
to the same direction as the turning direction of the 
vehicle, turns can be assisted (Fig. 2 (a)). When the 
yaw moment is created to the opposite direction of the 
turning direction of the vehicle, excessive turns such 
as the spinning can be reduced (Fig. 2 (b)).

The control shown in Fig. 1 is integrated so that 
these 4 blocks can seamlessly work together.

Input

Output

IWM

Integrated control

Torque command, 
etc.

Gy, etc.

μ

Skidding condition

Torque command, 
etc.

Turning 
performance 
improvement 

control

μ estimation

Attitude stability 
control

Anti-skid control

Steering angle
Vehicle speed
Yaw rate
Vehicle rotation speed
etc.

Torque command

Fig. 1 Block diagram of integrated control

 * Engineering Dept., EV Module Division
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Without control

With control

(a) Turning assist
 

Without control

With control

(b) Control of Spin

Fig. 2 Concept of yaw moment control

3. Actual Vehicle Test
In this Chapter, the verifi cation result of the effect 

of the developed control is introduced from an actual 
vehicle test.

3.1 Test Vehicle
Fig. 3 shows the vehicle used in the test. IWMs 

(Fig. 4) were installed on the front wheels of a Suzuki 
Splash (front wheel driven) to convert it into an EV. 
Table 1 shows the vehicle specifi cation.

 

Fig. 3 Test vehicle

 IWM
Weight 30kg

Fig. 4 In-wheel motor (IWM)

Table 1 Vehicle specification

Overall length 3.775m

Overall width 1.69m

Wheel base 2.36m

Tread front/rear 1.46m/1.47m

Vehicle weight Approx. 1,200 kg

Driving method Front wheel IWM

Maximum output 60 kW(30 kW × 2 wheels)

Battery type Lithium ion battery

3.2  Verification of Turning Performance 
Improvement Effect

The effect of turning assist by turning performance 
improvement control was verifi ed by driving the slalom 
course shown in Fig. 5 at a speed of 50 km/h. As 
shown in Fig. 6, the delay from the steering operation 
to the generation of vehicle yaw rate was reduced 
from 75 ms to 60 ms and the amplitude of the steering 
angle was also reduced from 300 deg. to 270 deg. 
by applying the control. This result revealed that the 
turning performance improved from the control.

 
Pylon

15m

50km/h
μ=1.0

Fig. 5 Slalom course
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Fig. 6 Slalom test result

3.3  Verification of Attitude Stability 
Improvement Effect

The vehicle condition representing turning instability 
can be categorized into plow (drift out) where the 
vehicle is pushed outside of the course as it turns 
around the curve and spin where the vehicle is pulled 
inside the curve. The attitude stability control to control 
these conditions is developed and its effect was 
verifi ed using a test vehicle.

3.3.1 Control of Plow
The effect of the plow control by the attitude stability 

control was verifi ed by driving the J-turn course in Fig. 
7. The pylons were placed in the position with a 20 m 
radius, to make the J-turn target radius of 18 m. The 
vehicle speed entering the course is approx. 60 km/h. 
Fig. 8 shows the vehicle in the driving test and Fig. 
9 shows the driving trajectory. Fig. 9 shows that the 
vehicle without control signifi cantly deviated from the 
course whereas the vehicle with control was on the 
track proving that the plow was reduced by the control.

 

Pylon

(18m)

20m

μ=1.0

60km/h

Fig. 7 J-turn course

 
Fig. 8 J-turn
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Fig. 9 J-turn test result

3.3.2 Control of Spin
The vehicle test with a steering maneuver to induce 

spinning was conducted at a vehicle speed of 60 km/h 
to verify the effect of attitude stability control against 
spinning and the yaw rates and driving trajectories with 
and without control were compared. Fig. 10 shows the 
test result. In the case where no control was applied, 
the yaw rate continued to increase inducing a spinning 
condition even if the steering angle was reduced at 
2 1/2 seconds. The trajectory also indicates spinning 

Vehicle Motion Control with In-Wheel-Motors

(a) Without control

(b) With control



　NTN TECHNICAL REVIEW No.87　　47

condition as the turning radius suddenly became small. 
On the other hand, when control was applied, the yaw 
rate turned to zero as the steering angle returned to 
zero after 3 seconds without causing spinning and 
the vehicle was under control as the driver intended 
to steer it. The trajectory also shows stable driving 
without unsteady behavior.
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Fig. 10  Stability evaluation test result

3.4 Anti-Skid Control
In order to make the yaw moment control effective, 

it is important to ensure the braking/driving power 
of the front wheels (braking/driving torque of IWM) 
is securely transmitted to the road surface. For that 
reason, anti-skid control is applied to prevent tire 

spin while driving and tire lock while braking (Fig. 1). 
A start/acceleration test was conducted on a road 
surface equivalent to frozen roads (friction coefficient 
μ = 0.2: course design value) to verify the anti-skid 
control effect. When anti-skid control is not applied, 
giving a large driving torque command to IWM creates 
spinning of the driving wheels preventing good 
acceleration.

Fig. 11 shows the wheel speed of both front 
wheels, vehicle speed is measured by GNSS 
(Global Navigation Satellite System) and the vehicle 
longitudinal acceleration as the vehicle starts moving. 
The driving wheels steadily rotate at a rate slightly 
faster than the GNSS vehicle speed (maintains the 
constant skid rate) without remarkable skidding, 
producing acceleration equivalent to the course design 
value of 0.2 (≈ 2m/s2) to the vehicle. This confirmed 
that the driving power was securely transmitted to the 
road surface with the anti-skid control.
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Fig. 11  Low μ road starting test result

3.5 Integrated Control
The integrated control integrates all of the controls 

introduced in the previous Sections so that they work 
seamlessly together. The following are the effect of the 
integrated control on a high μ road and low μ road.

3.5.1 High μ Road (dry asphalt surface)
The effect of the integrated control was verified on 

the high μ road in the double lane change course 
shown in Fig. 12. The vehicle speed entering the 
course was 60 km/h. Fig. 13 shows the test results.

Fig. 13 reveals that the steering angle and the 
delay of the yaw rate are both reduced by the effect 
of the turning performance improvement control at 
the first steering maneuver immediately after entering 
the course (at around 1 second). In the latter half of 
the course (after 2 seconds), the yaw rate follows the 
steering operation preventing spinning from occurring 
due to the effect of the attitude stability control. The 
driving trajectories also show that the vehicle without 
control significantly deviated from the course whereas 

(c) Vehicle driving trajectory

(b) With control

(a) Without control
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the vehicle with control could follow the targeted 
course. Fig. 14 shows the vehicle attitude when it 
exited the course. The vehicle without control shows 
the spinning behavior heading in the lateral direction 
from the course but the vehicle with control maintained 
a stable vehicle attitude, proving the effect of the 
control.

 

Pylon 13.5m 13.5m

3m

60km/h

μ=1.0

Fig. 12 Double lane change course

 

Fig. 13 Double lane change test result

Pylon at exit

(a) Without control

 

Pylon at exit

(b) With control

Fig. 14 Vehicle attitude during double lane change test

3.5.2  Low μ Road (equivalent to frozen road μ = 0.2)
The integrated control has a function to estimate the 

road surface μ (Fig. 1) to detect the change of the road 
surface μ from different kinds of information, such as 
the vehicle behavior, and automatically adjust various 
parameters to control the vehicle not only for high μ 
roads but also low μ roads. The effect of the low μ road 
was verifi ed on the road surface equivalent to a frozen 
road (μ = 0.2) by setting a single lane change course 
as shown in Fig. 15. The vehicle speed entering the 
course was 40 km/h.

Fig. 16 shows the driving trajectories. No differences 
were noted in the vehicle trajectory by steering 
operation immediately after entering the course 
between the vehicles with and without control; 
however, in the latter half of the course, the vehicle 
without control showed a spinning behavior, similar to 
the high μ road, signifi cantly deviating from the course. 
On the other hand, the vehicle with control could drive 
the course without spinning behavior. This result shows 
that the developed integrated control is effective with a 
change to the road surface friction coefficient and can 
handle the low μ road instantaneously, as well as the 
high μ road.

Vehicle Motion Control with In-Wheel-Motors
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Fig. 15 Single lane change course
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Fig. 16 Single lane change test result

4. Conclusion
In this article, the effect of the yaw moment control is 

introduced from the vehicle motion control technologies 
developed by NTN. We will further explore the 
possibilities of control with IWM through development 
of vehicle motion control using IWM.
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Technical Article (1)

History of Development of Bearings for Automobiles Aiming at 
Low Fuel Consumption

1. Introduction
Since the structure of bearings for automotive use 

are simple, specifi cation differences are not often 
noticeable by appearance. However, a look at the 
history of bearing specifi cations from the 1980’s till 
present reveal that basic performance continued 
to evolve ahead of market needs. In this article the 
transition of automotive bearing technology (deep 
groove ball bearing and tapered roller bearing) is 
introduced up to the latest specifi cation in regards to 
low fuel consumption (low torque).

2.  History of Development of Bearings 
for Automotive Use

2.1 Deep Groove Ball Bearing
In response to the market demands of high efficiency 

multi-stage AT and CVT, the functionality of the deep 
groove ball bearing, mainly used for transmission, has 
been improved. This includes high-speed use and lower 
torque. In addition to requirements of being compact, 
lightweight and a long operating life, bearings for driving 
motors of electric vehicles also face similar specifi cation 
demands.

The demand for lower torque is met with a compact 
and lightweight design. This is achieved with the 
material and thermal treatment, change of internal 
design specifi cation and improvement of components 
such as the seal, cage and grease (Fig. 1).

Table 1 shows the characteristics of the structure and 
performance of each specifi cation of deep groove ball 
bearings. Fig. 2 shows the history of technology since 
the 1980s comparing the running torque.

The deep groove ball bearings used for transmission 

were generally the open type without a shield or seal. 
However, contact seals (LU seal/LH seal) are now 
adopted to prevent reduction of operating life due to 
penetrating hard foreign objects contained in the oil.

Bearings with contact seals have higher torque than 
the open type due to the sliding nature of the seal so 
the open type is used when the requirement for lower 
torque is critical. Improvements of material and thermal 
treatment have been made to achieve longer operating 
life even in an environment where foreign objects may 
penetrate.

The latest specifi cation (LE Seal) developed has 
improved seal material and seal lip geometry achieving 
low torque while maintaining the seal performance. 
These improvements result in lower torque equivalent 
to non-contact type seal under oil lubrication.

CageSeal Grease

Low torque

Long operating life

Compactness/lightweight
Low torque

Material/thermal 
treatment

Internal design

Fig. 1 Deep groove ball bearing and characteristics

Hybrid vehicle/Electric vehicles (HEV/EV) that represent the next-generation 
vehicles, future expansion are expected.

On the other hand, in emerging countries such as Asia and Africa, there is 
still high demand for conventional vehicles (engine type) on a global basis due 

to population growth. In addition, from the point of environmental regulation, each automotive manufacturer 
is focusing on the development of vehicles with low environmental impact. We will introduce the history of the 
development as a bearing for automobiles, about “Low Fuel Consumption” required for automobiles.

Takashi YASUNISHI*

 * Automotive Bearing Engineering Dept., Automotive Business Headquarters
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Specification of standard type Specification of 
developed product

Type and code Open type
Shield type Seal type Seal type

Non-contact type ZZ Contact type LU Low torque type LH Low torque type LE

Structure

No shield or seal to 
seal the bearing.

Metallic shield is 
fixed on the outer 
ring to form labyrinth 
seal with the seal 
groove of the inner 
ring.

Seal of steel plate 
with synthetic 
rubber adhered by 
vulcanization is fixed 
to the outer ring and 
the tip of the seal is 
in contact with the 
seal groove of the 
inner ring for sealing 
the bearing.

The same basic 
structure as LU 
with improved seal 
tip to reduce the 
contact force and 
achieve low torque 
by providing slits for 
avoiding absorption.

Low torque is achieved 
with non-contact seal 
by creating a wedge 
film effect of fluid under 
the oil lubrication 
environment by 
providing multiple 
arc-shaped micro 
convexes on the 
sliding surface of the 
seal tip.

Comparison 
of 

performance

Low torque ☆☆☆ ☆☆☆ ☆ ☆☆ ☆☆☆

Dust proof ー ☆ ☆☆☆ ☆☆☆ ☆☆☆

High speed ☆☆☆ ☆☆☆ ☆ ☆☆ ☆☆☆

Order of superiority: excellent☆☆☆＞☆☆＞☆ poor

Fig. 2 Transition of development of deep groove ball bearings2)

Table 1 Characteristics of deep groove ball bearing1)

Deep Groove Ball Bearing

Specification of 
bearings with ultra 

low friction seals 12 * 

100

50

0
1980 1990 2000 2010 2020

Year

Standard type
(Open type) 18

Standard type
(Contact type LU)

100
Ultra low friction seal

LE seal

Material/thermal 
treatment Material/thermal 

treatment

Low torque cage

LH seal
Improvement of sealed type

Improvement of open type

*The effect of compactness from the technology for long operating life is converted into torque
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TM*
TA*

Resin cage for high 
speed operation
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2.2 Tapered Roller Bearing
Tapered roller bearings used for transmission and 

differential gears have more design elements than deep 
groove ball bearings. As a result, various characteristics 
brought by the design parameters have been explored. In 
addition to lower torque, improvements on materials and 
thermal treatment as well as long operating life has been 
achieved (Fig. 3).

In this Section, improvements on the internal design 
and material/thermal treatment are discussed in 
the transition to lower torque. The ST specifi cation, 
which reduced the torque by improving the sliding 
characteristics of the rollers, was established for 
the improvement of internal design. This is primarily 
accomplished with special shape and processing of the 
inner ring collar. As for the improvement of the material/
thermal treatment, special thermal treatment was applied 
to the carburized steel as the base. This contributes to 
long operating life due to an increase in retained austenite 
on the surface of the raceway. (The torque calculation 
result due to compactness is shown in Fig. 4.)

The ECO-Top specifi cation was later established 
with improvements to micro curvature (crowning) of 
inner/outer ring raceway and development of products 
which integrated this technology and other material/
thermal treatment technology. Furthermore, the stirring 
resistance of oil was signifi cantly reduced by changing 
the design of steel plate cage. In the latest specifi cation, 
ULTAGE*1 Tapered Roller Bearing for Automotive 
Application was developed with improved design 
of crowning and establishing of volume production 

processing technology. This also addresses the needs 
for being lightweight and compact for the recent 
application of HEVs/EVs.

In addition, the long-life thermal treatment “FA 
process” was developed based on the bearing steel 
globally available for procurement. The ULTAGE Tapered 
Roller Bearing has achieved an increased operating 
life and a signifi cant torque reduction compared to the 
standard specifi cation (Fig. 4). Improvements such 
as optimization of contact stress distribution, which is 
mentioned later, contribute to the longer life.

Fig. 3 Tapered roller bearing and characteristics

Tapered roller bearings

Fig. 4 Transition of development of tapered roller bearing2),3)

RollerCage Lubricating oil

Low torque

Long operating life

Compactness/lightweight
Low torque

Material/thermal 
treatment

Internal design

*1 ULTAGE® is a name created from the combination of “ultimate,” 
signifying refinement, and “stage,” signifying NTN’s intention 
that this series of products be employed in diverse applications. 
Additionally, ULTAGE® is also the general name for NTN’s new 
generation of bearings that are noted for their industry-leading 
performance.

ULTAGE
40 *

100

50

0
1980 1990 2000 2010 2020

Year

Integration of improvement of internal design and 

improvement of material/thermal treatment

Improvement of internal design

Improvement of material/thermal treatment
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Standard type
100

4T *

ET *

ST

ETA *

ECO-Top *

FA *

FA+STX *
Low torque cage

Special process for
inner ring collar part

Low torque cage

Internal design
Special crowning

*The effect of compactness from the technology for long operating life is converted into torque
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3. �Introduction of Next-Generation 
Bearings for Automotive Use

The following is the introduction of the next-generation 
deep groove ball bearings for automotive use for “low 
fuel consumption” and the latest development of tapered 
roller bearings.

3.1 Ultra Low Friction Sealed Ball Bearing4)

In order to prevent reduction of operating life due to 
severe environments where hard foreign objects are 
present in the transmission lubrication oil, contact type 
seals are generally used. Contact type seals increase 
resistance to foreign objects such as the wear particles 
from gears. However, bearings with contact seals have 
larger torque due to the sliding resistance of the seal. 
The LE Seal optimizes the shape and material of the 
seal to achieve low torque while maintaining the sealing 
effect of the contact seal. This seal successfully reduces 
running torque and raises the circumferential speed 
limit. It accomplishes this by promoting formation of oil 
film between the seal lip and the sliding surface of the 
bearing inner ring for fluid lubrication condition, from the 
pressure wedge effect of the arc-shaped (half-cylindrical 
shaped) micro convexes (Fig. 5) placed on the sliding 
contact section of the seal lip (Table 2, Fig. 6).

Cross-section view of the 
developed product

Arc-shaped micro convexes

Outer 
ring

Seal

Inner 
ring

    Fig. 5 � Characteristics of ultra low friction sealed ball 
bearing

Features of developed product

(1) �Reduction of 80% or more of running torque (compared to 
contact type seal)

(2) Support of high circumferential speed of 50 m/s or more
(3) Prevention of harmful foreign objects from penetrating

Table 2  Test condition

Item Condition

Radial load 0.05 C (C: dynamic load rating)

Rotational speed (min-1) 1,500

Lubricating oil CVT fluid

Bearing temperature (°C) 35-120

0 20 40 60 80

Bearing temperature  °C

R
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ng

 to
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ue

100 120 140

Developed product
Conventional non-contact type seal
Conventional contact type seal

Reduction of 
80%

      Fig. 6 � Relation between bearing temperature and  
running torque

3.2 �ULTAGE Tapered Roller Bearing for 
Automotive Application5)

Tapered roller bearings used in the power train such 
as the transmission and differential gears are required 
to be small and light, in addition to having long 
operating life and low torque.

ULTAGE Tapered Roller Bearing for Automotive 
Application is introduced in the following, which 
delivers the world’s highest standard of high-load 
capacity and high-speed rotational performance with 
robust crowning optimization technology to maximize 
the rolling fatigue life of bearing (Fig. 7).

   Fig. 7 � Structure of ULTAGE tapered roller bearing for 
automotive application

Features of developed product

(1) �World’s highest standard of high-load capacity 
・Basic dynamic load rating - 1.3 times*

(2) �Long operating life (compared with the basic rating life) 
・Standard type (bearing steel; standard quenching)  
   2.5 times or more* 
・ High-functionality type (FA process) 
   3.8 times or more*

(3) ��High speed rotational performance at the world’s highest level 
・Permitted rotational speed - approx. 10% improvement*

(4) �Permitted inclination (magnitude of misalignment) 
・Permitted inclination - max. 4 times*

* Comparison of standard catalog values

Reduce temperature rise
by optimized shape

Outer ring

Inner ring Roller

Minimize contact 
stress by 

optimized roller 
shape

Cage
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The contact stress at the rolling contact area of the 
tapered roller bearing was minimized and a special crowning 
shape to reduce the excessive pressure on the edge of 
the contact area (edge load) was applied to the rollers. 
Fig. 8 shows an example of calculation of contact stress 
distribution at the axial cross section of raceway. With 
ULTAGE Tapered Roller Bearing for Automotive Application, 
the bearing operating life is improved by suppressing the 
edge load at the edge of the contact area and equalizing the 
overall contact stress distribution by the adoption of special 
crowning.

In addition, because of the long operating life effect due 
to equalized contact stress distribution, the bearing can 
be designed for smaller and lighter form factor under the 
same operating life. Using a compact and lightweight design 
while maintaining operating life and the restriction of contact 
pressure, the bearing running torque was reduced by 60% 
compared to the standard bearing (Fig. 9).

Furthermore, superior seizure resistance property was 
confirmed with the temperature rise of 1/3 of the standard 
bearing in the temperature rising test, as shown in Fig. 10. 
Optimization of the shape of the collar and the roller end 
surface shown in Fig. 7 resulted in the superior seizure 
resistance property.

Large

Small
Rolling raceway axial direction width

C
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ta
ct
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Standard tapered roller bearing

ULTAGE tapered roller bearing for 
automotive application

Fig. 8  Contact stress distribution on the raceway
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Reduction 
of 60%

［Test condition］
Test bearing size 
(with speci�cation of equivalent operation life)
Standard: Φ28.6×Φ57.2×17.5
ULTAGE: Φ22×Φ47.7×14.6
Load: Fa=4.0kN
Temperature: 80°C (oil)
Lubricating oil: GL-5 (75W-80)

 

Fig. 9  Running torque ratio of bearings

 

Fig. 10  Seizure resistance test (temperature rising test)

4. Conclusion
The development history of bearings for automotive 

application was reviewed from the viewpoint of 
reducing torque. As we have been proposing products 
ahead of market needs through the development 
of various technologies, we intend to support the 
coming stricter and rapidly changing demands. We 
hope we can continue to contribute to society, so that 
we will continue to be indispensable in the quest for 
development of more environmentally friendly, more 
comfortable and more useful next-generation vehicles.
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1. Introduction
While roller bearings for general use are regulated 

by standards such as ISO and JIS, roller bearings for 
supporting vehicle wheels (axle unit bearings) have 
gone through significant transitions over the years.

Also, in recent years restrictions on size, weight, 
fuel consumption, and environmental consciousness 
of automotive components have been imposed1). 
The axle unit bearings have evolved to meet those 
requirements. In this article, the history of these 
developments is discussed, focusing on reduction of 
weight and fuel consumption (low torque) of axle unit 
bearings.

2. �Overview of Market Demand for Axle 
Unit Bearings

The design specifications of axle unit bearings are 
diversely based on automotive manufacturer needs 
(mounting methods, allowable space and bearing 
size, bearing load carrying capacity, low torque 
performance, muddy water resistance, rigidity and 
strength, etc.). Their past and current requirements 
can be categorized as follows:

a) �Ease of assembly
b) �Simplification or elimination of bearing clearance 

adjustment
c) �Compact, lightweight and large load carrying 

capacity
d) �Maintenance-free 

　�Particularly, elimination of greasing operation and 　
external seal for sealed bearings

e) �Reduction of quantity of components
f ) �Overall cost reduction including bearing units, 

secondary components and labor cost

Responding to the above requirements, NTN has 
been developing and marketing the production of the 
1st generation, 2nd generation and 3rd generation 
products (GEN1, GEN2 and GEN3) for approximately 
40 years2).

In addition, environmental regulations have 
been introduced in many countries with continuous 
enhancements. This demands the improvement of 
fuel efficiency to reduce CO2 emissions. Therefore, 
lightweight and low torque products are required for 
axle unit bearings, in addition to the above mentioned 
requirements.

3. �History of Axle Unit Bearings
3.1 History of Bearing Type

Until the 1970s, placing two single row roller 
bearings was the norm. However, the single row roller 
bearing had limitations for reducing the weight and 
size. Therefore, the evolution of unitized products was 
done to ease assembly, which had the potential to 
accommodate the weight and packaging requirements.

The first of such products were the Sealed Double 
Row Angular Contact Ball Bearing (Angular Unit) and 
Sealed Double Row Taper Roller Bearing (Tapered Unit), 
then named GEN1 bearings. These were widely used 
in the themed to late 1970s. In the 1980s, the bearings 
were unitized with their secondary components, such 
as hubs and housings (knuckles) to reduce the number 
of components. This also aided in the efforts to reduce 
weight, which eventually resulted in the GEN2 bearing.

The aim to further reduce the amount of individual 
components led to the creation of the GEN3 bearing. 
Because the GEN3 bearing encompassed more 
components than the previous GEN2, the installation of 
the axle unit bearing on the vehicle assembly line was 
simplified.

Table 1 shows the transition and characteristics of 
NTN’s axle unit bearings by generation, including the 
time when two single row bearings were used (before 
unitization efforts began).

Technical Article (2)

History of Development of Axle Bearings Aiming at 
Low Fuel Consumption

Axle bearing has been innovated by integrating the surrounding components. This 
article introduces the transition of axle bearing type and the latest NTN’s technology.

Makoto SEKI*

 * Automotive Unit Engineering Dept., Automotive Business Headquarters
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Through the multiple generations of bearings, more 
secondary components have been incorporated into the 
single product. This helped reduce the total number of 
individual components contributing to a more compact 
design and overall lighter axle weight. Similarly, as the axle 
unit bearings evolved with further unitization, press fitting 
the inner/outer rings onto the secondary components is no 
longer necessary. On driven bearings, fixing the inner ring 
by swaging it makes preload management easier resulting 
in significant reduction of variability. This improved preload 
optimization to achieve reduction of running torque.

3.2 Development of Next Generation Hub Joint
After the creation of the GEN3 for production, NTN 

completed the development of the next generation axle 
unit bearing: the GEN4. This bearing combines the axle 
unit bearing with the constant velocity joint (CVJ). This 
technology has not been adopted because it requires 
significant modification to the vehicle assembly lines at the 
auto manufacturers.

Therefore, NTN developed a new assembly method for 
CVJ and axle unit bearings, which can be done without 
changing the assembly lines at the auto manufacturers. 
The Press Connect Hub Joint (PCS H/J) method achieves 
a significant reduction in weight (Fig. 1).

Conventionally, the CVJ and axle unit bearing are 
connected with a spline and tightened with a nut. The 
spline teeth are generally designed for interference fit with 
the helix angle to eliminate backlash, which requires a long 
spline fit length. The new press connect fit method finishes 
securing the spline by tightening a bolt, which results in 
a tighter interference fit than the CVJ stem spline on the 

hub bearing bore diameter. This enables the torque to be 
applied to the entire spline area, resulting in significant 
reduction of spline fit length.

The adoption of the PCS H/J method achieves about a 
65% reduction in CVJ stem length and a 12% reduction in 
weight (max.). This is due to the hollow structure of the hub 
ring inner diameter, conversion of nut to bolt, etc., and no 
spline fit backlash3).

Constant velocity joint (CVJ)Hub bearing (H/B)

New joint method Bolts for tightening

Fig. 1  Structure of PCS H/J

3.3 Development of Lightweight Bearings
As mentioned above, NTN has been reducing the 

size and weight of the entire axle structure through 
multiple generations of increasingly unitized axle unit 
bearings. However, after the adoption of the GEN3 as 
the mainstream product, further weight reduction of the 
bearing was required, but unitization has become more 
difficult.

Table 1   Transition and Characteristics of NTN’s Axle Unit Bearings by Generation

Order of Superiority: Excellent☆☆☆☆＞☆☆☆＞☆☆＞☆ Poor

- 1970s

Generation

Start of production Mid - 1980s -1983 -

☆☆☆ ☆☆☆☆

☆☆☆☆

☆☆☆☆

☆☆☆☆
☆☆☆ ☆☆☆

Ease of Assembly to Vehicles

Compactness

Rigidity

Preload Control

Running Torque

☆☆☆
☆☆☆
☆☆☆

☆☆
☆☆
☆☆☆

☆
☆

☆☆

☆☆☆☆

☆

Driven
Wheel

Structure

Feature

Non-
Driven 
Wheel 

Conventional

Mid - 1970s

GEN1 GEN2 GEN3

・ Two single row roller 
bearings.

・ Combined two single row 
roller bearings.

・ Integrated mounting 
�ange and outer ring.

・ Integrated mounting �ange 
and outer ring, inner ring.

・ No need to press bearing to 
mating component.
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Requirements for the GEN3 axle unit bearing, as the 
strength member, are different from those for the individual 
bearing, in terms of strength of hub ring, strength of outer 
ring, overall bearing rigidity, etc. Weight reduction was 
required while maintaining these strengths, particularly 
with GEN3. The weight of the hub ring and outer ring 
account for more than a half of the entire unit, so optimizal 
design of these components is very important for reducing 
weight.

NTN uses FEM analysis to determine weight abatement 
while maintaining the strength and rigidity to satisfy the 
required functionality. In the past, the optimal shape was 
developed using topology optimization4). An ultra-light 
hub bearing shape shown in Fig. 2 was also developed. 
Therefore, NTN employs the accumulated technologies to 
provide the optimal shape for the minimum weight, while 
meeting the required specifications.

 

         Fig. 2 � Shape of developed product by topology 
optimization

3.4 Development of Torque Reduction
Reduction of torque has always been required for 

axle unit bearings to improve the vehicle fuel efficiency. 
However, the requirements are becoming stricter since 
many countries introduced environmental regulations. 
NTN has developed various low torque products 
to respond to market demands for hub bearing 
applications. Fig. 3 shows the progression of hub 
bearings reducing torque.

The torque of axle unit bearings consists of rolling 
resistance from the rolling balls that follows the rotation 
of the bearing and the sliding resistance of the seal, 
which is equipped to seal the bearing. Each represents 
approximately 50% of the entire torque. Therefore, 
reducing them is the general approach to reducing the 
overall torque.

3.4.1 History of Grease Development
The rolling resistance of the bearing is determined 

by the bearing design and the grease contained in 
the bearing. The bearing design is optimized to satisfy 
the customer’s demands. The grease contained in the 
bearing has been developed over many years based 
on the needs of the customers and the market.

Fig. 3  History of development of hub bearings
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The standard grease used in production currently 
is based on that used for GEN1 production, with 
improvements made to better its rust resistance 
properties. In the mid-2010s low friction grease was 
developed5) and used on vehicles requiring lower 
torque. In 2019 the ultra-low friction grease was created 
further reducing torque. The difference between the 
three greases are the base oils. The standard grease 
uses mineral oil, the low friction grease uses a mixture 
of mineral oil and synthetic oil and the ultra-low friction 
grease uses synthetic oil. Adopting superior base oil 
can reduce the viscosity resistance in the low to mid 
temperature range and, in turn, reduce torque. NTN 
has been optimizing, not only the base oil, but also the 
thickener and additives which compose the grease, 
improving the torque property and other grease 
properties.

3.4.2 History of Seal Development
Various elements of seal sliding resistance have 

been developed and introduced to the market, such as 
the optimization of the seal design structure, rubber 
material, lip contact surface, lip rigidity, etc. without 
degrading the seal property. By incorporating these 
elements, the seal torque has been signifi cantly 
reduced compared to previous seals.

Further torque reduction can be achieved by 
reducing the number of lips in contact with the rotating 
components. However, this would degrade the seal 
function. A new seal was developed adopting a 
labyrinth structure to combat these issues5).

For the driven wheels, CVJ does not have to be 
inserted in the inner diameter. Therefore, a design 
that seals the inboard side (vehicle side) with a cap is 
implemented, as shown in Fig. 4, which signifi cantly 
reduces torque by eliminating one of the two seals of 
the conventional unit.

Fig. 4 Example of sealing cap structure

4. Summary
NTN has been working to develop axle unit bearings  

for over 40 years and has expanded its market with 
the merger of NTN-SNR in 2008, which has enabled 
its market share has grown to the top. By continuously 
working to meet the market’s needs, we are able to 
offer products with lower weights and torque than in 
the past while maintaining reliability. We are excited 
to continue our development of the next generation of 
products with new ideas for further reduction of weight 
and torque.

In this article, we have reviewed the history of axle 
unit bearings development focusing on reduction of 
weight and torque. We owe this to the efforts of our 
pioneers, which we are very proud of, and hope to 
continue these efforts to construct vehicles with greater 
functionality and comfort.
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1. Introduction
Recently, environmental concerns such as global 

warming have been highlighted globally. For reducing 
CO2 emissions, which is the main factor of global 
warming, auto manufacturers are working on various 
aspects to reduce fuel consumption.

Under these circumstances, reducing weight and 
improving torque transmission efficiency are required, 
for lower fuel consumption, to the Constant Velocity 
Joint (hereafter, CVJ), which is a component to 
transmit the vehicle power.

The power from the vehicle engine is transmitted 
to the tires through the transmission, differential and 
driveshaft. The CVJ is used to smoothly transmit torque 
at the same rotational speed when the input and output 
of the driveshaft rotate at an arbitrary work angle. As 
shown in Fig. 1, “the sliding type CVJ” which can slide 
in the axial direction is used on the differential side of 
the driveshaft and “the fixed type CVJ” which has a 
larger work angle is used on the tire side.

Fixed type CVJ

Output axis

Input axis

Driveshaft

Shaft

Sliding type CVJ

Fig. 1  Placement of driveshaft

2. Market Trend/Need
The CVJ has contributed to solving challenges 

that automobiles face such as safety, environmental 
protection, low fuel consumption, and ride comfort.

Historically, the fixed CVJ was required for its 
reduced weight and compactness and then later 
addressed the increased efficiency requirement. 
The sliding CVJ was required for its low vibration 
characteristics and then later addressed the 
requirement of lightweight and compactness.

Improvements to the grease for CVJ lubrication, 
higher shaft strength and development of the 
lightweight E-series have greatly contributed to the 
above development requirements of CVJs and high 
efficiency, contributing to lower fuel consumption of 
vehicles.

3. History of Development of CVJ1)-3)

3.1 Before Development of CVJ
Vehicles before the 1960s were mostly front engine/

rear drive type where power was transmitted to the 
rear wheels through a rigid axle and a CVJ was not 
necessary. A CVJ was not necessary for the front 
wheels either, as they were used only for steering, not 
for driving.

3.2 �Adoption of CVJ to Automobiles  
(in the 1960s)

In front wheel drive (FF) vehicles and 4-wheel drive 
(4WD) vehicles, the power is transmitted to the front 
wheels; therefore, a driveshaft to steer and transmit 
driving power became necessary. Initially, a cross joint 
(Cardan joint) was used for the driveshaft. However, 
since it was not a constant velocity joint, the cross joint 
produced vibration and noise while driving with a large 
work angle and steering stability during cornering was 
poor.

Technical Article (3)

History of Development of Constant Velocity Joints 
Aiming at Low Fuel Consumption

NTN commercialized the constant velocity joint for the first time in 
Japan in 1963, and after that, worked on lightweight, compact and high 
efficiency to meet the evolving needs of automobiles. This article looks 

back on the history of NTN's constant velocity joints contributing to lower fuel consumption in automobiles.

Tatsuro SUGIYAMA*

 * CVJ Development Dept., Automotive Business Headquarters
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To solve these problems, the Weiss joint, and Double 
Cardan joint, etc. were developed as the pseudo constant 
velocity joint; however, their performance was not 
sufficient enough for the driveshaft of automobiles.

Then, Hardy-Spicer in the UK developed the Birfield 
joint (BJ) which is a predecessor of the current CVJ for 
automobiles and NTN introduced that technology in 
their products. At that time, the sliding motion in the axial 
direction was absorbed by the slide spline installed on the 
shaft, but the sliding double offset joint (DOJ) developed 
by NTN provided smooth sliding. These CVJs were 
superior in performance and reliability, improving driving 
stability significantly, and contributed to the development 
of FF vehicles.

Fig. 2 shows the history of development of NTN’s 
lightweight, compact and highly efficient CVJ.

3.3 Application to FF vehicles (1963 -)
When automobile manufacturers started developing FF 

vehicles at full scale, NTN worked with Suzulight (Suzuki) 
to develop the BJ in 1963 and succeeded with volume 
production of CVJs for the first time in Japan. Then in 
1965, the BJ+DOJ, which is the current driveshaft style, 
was first adopted by the Subaru 1000 model vehicle.

In the 1970s, various auto manufacturers introduced FF 
vehicles into the market. The second oil crisis of 1978 

accelerated the adoption of FF vehicles and the demand 
for NTN’s CVJs expanded. In addition, NTN’s CVJs greatly 
contributed to the expansion of the front engine/rear drive 
(FR) vehicles, which introduced independent suspension, 
from the rigid axle style, for improved ride comfort and the 
development and expansion of 4WD vehicles.

3.4 �Lightweight and Compactness (1990 -), E-Series
The manufacturing process of the outer ring of CVJs 

was changed to induction hardening using medium carbon 
steel rather than carburized steel to increase strength and 
reduce weight. Also, urea-based grease was developed to 
facilitate a long operating life. With these developments, in 
around 1992, NTN started providing driveshafts of one size 
smaller and lighter than the conventional products.

Furthermore, from around 1995, NTN started the 
next phase of development of fixed/sliding type CVJ for 
lightweight/compactness and from 1998, started market 
introduction of the E-Series CVJ. The E-Series CVJ (EBJ) 
which is the fixed type CVJ, was developed by reducing the 
ball size and increasing the number of balls from 6 to 8 in 
order to achieve lighter and smaller units, while maintaining 
the load carrying capacity equivalent to BJ. Along with 
this, the sliding type CVJ, “EDJ” was also developed by 
increasing the number of balls from 6 to 8.

The internal design of the roller type sliding TJ was 

History of Development of Constant Velocity Joints Aiming at Low Fuel Consumption

Fig. 2  History of development of NTN’s light weight, compact and high efficiency CVJ
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also improved at the same time to achieve a smaller 
unit without degrading strength from the inherent longer 
operating life than ball type, resulting in the development 
of “ETJ.”

The transition of reduction of weight and size mentioned 
above is shown as a comparison with the size #87 fi xed 
type BJ and sliding type TJ as the baseline (Fig. 3). The 
size #87 was downsized to size #82 by application of 
long-life grease and high-strength shaft and then further 
reduction equivalent to 2 sizes by introduction of E-Series. 
Compared to the initial volume production, the current 
product achieved 13% reduction in size and 23% reduction 
in weight for fi xed type BJ and 12% reduction in size and 
17% reduction in weight for sliding type TJ.

3.5 Low Vibration Driveshaft
Along with the development of automobiles, the need for 

comfort and quietness increased for improved ride comfort, 
which increased the demand for low vibration sliding type 
CVJ.

The fi rst developed sliding type CVJ was the ball type 
DOJ which had large sliding resistance. In 1984, the sliding 
resistance was successfully reduced by the adoption 
of *RPCF cage which has a structure to allow a small 
amount of ball rolling in the axial direction to absorb small 
amplitude vibrations.

In 1983 the roller type tripod joint (TJ), which was a 
newly structured sliding CVJ, was developed. Because 
of its structure of rolling rollers, sliding resistance was 
signifi cantly reduced compared to DOJ and its adoption 
by FF AT vehicles expanded due to issues with idling 
vibration.

Later, TJ was also improved and in 2002, low vibration 
sliding type CVJ “PTJ” was developed, which allowed 
rollers to roll smoothly, even in the high work angle range, 
by combining elliptical trunnion journal shape and roller 
cassette, for addressing further low vibration and low 

sliding resistance (Fig. 4). The history of the development 
of the sliding type CVJ reduced sliding resistance, 
which contributed to the reduction of vibration and fuel 
consumption of vehicles over time.
*RPCF cage: Cage with a structure to allow movement 
between the cage and inner ring by opening a gap in the axial 
direction between them, which allows a ball to roll by opening 
gap between the cage window and the ball.

Trunnion journal

Fig. 4 Structure of PTJ

3.6 Lightweight Shaft (Hollow Shaft)
The shaft is a component to transmit power, connecting 

the fi xed type CVJ and the sliding type CVJ. After 
achieving reduction of weight by enhancing the strength 
of the material of the solid shaft, a hollow shaft was 
developed, which increased rigidity and reduced weight. 
Volume production of hollow shaft started from the 2000s.

The hollow pipe raw material shown in Fig. 5 was 
processed to have the both ends squeezed so they can be 
inserted to the inner rings of a CVJ. Applying a hollow shaft 
achieved 20-30% reduction of weight compared with the 
conventional solid shaft with the same torsional stiffness.

Fig. 5 Structure of hollow shaft

Fig. 3 Transition of outer diameter and weight of CVJ (example of the initial #87 size)
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3.7 Light and Compact Rear CVJ (R-Series)4)

Conventionally, commonly designed CVJs were 
used for the rear driveshaft of FR vehicles and front 
driveshaft of FF vehicles. However, since the rear 
driveshaft of FR vehicles does not require a high 
work angle, a light and compact R-Series CVJ was 
developed specifically for rear driveshafts, as shown 
in Fig. 6. Together with the adoption of the hollow 
shaft and compact boot with less grease, the R-Series 
accomplished approx. 30% weight reduction compared 
with the conventional product.

Hollow shaft REDJREBJ

Fig. 6  Structure of R-Series

3.8 �Development of High Efficiency Fixed  
Type CVJ (CFJ)5)

In 2013, a structure to reduce sliding resistance 
among the internal components of the fixed type CVJ 
was developed, as the current structure was causing 
increased friction loss and thus reduced transmission 
efficiency as the angle increased. “CFJ” shown in 
Fig. 7 places the adjacent arc-shaped tracks mirror-
symmetrically, so that the forces that the balls push 
on the cage with are alternately directed to the open 
side of the outer ring and the opposite side. These 
forces have the same magnitude and opposite 
directions; therefore, they are canceled out resulting in 
reduced axial displacement of the cage. This design 
significantly reduces the contact force of the spherical 
parts between the cage and the outer ring, as well as 
between the cage and the inner ring. As a result, the 
torque loss rate against the EBJ improved by approx. 
50% (work angle of 9 deg) achieving the world's 
highest level of efficiency, contributing to low fuel 
consumption.

Outer ring

Cage

Inner ring

Ball

Fig. 7  Structure of CFJ

4. Future Development
Although electric vehicles (EVs) are gaining traction, 

which changes the driving method, the requirement 
for the driveshaft will stay the same. Therefore, 
we will continue developing light, compact, highly 
efficient and quiet CVJs while optimizing strength and 
durability suitable for the application, use and vehicle 
characteristics by anticipating the future trends and 
needs of vehicles.

5. Summary
In this article, the history of the development of 

the constant velocity joint (CVJ) for driveshaft, which 
was aimed for low fuel consumption, was reviewed. 
The performance of vehicles is constantly improving. 
The functional improvement of constant velocity 
joints directly and indirectly contribute to this vehicle 
performance, and therefore, NTN will continue 
developing and supplying CVJs that contribute to 
vehicle development and are friendly to the global 
environment.
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1. Introduction
Recently, regulations on fuel efficiency and CO2 

emissions have been enhanced globally which has 
increased the importance of vehicle energy consumption 
reduction. As a result hub bearings that support wheel 
rotation are required to further reduce running torque in 
addition to satisfying basic performance such as operating 
life and strength.

NTN, which has a high share of hub bearings for 
vehicles, has long been dedicated to R&D of low 
consumption technologies for hub bearings. NTN has 
proposed various technologies to achieve the objective1)-3).

In this article Low Friction Hub Bearing III is discussed 
which reduced running torque by 62% when compared to 
conventional products. It accomplishes this by combining 
existing items with newly developed grease for reducing 
torque.

2. �Development of Low Torque Hub 
Bearings

2.1 �Structure of Hub Bearings and Contributing 
Factors for Increasing Torque

An example of the 3rd generation hub bearings is 
shown in Fig. 1.

The torque of hub bearings consists of rolling resistance 
of the bearing and the sliding resistance of the seals (outer 
seal and inner seal). Each of them represents approx. 
50% of the entire torque. Various reduction technologies 
have been developed for each of the contributing factors 
shown in Fig. 2. For rolling resistance, optimization of 
bearing specifications and improvement of bearing 
internal grease are included. For sliding resistance, 
improvement of seal rubber material and improvement of 
seal structure and seal interference are included.

    Fig. 1 � Example of the 3rd generation hub bearing 
structure

 

Fig. 2  Contributing factors of bearing torque

Low Friction Hub Bearing III

The Fuel efficiency regulations have been strengthening, therefore the good 
fuel efficiency is one of the important requirements from the field. Based on this 
background, NTN has been developing the low friction Hub Bearing continuously. 

The Low Friction Hub bearing III applicable to such around 60% low torque 
requirement is introduced in this report.
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2.2 Transition of Low Friction Hub Bearings
NTN has been developing and proposing design 

specifications for reducing torque. The hub bearings 
have evolved into Low Friction Hub Bearing I, II and III 
by applying these design specifications.

An overview of the evolution is shown in Table 1 and 
torque reduction ratios to the conventional products are 
shown in Fig. 3. For Low Friction Hub Bearing I, design 
optimization was mainly applied and for Low Friction 
Hub Bearing II, improvement of injected grease and 

adoption of low friction seals were applied to achieve a 
significant reduction.

The newly developed Low Friction Hub Bearing III 
further reduced the torque to achieve a 62% reduction 
compared to conventional products. This reduction was 
accomplished by applying the specifications developed 
in the past and newly developed grease which 
improved the bearing internal grease used in the Low 
Friction Hub Bearing II.

Low Friction Hub Bearing III

Applied low torque technologies
Low Friction Hub Bearing

I II III

Bearing
Bearing specification ○ ← ◎  * Further improvement

Bearing internal grease ○ ◎  * Further improvement

Seal

Grease applied to lips ○ ←

Lip design ○ ← ←

Lip contact condition ○ ←

Number of lips in contact ○ ←

 

Table 1  Transition of Low Friction Hub Bearings

Fig. 3  Transition of development for torque reduction
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3. �Newly Developed Grease  
(Reduction of Rolling Resistance)

3.1 �Functional Requirements and Specifications 
of the Developed Grease

The internal grease of hub bearings is required to 
have the following functions in addition to low friction.

(1) �Maintain long operating life by providing sufficient 
oil film and preventing seizure under the load, 
temperature and speed conditions of hub 
bearings

(2) �Provide superior fretting resistance under low 
temperature

(3) �Sufficient rust resistance and leakage resistance

Based on the above requirements, the specification 
of the developed grease was determined as follows: 
The final concept of the developed grease is shown in 
Table 2.

3.1.1 �Reduction of Friction While Maintaining 
Bearing Operating Life

A microscopic view of the rolling contact point 
between the ball and groove includes the element of 
sliding as well. As a result, grease with base oil for 
reduced kinematic viscosity and low traction coefficient 
was applied to reduce friction caused by sliding.

When kinematic viscosity of the base oil of the 
grease is reduced, the risk of insufficient oil film 
increases. This results in damage to the raceway, as 
a trade-off condition. Attention is especially required in 
high load condition as the bearing temperature rises 
and the grease base oil viscosity further decreases. 
Low traction base oil was used to control the locally 
rising temperature for maintaining sufficient oil film 
thickness and high viscosity index. Vaporization 
resistance and oxidation resistance were improved 

to secure long-term lubricity in the high load region, 
resulting in an operating life equivalent to or better than 
conventional products.

3.1.2 �Fretting Resistance under Low 
Temperature

In the long-haul transportation of newly 
manufactured vehicles on railroad freight cars, small 
vibrations are generated between the raceway and the 
rolling elements of a hub bearing. As shown by the red 
arrows in Fig. 4, these vibrations squeeze out grease 
between the raceway and rolling elements creating 
metal-to-metal contact causing fretting wear. Fretting 
wear becomes more significant in low temperature 
conditions where grease tends to be harder and fluidity 
decreases. If a vehicle in this condition is driven, 
abnormal noise may be generated.

In order to ensure grease fluidity in low temperature, 
base oil of low pour point is applied and thickener 
and additive were optimized resulting in improved low 
temperature fretting performance.

Table 2  Concept of developed grease

Grease property
Comparison with the conventional 

product

Base oil

・ �High viscosity index
・�Superior vaporization resistance and 

oxidation resistance	
・ �Low pour point
・ Low traction

Base oil kinematic 
viscosity

・ �Low to room temperature: reduce
・ �High temperature: aim for equivalent 

to conventional product

Thickener ・ Improved composition for low friction

Additive
・ �Selection of additives to compensate 

the disadvantages brought in by 
change of base oil

Fig. 4  Mechanism to produce fretting wear

Top part of the groove

Bottom part of the groove

Example of fretting wear on the 
bearing raceway surface

Vehicles in 
transportation

Tire Small vibrations between the raceway 
and the rolling elements

The condition caused by shaking of the vehicle on the railroad freight car 
during the long-haul transportation. The resultant motion while the freight car  
passes over the rail joints. (Vehicle is fixed on the bed of the freight car)
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3.2 Evaluation Test
A running torque test was conducted with a hub 

bearing fi lled with the developed grease and seals with 
the rubber lip removed.

The result is shown in Fig. 5. The ratio of 
torque reduction reached to 56% compared to the 
conventional product (initial 3rd generation hub 
bearing), validating the reduction effect of rolling 
resistance of the improved bearing internal grease.

A reliability evaluation test was also conducted to 
verify the required functionality, as shown in Table 3. 
The bearing with the developed grease satisfi ed all the 
development objectives in the test items, fulfi lling all 
the functions required of the bearing internal grease.

 

Fig. 5 Running torque test (room temperature)

 Table 3 Bearing internal grease reliability evaluation test

*1  Turning load: 0.6 G load condition
*2  Rotating speed condition when the vehicle speed is 

200 km/h
*3  Wear test with small vibrations under the environment 

of -20°C

4.  Ultra Low Friction Seal 
(Reduction of Sliding Resistance)

The structures of the outer seal and the inner seal 
adopted by the initial 3rd generation hub bearings 
(conventional seal) and low friction seals are compared 
in Fig. 6.

Generally, three contacting lips are used to ensure 
necessary protection against muddy water. However, 
low friction seals use less contacting lips to further 
reduce friction. Protection against muddy water, 
which is degraded by reduction of contacting lips, is 
preserved by introducing a labyrinth structure and 
elaborating the lip shape.

Reduction of friction is not only due to the structure 
but also the rubber material with low friction coefficient, 
optimized design of the lip contact surface and 
application of grease dedicated to the lips. Altogether, 
these items contributed to a reduction of 70% of seal 
torque compared to conventional products as shown in 
Fig. 7.

  
 

Fig. 6 Structure of conventional seal and low friction seal

Fig. 7 Seal torque test (room temperature)
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5. Low Friction Hub Bearing III
The newly developed bearing internal grease was 

combined with the existing low friction seal. Fig. 8 
shows the running torque ratio of this bearing. By 
reducing rolling resistance and sliding resistance of 
both inner seal and outer seal, 62% of torque reduction 
effect was obtained for the entire hub bearing.

Fig. 9 shows the performance evaluation chart of 
the main functional requirements of hub bearings.

It shows that the developed product performed 
equivalent to or superior to the conventional product in 
all the functional requirements. The developed product 
should also be adequate in applications with more 
severe environments as the fretting resistance in low 
temperature has signifi cantly improved. In addition, the 
Low Friction Hub Bearing III decreases the preload 
upper limit by narrowing the preload range to reduce 
and stabilize the running torque.

  Fig. 8  Example of running torque ratio of hub bearings

Fig. 9 Performance evaluation chart

¥6. Conclusion
In response to the demand for low fuel consumption, 

new bearing internal grease was developed and 
combined with the existing technology to introduce 
Low Friction Hub Bearing III to the market. It has 
reliability equivalent or greater than the existing 
products while reducing torque. Some of the 
technology used in the developed product is already 
adopted by auto manufacturers.

We will continue to strive to contribute to society 
and develop products to address the global need for 
further torque reduction and improved reliability.
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1. Introduction
Recently, regulations on vehicle fuel efficiency and 

gas emissions have been intensifi ed considering 
the impact on the global environment, with further 
regulatory developments planned globally in the 
coming years.

Therefore, development of electrifi ed technologies, 
including hybrid technology, is actively pursued in the 
automotive industry. More efficient internal combustion 
engines are also being pursued.

NTN develops and manufactures auto tensioners 
used for timing belt systems and timing chain systems, 
which transmit the rotation of the crankshaft of 
internal combustion engines (hereafter, “engines”) 
synchronously to the cam shafts and accessory belt 
systems for driving accessory devices1). 

The role of an auto tensioner is to appropriately 
maintain the tension of the belts and chains to reduce 
the system noise and extend operating life. It also 
contributes to low fuel consumption by reducing system 
friction through selecting the optimum specifi cations to 
fi t particular engines.

NTN has developed a “Fuel-efficient Compact Chain 
Tensioner” (hereafter, “Chain Tensioner”) (Fig. 1) as a 
product to contribute to lower fuel consumption from 
timing chain systems.

In general, the chain tensioner used in vehicle 
engines employs a damping mechanism using 
engine oil supplied from the engine. The aim of NTN’s 
development was to reduce the energy loss and fuel 
consumption by signifi cantly reducing the amount of 

engine oil used by the chain tensioner so that the load 
of the oil pump, which supplies engine oil to the entire 
engine, is reduced.

In addition, this development included simplifi cation 
of the internal structure of the tensioner itself for 
reducing its size and weight to address the market 
demand for cost reduction. In this article, the structure 
and features of NTN’s developed chain tensioner are 
introduced.

Fig. 1 Example of chain system layout

Fuel-efficient Compact Chain Tensioner

New Products

The fuel efficiency regulations have been forwarded, therefore the automotive 
industry is developing electrical technology. On the other hand, efforts are being 
made to reduce engine fuel consumption.

Based on this background, The "Fuel-efficient compact chain tensioner" that 
achieves downsizing and a signifi cant reduction of oil supply for a hydraulic chain 
tensioner that adjusts the tension of the timing chain is introduced in this report.
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2. Structure
Simplifi ed diagrams of the structure of the developed 

product and the conventional product are shown in
Fig. 2 and 3. The developed product uses a newly 
adopted oil circulating structure and oil storage 
structure, described later in section three. Adoption 
of an oil storage structure helped eliminate the anti-
backlash mechanism shown in Fig. 3 to simplify the 
structure. Also, modifi cation of the return spring to 
a conical spring helped reduce the total length and 
achieve a more compact size. In case the plunger 
thrust power is insufficient in certain applications, an 
assist spring, also shown in Fig. 3, can be added for 
additional power.

Fig. 2  Structure of Fuel-efficient Compact Chain Tensioner

Fig. 3 Structure of conventional chain tensioner

3. Features
The features of NTN’s chain tensioner are listed 

below, compared to our conventional chain tensioner:
(1)  Reduction of the oil amount used by adoption of 

oil circulating structure: 1/10 or less
(2)  Activation of damping force from the initial stage 

by adoption of oil storage structure: elimination of 
anti-backlash mechanism

(3)  Compactness by modifi cation of internal 
structure (Fig. 4): reduction of total length by 
18%, reduction of weight by 10% or more

Fig. 4 Compact and light structure

3.1  Contribution to Low Fuel Consumption by 
Adoption of Oil Circulating Structure

Conventionally, the oil supplied to the chain 
tensioner is released from the tensioner through the 
gap between the outer diameter of the plunger and 
the cylinder bore (leak gap) when damping force is 
generated. The released oil is stored in the oil pan 
below the engine to be re-supplied to various parts of 
the engine by the oil pump. The oil pump is required to 
have the supply capacity to also return the oil released 
from the tensioner.

In contrast, the developed product can signifi cantly 
reduce the amount of oil released out of the tensioner 
by returning the oil that leaks out through the leak gap 
(when damping force is generated) back inside the 
plunger through a side hole on the outer circumference 
of the plunger (Fig. 5). This enables a signifi cant 
reduction of the necessary amount of supplied oil 
while maintaining high reliability and durability as the 
conventional product. The reduction of the amount of 
oil used reduces the load the pump is required to drive, 
which can reduce the size of the oil pump, leading to 
lower fuel consumption from the engine.

Cylinder

(Pressure chamber)

(Mounting side)

Return spring (green)
Assist spring (purple)

Check valve

Plunger

Oil supply port
(Cylinder and plunger)

Valve seat

Steel ball

Valve spring

Valve retainer

Check valve

Check valve

Register ring

Groove on plunger outer 
diameter

Groove on cylinder bore

Oil supply port

Anti-backlash mechanism

Reduction by 18%

 Weight reduction of 10% or more by the internal parts
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Fig. 7 Spring shape

3.2  Structure benefit from oil storage
A hydraulic chain tensioner generates the required 

damping force for adjusting the chain tension using oil 
supplied from the oil pump. However, as mentioned 
later, when the engine stops, the oil pump also stops 
supplying oil, which causes a delay of oil supply 
to the chain tensioner when the engine restarts. 
Conventionally, a mechanical anti-backlash mechanism 
was required to suppress abnormal noise generated 
due to insufficient tension from the above-mentioned 
delay for a few seconds after the engine starts.

The developed product adopts a structure to store 
oil inside the plunger to eliminate the anti-backlash 
mechanism. By adopting this structure, this stored oil 
is used until oil is supplied from the oil pump to the 
chain tensioner after the engine starts to compensate 
the delay of oil supply, producing appropriate damping 
force immediately after the engine starts (Fig. 6). 
Therefore, undesirable noise can be mitigated even 
when the anti-backlash mechanism is eliminated.

3.3 Compactness/lightweight Design
The developed product achieved reduction of axial 

length by 18% and reduction of weight by over 10% 
compared to the conventional product by modifying the 

internal specifi cations and simplifying the structure/
The following are some examples of adopted designs.
1) Size reduction of internal spring (Fig. 7)

The total length of the internal spring was reduced 
by adopting a conical return spring as the main spring. 
In addition, providing an assist spring on the outer 
perimeter made it possible to cope with a wide range 
of thrust requirements.

Noise suppression on the conventional product after the engine starts

Noise suppression on the developed product after the engine starts

The oil storage supplies oil to the pressure chamber 
until supply oil comes from the engine to suppress the 
abnormal noise when the engine starts

Fig. 6 Oil storage structure

Plunger

Oil storage

Pressure chamber: no oil supply

Anti-backlash mechanism 
(register ring type)

Anti-backlash 
mechanism is 
required due to 
shortage of oil in the 
pressure chamber 
as the plunger is 
extended

Extended

Oil flow in the conventional product

Oil flow in the developed product

<When chain tension is high>
When plunger is returned

<When chain tension is low>
When plunger is extended

Oil that leaked out of the 
pressure chamber returns 
inside the plunger

Oil is supplied from inside 
the plunger to the pressure 
chamber

Fig. 5 Oil circulation structure

Check valve

Supply side

Leak gap Oil supply side (oil storage)

Pressure chamber → : Oil fl ow

All of oil amount is 
released outside 
the tensioner

Returned
Extended

Adoption of conical spring

Reduction

Assist spring
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2) Streamlined cylinder
Eliminating the anti-backlash mechanism also 

eliminated the need for the register ring and multiple 
grooves on the outer diameter of the plunger. The 
groove to accommodate the register ring on the 
cylinder bore is not required any more, making it 
possible to streamline the cylinder outer diameter.

(Additional notes)
(1) Anti-backlash mechanism (conventional product)

A mechanism to suppress vibration of the timing 
chain due to no oil supply immediately after the engine 
starts even when no damping force is produced on the 
chain tensioner. NTN has two mechanisms: a buttress 
thread type, which uses the frictional force of the screw 
and has small backlash and quiet operation, and a 
register ring type, which has a simplifi ed structure with 
a ring and stepped grooves1), 2).

(2) Role of the check valve (Fig. 8)
・  When the chain has tension, the plunger is pushed 

back and the pressure of the pressure chamber 
(a) becomes higher than the oil supply pressure 
(b), the check valve is closed and damping force is 
produced.

・  When the chain loses tension, the plunger is 
extended and the pressure of the pressure 
chamber (a) becomes lower than the oil supply 
pressure (b), and the steel ball moves and oil fl ows 
into the pressure chamber.

Fig. 8 Role of check valve

(3) Delay of oil supply when the engine starts (Fig. 9)
In general, oil is supplied to the chain tensioner 

by the oil pump, which pumps out oil in the oil pan 
located at the bottom of the engine. Since rotation 
of the oil pump usually works together with rotation 
of the engine, oil is not supplied while the engine 
stops. Therefore, oil in the piping of the engine drops  
back into the oil pan a while after the engine stops. 

When the engine starts, oil is re-supplied to the chain 
tensioner through the piping, which causes a delay 
before the chain tensioner is supplied with oil again.

Engine is running

Engine stops

Cam sprocket

Crank sprocket

Chain tensioner

Oil pump

Oil pan and oil

Timing chain

Fig. 9 Concept of oil supply

4. Functional Evaluation
4.1 Comparison of oil consumption

To evaluate the oil circulating structure, which is a 
feature of the developed product, operation with the 
actual product was simulated to measure the amount 
of oil released from the chain tensioner (oil consumed) 
under vibration and the result was compared with the 
conventional product. During the test, oil was supplied 
to the chain tensioner and the orientation of the 
sample was horizontal (Fig. 10). Below is an example 
of the evaluation conditions and the evaluation result. 
The comparison was made with the samples having 
an equivalent damping capacity (load generated when 
vibration was applied).

<Example of the evaluation conditions>
・ Amplitude of applied vibration : ± 0.2mm
・ Frequency of applied vibration : 100Hz
・ Supply oil pressure : 0.2MPa
・ Oil type : SAE 10W-30
・ Oil temperature : 35°C, 100°C
・ Measurement of oil amount : 30s

<When chain tension is high> <When chain tension is low>

Pressure a>b Pressure a<b

Check valve closed Oil infl ow

a a

b b
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Fig. 10 Measurement of used oil amount

The developed product could reduce oil consumption 
to 1/10 or less compared with a conventional product 
with the equivalent damping capacity (Fig. 11).
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Fig. 11 Measurement result of used oil amount

4.2 Evaluation at Start-up of the Engine
In order to verify the impact of eliminating the anti-

backlash mechanism and verify the function of the oil 
storage structure, a test was conducted simulating the 
engine start-up using the actual engine. By verifying 
the displacement of the plunger and the input load, 
the effect of the aforementioned delay of oil supply at 
the engine start-up was determined. The following are 
some examples of the evaluation results.

When the plunger is quickly extended due to the 
start-up of the engine (the condition from (1) to (2) 
in Fig. 12) and no oil is supplied from the engine, 
damping force is produced by internal oil stored in the 
oil storage giving an appropriate tension to the chain, 
in an early stage, which suppressed the vibration of 
the chain (amplitude of the plunger displacement). The 
result verifi ed that the anti-backlash mechanism can 
be eliminated.

    Fig. 12  Result of evaluation of behavior at start-up of 
the engine

4.3 Oil Hydraulics Damping Property
A dynamic characteristics evaluation test was 

conducted to evaluate the dynamic reaction force 
of the chain tensioner when vibration is applied to 
index the basic damping force of the hydraulic chain 
tensioner. In the dynamic characteristics evaluation, 
the load generated by the applied vibration is verifi ed 
while supplying oil to the chain tensioner; therefore, 
the impact of various parameters such as the leak 
gap, check valve load and spring load can be verifi ed. 
The evaluation can be conducted on the platform 
simulating the operation with the engine. The following 
is an example of the evaluation conditions:

Fuel-efficient Compact Chain Tensioner

1.5s 2s 2.5s 3s 3s2s1s

0s 5s 10s 15s 20s 25s 30s

(1)

Time from start-up of the
engine until oil hydraulics
produce pressure on the oil path

Too large vibration
immediately after start-up
(unacceptable case)

Oil storage

Plunger is extended at start-up

(1)
(2)

Plunger displacement

Input load
Hydraulic
pressure Engine rotational speed

Plunger is extended

Amplitude: large

(2)

Amplitude: small

(2)

Measurement of released oil 
(= used) amount

Released oil

Applied vibration
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<Evaluation conditions>
・ Amplitude of applied vibration	 : ± 0.2mm
・ Frequency of applied vibration	 : -200Hz
・ Supply oil pressure	 : 0.3MPa
・ Oil type	 : SAE 10W-30
・ Oil temperature	 : 35°C

Fig. 13 shows the comparison of the evaluation 
results of the developed and conventional product. 
The developed product shows load generation up to 
higher frequencies, similar to the conventional product, 
which verifies good followability? and basic damping 
capacity. The maximum and minimum values in Fig. 13 
are the results obtained from the Lissajous figure (Fig. 
14 Amplitude-Generated Load) at various frequencies.

Fig. 13  Dynamic characteristics evaluation test result

Fig. 14  Lissajous figure (developed product)

5. Conclusion  

In this article, the Fuel-efficient Compact Chain 
Tensioner was introduced. The developed product 
achieved reduced oil consumption in the tensioner to 
1/10 or less, compared to the conventional product. 
The functionality of the conventional product was 
maintained by adopting the structure to circulate 
oil in the tensioner, which contributes to lower fuel 
consumption of the engine by reducing the load to the 
oil pump. In addition, the developed product achieved 
a reduction in length by 18% and a reduction of weight 
by 10% by simplifying the structure and reducing the 
size of the tensioner.

We will devote ourselves to further development and 
promote product development for higher functionality.
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New Products

Fixed Constant Velocity Joint with Ultra High Angle and 
High Efficiency “CFJ-W”

1. Introduction
In 2015, parties agreed via the Paris Agreement, to 

maintain the average global temperature rise attributed 
to greenhouse gas emissions from human activities, 
to below 2 degrees Celsius. Automobiles account for 
approx. 18% of the CO2 emissions of energy origin, 
and therefore, energy efficiency improvement of 
automotive components is an urgent issue1).

At the same time, longer wheelbases for larger 
passenger compartments, and larger size tires for 
driving stability, have become the vehicle trend. These 
trends affect the vehicle’s minimum turning radius and 
require a larger wheel angle in order to maintain the 
same turning radius of conventional vehicles.

The wheel angle is determined by vehicle design 
restrictions and the maximum bending angle (hereafter, 
“maximum working angle”) of the fixed type constant 
velocity joint (hereafter, “fixed type CVJ”) installed on 
the tire side.

So in this article, the fixed type CVJ, “CFJ-W”, is 
introduced. The CFJ-W has the world’s highest level of 
both efficiency and working angle and can contribute to 
the reduction of CO2 emissions, deliver larger passenger 
compartments and increase vehicle driving stability.

2. About the Driveshaft
The driveshaft is a component that smoothly transmits 

engine power (both rotation and torque), to the tires at 
constant speed, even when the input shaft (differential 
gear shaft) and the output shaft (wheel shaft) are rotated 
at an angle. In general, the driveshaft consists of a fixed 
type CVJ, a sliding type CVJ, and a shaft to connect them 
together (Fig. 1). The fixed type CVJ can have a large 
working angle, but cannot slide in the axial direction; the 
sliding type CVJ has a small working angle, but allows for 

movement in the axial direction.
In 1997, ahead of the competition, NTN developed 

the “EBJ (with a maximum working angle of 47°)2)”, 
a light, compact and highly efficient joint. Then in 
2012, for a light, compact, wide-angle, fixed type CVJ, 
NTN started production of the “VUJ (with a maximum 
working angle of 50°)”. Also in 2012, NTN introduced 
the “CFJ (with a maximum working angle of 47°)3)”, 
which through NTN proprietary design, reduced torque 
loss by half in comparison to NTN’s EBJ. As such, 
NTN has shown a track record of improving on joint 
efficiencies and widening angles.

Tire

Sliding type CVJ

Shaft

Fixed type CVJ

Differential gearDriveshaft

Input axisOutput axis

Fig. 1  Placement of driveshaft

3. CFJ-W Structure and Features
3.1 Structure

The CFJ-W basically follows the structure of the 
existing already developed CFJ; it consists of an inner 
race and an outer race, both of which have raceway 
grooves (hereafter, “tracks”) for the 8 balls that 
transmit running torque, a cage that holds the balls 
and a boot that can operate to the maximum working 
angle of 55° (Fig. 2).

In the future, it is increasingly required to improve the energy efficiency of 
automotive parts and the added value of automobiles. So, by applying NTN's 
proprietary technology, we have developed the fixed constant velocity joint "CFJ-W" 

with the highest maximum working angle and high efficiency in the world.

Masashi FUNAHASHI*
Mika KOHARA*

 * CVJ Development Dept., Automotive Business Headquarters

Maximum 
working angle 

55°
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 Ball Inner ring

Boot
Cage

Outer ring

Fig. 2  Structure of CFJ-W

3.2 Features
Adopting NTN’s proprietary spherical cross groove 

structure technology (Fig. 3) made it possible to 
reduce the force generated within CVJ (internal force) 
upon torque load, as well as to increase the load 
carrying capacity. This enabled smooth operation 
of the CVJ internal components, even under tough 
operating conditions. Additionally, applying NTN’s 
technology helped the CFJ-W achieve the world’s 
largest maximum working angle and transmission 
efficiency, while maintaining an outer race diameter 
and weight similar to a conventional high-angle fixed 
type CVJ (i.e. VUJ). (Table 1 and Fig. 4)

To ensure quality, the associated boot shape was 
redesigned to withstand the wider CFJ-W angle, while 
maintaining outer race diameter dimensions that are 
equivalent to those of conventional boots.

Track

Outer ring Inner ring

Fig. 3  Spherical cross groove structure

Table 1  Comparison of VUJ and CFJ-W

Fig. 4  Appearance of VUJ and CFJ-W

Item Conventional Product 
VUJ92

Developed Product 
CFJ92W

Max. Working 
Angle (°) 50 55

Outer Race 
Outer Diameter  

mm
Φ87.8 Φ88

Number of 
Balls

6 8

Ball Diameter  
mm Φ17.462 Φ15.081

Weight  kg 1.64 1.60

Torque Loss -
Over 50% reduction 

compared to the 
conventional product

　

Feature 1: �The arc-shaped tracks of the inner and outer rings are tilted in 
the axial direction, and adjacent tracks are mirrored.

Feature 2: �The inner track and the outer track cross the slope of each 
other, and the ball is placed at the intersection.

VUJ92 (Maximum working angle 50 degrees) CFJ92W (Maximum working angle 55 degrees)

Boot outer diameterOuter ring 
outer diameter
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3.3  Achieving High Efficiency & a Large Maximum 
Working Angle (50 Degrees-Plus)

Within conventional joint (i.e. EBJs, VUJs) structures, 
the ball tracks on the inner and outer race are formed 
in an arc shape (shown in Fig. 5), with the arc centers 
offset in opposite directions from each other from the 
center of the joint. On the other hand, the CFJ-W inner 
and outer races’ arc-shaped track centers are not 
offset, but slanted in the axial direction, with adjacent 
tracks symmetrically placed with the angles of the 
inner and outer race tracks crossing each other (shown 
in Fig. 6). This ensures the functionality of the CVJ and 
greatly contributes to the achievement of both a large 
maximum working angle (working angle of over 50 
degrees) and high efficiency.

Load produced by 
the balls pushing 
the cage

F

F

        Fig. 5  Structure of EBJ (conventional product), 
internal force

F2

Load produced by 
the balls pushing 
the cage

F1

F1

F2

Outer ring
Track on the
load side

Outer ring
Track on the
load side

Fig. 6 Structure of CFJ and CFJ-W, internal force

1) CVJ Internal Force
As mentioned above, the CFJ-W has adjacent arc-

shaped tracks axially inclined and placed symmetrically 
relative to each other. The intended affect for this design 
is to have the adjacent balls push the cage in opposite 
directions, canceling out the resultant forces that suppress 
the axial displacement of the cage (shown in Fig. 6). This 
signifi cantly reduces the spherical contact force between 
the cage and outer race, and between the cage and inner 
race, which greatly improves torque loss ratio.

Also, it is known that as the CVJ working angle 
increases, the load produced inside the CVJ increases 
independent of torque input4). Along with this increased 
load, the load on the CVJ internal components also 
increases resulting in increased heat and degraded 
strength. At the high working angle range, the CFJ-W’s 
spherical cross groove structure reduces the contact force 
produced inside the CVJ. As evidenced by the spherical 
contact force analysis in Fig. 7, the aforementioned 
structure nearly eliminates the contact force in the normal 
operating range. Even at the high working angle range, 
close to the maximum working angle, the contact force is 
reduced in comparison to that of the conventional product, 
contributing to the achievement of functionality in the 
range beyond 50 degrees.

Fig. 7 Analysis result of spherical contact force

2) Load Carrying Capacity
For achieving a maximum working angle beyond 50 

degrees, it is important to control deformation of the 
internal components. Internal component deformation 
is mainly a product of ball and track contact at high 
working angles and high torque inputs. Therefore, it 
is necessary to keep sufficient track depth at the high 
working angle range. The CFJ-W’s spherical cross 
groove structure positions the CFJ-W inner and outer 
races’ arc-shaped track center in the same plane as 
the center of the joint which ensures the same track 
depth at any range (Fig. 8 hatched area), improving 
the load carrying capacity of the CFJ-W at the high 

Normal operating range

VUJ (Conventional product)

CFJ-W (Developed product)

High angle range

“Reduced” contact force

“No” contact force

Reduction 
by 24%

S
ph

er
ic

al
 c

on
ta

ct
 fo

rc
e



　NTN TECHNICAL REVIEW No.87　　77

working angle range. This differs from that of the 
conventional joint which has the inherent problem of 
reduced track depth at the high working angle range. 内輪トラック深さ

外輪トラック深さ

外輪トラック深さ

内輪トラック深さ

Enlarged

Inner ring track depth

Outer ring track depth

Inner ring track depth

Outer ring track depth

Enlarged view of EBJ (conventional product)

Inner ring track depth

Outer ring track depth

Inner ring track depth

Outer ring track depth

Enlarged view of developed product

Fig. 8  Comparison of track depths

3) Grease
NTN has developed various high-functional greases 

used selectively in various CVJ types and applications. In 
order to achieve a 50-plus degree maximum working angle 
and high efficiency, internal force reduction as well as 
lubrication improvement is required.

By optimizing the thickener and additive, which resulted 
in outstanding grease fluidity and lower friction respectively, 
the CFJ-W grease reduced the friction coefficient in the 
SRV (vibration/friction/wear) test, as shown in Fig. 9. In the 
Torque Loss Test (Fig. 9) for an EBJ (conventional joint), 
this grease showed a 22% improvement in performance in 
comparison to the general-purpose grease’s performance 
in the same test. This supports that this grease’s use in a 
CFJ-W, can further reduce torque loss and heat generation.

General purpose grease

Joint under evaluation: EBJ (conventional product)

Applied grease

Friction coefficient

Improved 
by 22%
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e 
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ss
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Fig. 9  Comparison of torque loss rate by grease

4) Functional Evaluation
The results of the CFJ-W (developed joint) and VUJ 

(conventional joint) dynamic high-angle torsional strength 
evaluation, transmission efficiency (torque loss rate) 
evaluation and temperature rise characteristics (joint 
surface temperature) are shown in Fig. 10, Fig. 11 and Fig. 
12, respectively of the developed product, CFJ-W, and the 
conventional product, VUJ, are shown in Fig. 10, Fig. 11 
and Fig. 12, respectively.

At high angles, close to the maximum working angle, the 
CFJ-W and VUJ show equivalent strength. Transmission 
efficiency evaluation confirmed similar performances 
between the CFJ-W and the current high-efficiency fixed 
type CVJ, the CFJ; the torque loss was reduced by over 
50% at any angle range in comparison to the VUJ (the 
current high-angle fixed type CVJ). Additionally, the 
temperature rise characteristics comparison show a 55% 
joint surface temperature reduction between the CFJ-W 
and CFJ.

These results show that the CFJ-W has the world’s 
highest level of efficiency in its normal operating range, 
as well as low temperature rise and sufficient strength at 
the severe operating conditions of working angles over 50 
degrees.
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VUJ (Conventional product) CFJ-W (Developed product)
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Fig. 10  Comparison of high-angle torsional strengths
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Fig. 11  Comparison of torque loss rates
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Fig. 12  Comparison of joint surface temperatures

4. �Development of CFJ-W Dedicated 
Resin Boot

Since this joint achieved the maximum working 
angle of 55 degrees, which is the world’s greatest for 
vehicles’ front driveshafts, the boot applied also had 
to match this capability. This boot would be required 
to withstand angles higher than that of a conventional 
high-angle boot (for 50 degrees) and demanded boot 
shape improvements.

The CFJ-W boot needed to achieve the ultra-high 
working angle, while meeting the same functional and 

performance requirements of other fixed type CVJs, 
specifically the following items:

(1) �Durability and Sealability:  
equivalent to the conventional joint

(2) �Compactness:  
equivalent to the conventional joint

(3) �No clamp interference:  
no clamp interference at the maximum angle

4.1 Durability
An appropriate boot bellow length is required to 

ensure boot durability. There are different approaches 
to accomplish this, such as increasing the number of 
convolutes, increasing the boot large diameter and 
decreasing the boot small diameter. However, each of 
these techniques brings unfavorable consequences 
such as: 

(1) �increasing vehicle space needed for boot 
packaging and installation

(2) �decreasing boot flexibility
(3) �increasing the friction between adjacent boot 

convolutes
(4) �increasing the chance of interference of the small 

diameter inner convolute with the IC shaft
(5) �increasing the axial load on the clamp when the 

boot bellows are retracted
The boot developed for the CFJ-W addressed all 

the aforementioned issues through the addition of 
multiple, smaller multiple convolutes on both ends of 
the boot with these convolutes the same size as those 
used by conventional boots (as indicated by the circles 
in Fig. 13). In addition, to protect against friction at 
larger working angles, when considering the increased 
contact surface pressure between convolutes, a suitable 
material was selected. As a result, this boot achieved 
comparable durability to conventional boots.

!"

                 Fig. 13 � Sectional view of the boot  
(working angle: 0 degrees)
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4.2 �Clamp Compactness and Interference 
Control

CVJ boots are designed considering interference 
with the joint and peripheral components, in addition 
to needing to be flexible at higher working angles. 
The bellow of the CFJ-W boot was designed with the 
optimum ratio of large and small diameter convolutes 
to achieve a small packaging requirement, even at high 
angle operations. Also, this design, while allowing the 
bellow to be convoluted on the outer diameter of the 
outer race, including the addition of the small convolutes 
with no clamp interference, protects the boot from being 
damaged by the clamp (as shown in Fig. 14).

!"

                 Fig. 14 � Sectional view of the boot  
(working angle: 55 degrees)

5. Conclusion
In this article, the features and performance of 

“CFJ-W” were introduced; the CFJ-W achieves both 
the “world’s highest maximum working angle of 55 
degrees” and “reduction of approx. 50% of torque 
loss rate in comparison to the conventional CVJ 
(VUJ)” by improving the load carrying capacity of 
each component and enhancing lubrication of NTN’s 
proprietary “CFJ” product, which was announced in 
2012.

This developed product can be applied to the front 
wheels of 4-wheel drive vehicles, while achieving the 
same minimum turning radius as the rear wheel drive 
vehicles, as well as to reduce the adverse impact on 
fuel consumption due to increase of vehicle weight.

NTN hopes to introduce this product globally as the 
world’s benchmark for fixed type CVJs, achieving both 
high functionality and low CO2 emission which are 
becoming increasingly required for vehicles globally.
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New Products

Compact Plunging CVJ for Propeller Shaft “HEDJ-P”

1. Introduction
Propeller shafts are used on a variety of vehicles 

and take the role of transferring transmission rotation 
to the front and rear driving shafts, as shown in Fig. 
1. Application of the constant velocity joint (CVJ) for 
propeller shafts has recently increased in Luxury Car 
and SUV’s applications due to emphasis on reducing 
NVH (Noise, Vibration and Harshness) and ongoing 
demands to further reduce size and weight for lower 
fuel consumption.

Although NTN has existing production of compact 
and lightweight sliding type propeller shaft CVJ 
joints, known as “HEDJ” here we introduce the new 
“HEDJ-P”. This new joint is dedicated for propeller 
shafts to address the need for further size and weight 
reductions and has achieved the world’s highest level 
in these categories.

Fig. 1 Application of CVJ for propeller shaft

2. Features of CVJ for Propeller Shafts1)-3)

NTN’s CVJ was fi rst adopted for propeller shafts of 
automotive vehicles in the fi rst half of the 1970s. The 
demand signifi cantly increased from the latter half of 
the 1980s with a increased need of high functionality 
and diversifi cation of vehicles. Due to noise and ride 

comfort requirements of 4WD vehicles and complex 
powertrain confi gurations CVJs have been adopted 
replacing the conventional Cardan joint (not constant 
velocity joint, using cross shaft). Fig. 2 shows the 
manufacturing timeline of NTN’s CVJs for propeller 
shafts.

The main operating conditions of CVJ are rotation, 
load torque and work angle. The propeller shaft 
transmits power between the transmission and 
differential and the driveshaft transmits power between 
the differential and the wheels. With the position of the 
propeller shaft the rotational speed is higher and the 
load torque is smaller than the driveshaft. In general, 
the propeller shaft does not require a large work 
angle as the driveshaft due to its layout and functional 
requirements.

NTN has a lineup of various types and sizes of 
the CVJs for propeller shafts to meet the increase in 
propeller shaft structures and functional requirements 
in vehicles. Initially the design was common with CVJ’s 
for driveshafts (BJ/DOJ/TJ/LJ); however, addressing 
the market demand for high speed rotation, CVJs 
modifi cations of internal clearance and surface 
treatment were offered as the CVJs for propeller 
shafts (conventional series). CVJs for driveshafts were 
modifi ed to be more compact/light type, E-Series 
(EBJ/EDJ/ETJ), to address the demand for smaller 
and lighter components. In addition, H-Series for 
supporting high speed operation are enhanced to 
address the needs of every type of vehicles (Fig. 3).

An appropriate sliding type CVJ must be selected 
based on the required sliding amount, outer diameter 
size, characteristics and operating condition. Table 1 
shows the main basic performance of H-Series sliding 
type CVJs and a comparison of their characteristics.

Constant velocity joints for propeller shaft have been applied to 4WD 
and FR vehicles since the 1970s.  And further small size and light 
weight are desired to CVJ for propeller shaft. 

This article introduces the new product “HEDJ-P” for propeller shaft.

Masazumi KOBAYASHI*

 * CVJ Development Dept., Automotive Business Headquarters
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Fig. 2  Manufacturing timeline of CVJ for propeller shafts

Fig. 3  Type and size of CVJ for propeller shafts
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Compact Plunging CVJ for Propeller Shaft “HEDJ-P”

3.  Structure and Features of Developed 
Product

The newly developed HEDJ-P is redesign of the 
conventional HEDJ to make the outer ring even more 
compact and the inner ring thinner for dedicated use 
with propeller shafts.

As shown in Table 1, HEDJ has relatively superior 
balance of NVH characteristics and large sliding 
amount/angle. These attributes contribute to the 
increased degree of freedom for vehicle design and 
ease of mounting on vehicles. It is suitable especially 
for SUVs which have larger operating angles, 
and adopted by many vehicle models. That is the 
reason why it was selected as the base of the new 
development.

3.1 Structure
The joint itself consists of an inner ring, outer ring, 

cage and 8 steel balls, as shown in Fig. 4, similar to 
the conventional HEDJ.

For the cage, the RPCF cage was adopted so that it 
can absorb small vibrations of vehicles, similar to the 
conventional product. Fig. 5 shows the structure of the 
RPCF cage. The RPCF cage has a clearance between 
the steel ball and the cage pocket and a cylindrical 
part on the inner diameter of the cage so that the 
inner ring and the cage can mutually move in the axial 
direction.

This allows the small vehicle vibrations to be 
absorbed in the joint, blocking the vibrations.

Fig. 4 Structure of the developed product

Fig. 5 Structure of RPCF cage

Table 1 Comparison of characteristics of various sliding type CVJs

+++: Excellent  ++: Good  +: Fair

Sliding type

HEDJ HETJ HLJ

Sliding amount +++ +++ ++

Allowed angle +++ + ++

High speed operation ++ + +++

Heat generation ++ +++ +

NVH 
characteristics

Sliding resistance ++ +++ +

Induced force 8th order 3rd order 6th/3rd order

Backlash
Axial ++ + +++

Radial ++ + +++

Cage

Steel ball

Outer ring

Inner ring

RC: radius of cage inner sphere
Ri: radius of inner ring outer sphere
dw: diameter of steel ball
LC: cage pocket width

RC ≒ Ri
LC ＞ dw

Cage inner diameter cylinder part

LC
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3.2 Compactness/lightweight
Since the inner ring and cage of the conventional 

HEDJ are common with EDJ for driveshafts, the 
maximum work angle of the joint alone (without the 
boot installed) is 25 degrees.

On the other hand, CVJs for propeller shafts only 
require the maximum work angle of around 10 degrees 
for vehicle assembly (with the boot installed) and 
around 15 degrees for the joint alone.

HEDJ-P focused on the functions required by the 
propeller shafts limiting the maximum work angle to 15 
degrees and to achieve reduction of outer diameter by 
6%, weight by 17% while maintaining the equivalent 
performance as HEDJ in the same operating range. 
This was achieved by reducing the outer diameter of 
the outer ring and PCD (ball pitch circle diameter), 
thinning the inner ring and reducing the widths of inner 
ring and the cage.

Fig. 6 shows a comparison of the developed 
product with the conventional HEDJ, Fig. 7 shows a 
comparison of the outer diameters, and Fig. 8 shows a 
comparison of weights.

          Fig. 6  Comparison of developed product and 
conventional product

Fig. 7 Comparison of outer diameters
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3.3 Functional Evaluation
Fig. 9 shows the result of the static torsional strength 

test of the developed product HEDJ71P.
HEDJ71P has sufficient static torsional strength 

compared to the conventional product.

             Fig. 9  Static torsional strength test result 
(mounting angle: 15°)

Fig. 10 shows an example of the results from the 
durability test.

HEDJ71P has sufficient durability compared to the 
conventional product.

Fig. 10 High-speed rotation durability test result

The temperature rise characteristics which are used as 
an index of high-speed performance is shown in Fig. 11.

HEDJ71P shows about 30% lower temperature rise 

Fig. 8 Comparison of weights
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than the conventional product, revealing superior high-
speed performance.

Fig. 11  Temperature rise characteristics (inner ring driven)

Table 2 shows other performance evaluation 
results. It shows that the developed product performed 
equivalent to the conventional product in all items.

Table 2  Other performance

Evaluation item Developed product

Sliding resistance Equivalent to HEDJ

Induced force Equivalent to HEDJ

Radial backlash Equivalent to HEDJ

Axial backlash Equivalent to HEDJ

Bending torque Equivalent to HEDJ

3.4 Transmission Efficiency Analysis Result
The following is an introduction of the optimization of 

the internal design to achieve the highest level of size 
and weight while keeping performance.

Since CVJ for propeller shafts is used in high-
speed rotation, the most critical issue is how to contain 
heat generation of the joint. Some of the methods for 
containing heat generation of the joint include surface 
treatment of the internal components and application 
of temperature controlling grease. However, it would 
achieve higher propeller shaft performance if heat can 
be contained by the optimum design of the joint.

Since the temperature rise inside the joint is caused 
by friction among internal components, an analysis of 
the torque loss within the joint was conducted using the 
mechanism analysis. The results are shown in Fig. 12.

It revealed that the developed product reduced torque 
loss rate by approx. 45% compared to the conventional 
product. It also matches with the result of the actual 
temperature rise test shown in Fig. 11, in that the 
temperature rise of the developed product is small.

          Fig. 12 � Calculation result of torque loss rate  
(inner ring driven)

4. Conclusion
The structure, features and performance of the 

compact sliding type CVJ for propeller shafts “HEDJ-P” 
were introduced in this article.

The demand for CVJs for propeller shafts continues 
to grow along with the recent popularity of SUVs and 
4WD vehicles. The developed product has achieved 
the world’s highest level of size and weight reduction 
and is expected to be globally adopted as it contributes 
to increased degree of freedom for vehicle design and 
low fuel consumption at high-speed operation.
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Technical Article

New Technology of Rolling Bearings Contributing to 
Low Fuel Consumption of Automobiles

1. Introduction
Recently, development of automobiles is drastically 

shifting from the conventional vehicles with an engine 
as the power source to hybrid vehicles (HEV and 
PHEV), which combine the engine and motor, fuel cell 
vehicles (FCV) and electric vehicles (BEV) which are 
driven only by motor. One of the reasons for this trend 
is the stricter global regulations on fuel consumption 
originated from environmental issues such as air 
pollution and global warming. Emphasis on reduction 
of CO2 emissions while driving vehicles continues 
and enhanced regulations on fuel consumption take 
effect in Japan, the U.S., Europe and China toward 
2021. Therefore, auto manufacturers and automotive 
component manufacturers are racing to introduce 
new technologies successively into the global market. 
On the other hand, engines are also used in HEVs 
and PHEVs; therefore, improvement of fuel/electricity 
efficiency is a critical challenge, too.

Based on the above situation, this article introduces 
“new technologies contributing to low fuel consumption 
of vehicles” with rolling bearings.

2.  Challenges of Rolling Bearings 
Regarding Low Fuel Consumption

Approximately 100 to 150 bearings are used 
in a vehicle and rolling bearings are some of the 
components required for safe and comfortable 
driving. Rolling bearings are used in many parts of 
a vehicle, such as engine peripheral, transmission, 
various motors as accessories and driving axle units. 
There are broadly two characteristics for reducing 
fuel consumption of conventional vehicles powered 
by engines. One is lower torque and the other is 
compactness and lightweight for reducing the vehicle 

weight.
The requirements for rolling bearings toward 

electrifi cation of vehicles include high-speed 
technology to support high-speed rotation of motors 
and avoidance of electrical corrosion in the vehicles 
with complex electrical current paths.

There may be other technological challenges 
specifi c to HEVs and PHEVs, as well as to FCVs 
and BEVs, but the main challenges overall are (1) 
lower torque, (2) compactness and lightweight, (3) 
high-speed rotation and (4) avoidance of electrical 
corrosion, which are inherent from electrifi cation.

The following are the topics of the discussion in this 
article on those challenges:
(1)  Lower torque: While grease lubricated rolling bearings 

are frequently used in vehicles, improvement of 
grease technology made a signifi cant contribution 
to reducing torque. This article will discuss those 
cases.

(2)  Compactness/lightweight: Technologies discussed 
in the past article1) for improvement of materials/
thermal treatments are making a good track record 
of results for contributing to compactness/lightweight. 
This article discusses improvement of bearing load 
carrying capacity by numerical analysis.

(3)  High-speed rotation: High-speed rotation is usually 
supported by ball bearings and an accurate 
understanding of cage transformation in high-speed 
rotation is required. In this article, some cases of 
numerical analysis are discussed.

(4)  Avoidance of electrical corrosion: While insulating 
fi lm may be applied on the outer diameter of the 
raceway, this article discusses about ceramic ball 
bearings which are expected to provide highly reliable 
insulation capability and signifi cant weight reduction.

To reduce the fuel consumption of automobiles, rolling bearings are required to be lighter, 
smaller and have lower torque. Additionally, for electric automobiles, the rolling bearings that 
are used at high speed rotation and prevent electrolytic corrosion are also required.

In this paper, the technologies for these requirements are explained from the viewpoints of lubrication, numerical 
analysis, and materials.

Takayuki KAWAMURA*      Hiroki FUJIWARA*
Kouya OOHIRA*
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3. Lower Torque
Reduction of torque is required to grease lubricated 

rolling bearings from the viewpoint of energy efficiency 
and resource conservation. Reducing viscosity of grease 
base oil can reduce torque. However, a simple reduction 
of viscosity is not effective as it degrades the oil fi lm 
formation and increases the risk of reduced bearing life. 
The following is an introduction of bearing torque reduction 
technology based on rheology characteristics of grease2).

3.1  Relation of State of Existence of Grease Within 
Ball Bearings and Bearing Torque

The state of existence of grease within ball bearings 
can be broadly divided into a churning state where grease 
churning continues and torque is high and a channeling 
state where most grease is squeezed out from the rolling 
elements and torque is low. To observe the difference 
between those states, the condition of grease adhesion 
inside the bearing was investigated using X-ray CT, which 
is becoming a standard method for observing grease 
behavior.

Inner/outer rings, balls, cage and seals made of resin 
were used for the bearing to be observed, so that X-ray 
can be transmitted. For a better contrast between the 
grease and the other materials, 5% tungsten (by weight) 
was added in the grease as a tracer. As shown in Fig. 1, 
state of existence of grease between the balls and cage 
pocket was observed running the grease lubricated 
bearing while torque is measured. In the initial stage (after 
5 hours of operation) where the bearing was stopped 
in the churning state (torque: 13 Nmm) and when the 
bearing was assumed to reach the channeling state after 
a long hours (23 hours) of operation (torque: 5 Nmm). It 
revealed that there was a large difference in the amount 
of grease between the balls and the cage pockets 
between the two states, as shown in Fig. 2.

<Resin-made bearing torque measurement condition>
6204, 25 °C, Fa=19.6 N, 3,600 min-1

   Fig. 1  Chronological change of bearing torque of resin 
made bearing

Churning state
(Torque: 13 Nmm)

Channeling state
(Torque: 5 Nmm)

   Fig. 2  State of grease adhesion in resin made bearing 
(between ball and cage pocket surface)

3.2  Basic Concept of Lowering Torque by 
Grease

The observation of X-ray CT revealed that shear 
stress of grease between the balls and the cage 
pocket surface needs to be reduced in order to reduce 
torque in grease lubrication. That is, two points, 
namely, 1) reduction of grease viscosity and 2) faster 
transition to channeling state, are effective. The 
following is an example of verifi cation of these effects 
by using 4 types (grease A to D) of grease for rolling 
bearings (Table 1).

Table 1 Sample grease

Grease A Grease B Grease C Grease D

Thickener Lithium 
soap Urea Urea Urea

Base 
oil

Type Synthetic 
oil

Synthetic 
oil

Synthetic 
oil

Mineral 
oil

Kinematic 
viscosity

mm2/s (40°C)
25 40 23 95

Consistency 250 250 280 290

1) Reduction of Grease Viscosity
Grease viscosity is a function of grease shear 

velocity, therefore viscosity needs to be reduced in the 
shear velocity zone between the balls and the cage 
pocket surface under the operating condition of rolling 
bearings. If the balls are assumed to be at the center 
of the cage pockets and the inner ring of a ball bearing 
(6204) rotates at 1,800-10,000 min-1, then the grease 
shear velocity of the cage pocket is 24,000-130,000 s-1.

Fig. 3 shows the relation between the shear stress 
at the cage pocket obtained by calculating the actual 
grease viscosity measured with a rheometer multiplied 
by the shear velocity, and the bearing torque actually 
measured at the initial stage of operation. Except for 
grease D at 1,800 min-1, the more the shear stress, the 
greater the bearing torque in all the conditions (any 
grease types and rotational speeds). Reduction of 
grease viscosity at the shear velocity equivalent to the 
cage pockets and reduction of shear stress between 
the balls and the cage pocket surface are effective for 
reducing torque.
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2) Faster Transition to Channeling State
In grease lubrication, the difference between 

the churning state and channeling state has a 
major impact on bearing torque. For low torque, the 
channeling state, where the grease between the balls 
and the cage pocket surface is quickly squeezed out, 
is more desirable. Grease D at 1,800 min-1 in Fig. 3 is 
considered to be in the channeling state and the other 
conditions are considered to be in the churning state.

By changing angle of oscillation with the rheometer, 
the storage modulus G’, which indicates grease 
property as solid, and the loss modulus G’, which 
indicates the grease property as liquid, are measured 
and the shear stress, where the ratio of those two 
(tan δ  = G” /G’) is 1, is obtained as the yield stress 
(Fig. 4). As shown in Fig. 5, it was verifi ed that the 
grease with high yield stress (grease C and D) can 
transition from the churning state (high torque) to the 
channeling state (low torque) within the operating time 
of 120 min., the grease with low yield stress (grease A 
and B) cannot transition to the channeling state (low 
torque).

The grease in the bearing with a rotating inner 
ring moves from the raceway surface to the inner 
diameter of the outer ring by the centrifugal force and 
stays there as agglomeration. It is assumed that the 
agglomerated grease or oil separated from it fl ows 
back to the raceway lubricating the bearing3). As shown 
in Fig. 6, it is considered that the grease agglomerated 
on the inner diameter of the outer ring with higher yield 
stress is harder to move to the raceway surface by 
vibration and temperature rise, allowing more stable 
channeling state.

<Bearing torque measurement condition>
6204, 25 °C, Fa=19.6 N, 1,800-10,000 min-1

 Fig. 3  Relationship between bearing torque and cage 
pocket shear stress
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      Fig. 4  Example of measurement of yield stress by 
rheometer

<Bearing torque measurement condition>
6204, 25 °C, Fa=19.6 N, 1,800 min-1
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    Fig. 5  Relationship between grease yield stress and 
bearing torque

  Fig. 6  Schematic diagram of grease flow agglomerated 
on the inner diameter of outer ring
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3.3 Application to Grease for Hub Bearings
NTN is developing different types of grease 

for various applications based on the low torque 
technologies by grease described in 3.2. As an example, 
the case of application of the grease for hub bearings, 
which has particularly strong demand for low torque 
among automotive components4) is introduced.

In this development, reduction of grease shear stress 
between the raceway and rolling elements is also 
elaborated in addition to the reduction of the grease 
shear stress between the balls and cage pocket surface.

(1)  Reduction of Grease Shear Stress Between the Balls 
and Cage Pocket Surface

Fig. 7 and 8 show the comparison of the grease 
viscosity and yield stress between the conventional 
product and the developed product. The developed 
product provides lower viscosity and higher yield stress 
in the shear velocity zone above 2,000 s-1, which 
is important in hub bearings, than the conventional 
product, as a result of elaboration on grease 
composition. Control of these physical properties made 
it possible to reduce grease shear stress between the 
balls and cage pocket surface and achieve low torque.

<Grease viscosity measurement condition>
Cone-plate rheometer, 25°C, 1 ⇒ 8,000 s-1, steady fl ow

Conventional product

Developed product

0.1

1

10

100

1,000

10,000

1 10 100 1,000 10,000

Shear velocity  s-1

G
re

a
se

 v
is

co
si

ty
  

P
a

 •
 s

    Fig. 7  Relationship between shear velocity and grease 
viscosity

<Yield stress measurement condition>
Parallel plate rheometer, 25°C, 1 Hz, 10 ⇒ 3,000 Pa
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Fig. 8 Measurement result of yield stress

(2)  Reduction of Grease Shear Stress Between 
Raceway and Rolling Elements

With ball bearings, it is known that the small sliding 
between the raceway and the rolling elements, which 
is called differential slips and spins, cause friction 
(traction)5). Fig. 9 shows the investigation result 
of the impact of the molecular structure of grease 
composition on the traction. It was revealed that the 
traction can be reduced by reducing circular/branching 
structure in the molecular structure of the base oil and 
making the straight-chain structure as the dominant 
structure. The developed product improved the 
molecular structure in addition to the rheology property 
of the grease for achieving torque reduction.

<Traction measurement condition>
25°C, 0.65 GPa, 0.2 ⇒ 1.0 m/s (3% slip)
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     Fig. 9  Relationship between molecular structure of 
grease component and traction
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4. Compactness/lightweight
For low fuel consumption, it is necessary to reduce 

the size and weight of each individual component of a 
vehicle. In case of rolling bearings, a simple downsizing 
causes reduction of system life. Therefore, past efforts 
were focused on the improvement of material to reduce 
the size while maintaining the required system life1). In 
this article, a technology for long system life is introduced, 
with a new viewpoint of changing the design of the 
bearing internal shape, which contributes to downsizing.

The rolling element and raceway are in line contact as 
they are basically cylinders; however, if they are made 
of simple cylinders, excessive stress is concentrated on 
both ends of the contact called “edge load.” Therefore, 
the radii of both ends of the rolling elements and raceway 
are reduced by a few μ m, called “crowning.” Edge 
loading can be prevented by applying large crowning 
even in the misaligned condition; however, that causes 
large maximum stress at the center of the roller, causing 
reduction of operating life. Although the theoretical shape 
to minimize the maximum stress while preventing the 
edge load was known to be a logarithmic curve, the ideal 
curve could not be actually processed and the impact of 
misalignment, which is realistically unavoidable could not 
be eliminated. NTN developed a proprietary logarithmic 
function formula for crowning with improved degree of 
design freedom, as well as an automated design method 
using mathematical optimization method6).

Fig. 10 shows a diagram of the distribution of stress. 
The logarithmic crowning reduces the edge stress even 
if the amount of processing at the edges is almost the 
same as the conventional crowning, resulting in longer 
operating life. By using this technology, compact and light 
bearings can be developed maintaining equivalent life 
as the conventional products, which contribute to lower 
torque and lower fuel consumption.

R

30

25

20

15

10

5

0

0
0.1
0.2
0.3

-6.0 -4.0 -2.0 2.0 4.0 6.00.0

-6.0 -4.0 -2.0 2.0 4.0 6.0

2.0

1.6

1.2

0.8

0.4

0.0

0

Coordination in the bus line direction  mm

4.09 GPa

2.06 GPa

Coordination in the bus line direction  mm

D
ro

p 
qu

an
tit

y 
 μ

m

D
ro

p 
qu

an
tit

y 
 μ

m

D
ep

th
  

m
m

D
ep

th
  

m
m

-6.0 -4.0 -2.0 2.0 4.0 6.00
Coordination in the bus line direction  mm

0
0.1
0.2
0.3

30

25

20

15

10

5

0
-6.0 -4.0 -2.0 2.0 4.0 6.00.0

Coordination in the bus line direction  mm

2.08 GPa

2.05 GPa

GPa

(a) Conventional crowning (b) Logarithmic crowning

    Fig. 10  Crowning geometry and distribution of Mises 
equivalent stresses7)

5. High-speed Rotation
The motor, as the power source of an EV, becomes 

larger if designed with the low speed/high torque 
specifi cation; therefore, it is designed with the high speed/
low torque specifi cation for compactness and the required 
torque is created by reducing the speed. This requires 
the rolling bearings for EV motors to support high-speed 
rotation.

The type of bearings suitable for high-speed operation 
is ball bearings. Resin made cages, which exhibit superior 
self-lubricating property, are frequently used to reduce 
friction loss. An ordinary resin-made cage has a shape 
asymmetric with respect to the axial direction called a “snap 
cage,” as shown in Fig. 11. The pocket has an open end in 
the axial direction where a ball is snapped in. The claws on 
the open end of the pocket can open to the outer diameter 
side when operated in high speed, by the centrifugal force, 
as shown in Fig. 12, with deformation like fl ower petals. This 
type of deformation of claws can interfere with the balls and 
outer ring, causing an increased friction loss and wear.

Open end side

Opposite to open end side

Fig. 11 Resin made snap cage

  Fig. 12  Example of deformation analysis of resin made 
snap cage

Therefore, the thickness of the claw portion was 
reduced for lightweight and the rigidity of the ring 
portion on the opposite side of the open end was 
reduced to allow deformation of the ring to the outer 
diameter direction, to decrease the impact of the 
deformation of the claws. Fig. 13 shows the deformation 
of the cages of the conventional structure and the 
developed product in high-speed rotation. In the case of 
the snap cage, the limitation of the high-speed rotation 
is not in the cage strength but in the local deformation 
of the claws. Noticing this fact, the challenge was solved 
not by providing high rigidity to prevent deformation 
but conversely, by making the entire piece a fl exible 
structure. For example, the permitted rotational speed of 
oil lubricated 6206 is 13,000 min-1; however, adoption of this 
technology achieved a normal operation of 17,000 min-1.
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(a) Conventional cage (b) Developed cage

        Fig. 13  Example of deformation analysis due to 
centrifugal force and cage shape

Even higher speed can be achieved by adopting a 
cage that prevents deformation of the pocket and its 
surrounding by integrating axially divided components 
snapped into one8).

6. Avoidance of Electrical Corrosion
While insulating fi lm made by resin or ceramics may 

be applied on the outer diameter of the raceway for 
preventing electrical corrosion of rolling bearings, this 
article discusses about ceramic balls which are expected 
to provide highly reliable insulation capability and 
signifi cant weight reduction.

A type of damages incurred to the bearings used in 
motors and generators is called electrical corrosion. The 
electrical corrosion is a phenomenon of damage on the 
rolling surface by sparks generated at the rolling contact 
by the electrical current that fl ows into the bearing. The 
metallographic structure is deteriorated by the spark 
generated at the rolling contacts, resulting in vibration, 
noise and fl aking.

Devices equipped with motors, for instance, use carbon 
brushes for grounding the shaft or shut down the electrical 
current from the bearings by shaft insulator, etc. However, 
each of them has issues in durability, such as wear of 
carbon brushes during operation and thermal degradation 
of resin, if resin insulator is used for shutting down the 
electrical current. As a method to solve these issues, a 
hybrid bearing, where ceramic balls made of silicon nitride 
are incorporated in the raceway made of steel, is effective.

To verify the insulation capability of the hybrid bearing 
with the ceramic balls made of silicon nitride, a bearing 
peel life test was conducted under current carrying 
condition using direct current, as an example. Fig. 
14 shows an outline of the test equipment. This test 
equipment supports the rotational shaft by the bearing 
under the test and a support bearing. The housing is 
divided into 2 parts by the insulation. The electrical 
current fl ows from the terminal A → bearing under test → 
rotational shaft → support bearing → terminal B when the 

terminal A and B are activated. Table 2 shows the test 
condition. The test was conducted by applying a constant 
current (0.5 A) under quick acceleration condition guided 
by the inner ring (in case of the bearing with ceramic balls 
made of silicon nitride, the applied voltage was set to 30 V). 
Table 3 shows the test results.

As shown in Table 3, the ceramic balls made of silicon 
nitride can contain peeling of rolling element surface due 
to electrical corrosion, since they are insulating body, 
compared to the steel balls. Therefore, the ceramic 
balls made of silicon nitride with insulation capability are 
expected to be used in the bearings of various types of 
motors used in the next generation vehicles, which will be 
widely adopted such as HEVs, PHEVs and EVs.

Pulley 
(driven by belt)

Terminal A Terminal B

Support bearingBearing under test

Insulation

Fig. 14 Peeling life tester under current carrying condition

Table 2 Test condition

Bearing under test Deep groove ball bearing (6203)

Rolling element Steel ball Ceramic ball

Grease Nonconductive grease

Amount of injected 
grease (g)

0.86

Rotational speed 
(min-1)

Quick acceleration/
deceleration from 0 to 20,000

Atmosphere Room temperature

Pulley load (N) 1,617

Bearing load (N) 2,332

Current (A) 0.5 -

Stopping condition When the vibration is 10 times than initial condition

Table 3 Peeling life test results

Life (h) Peeling region

Steel ball 19.6 Ball

Ceramic ball > 200 None

In addition to the solution for avoidance of electrical 
corrosion, ceramic balls are also effective for reducing 
weight. The specifi c gravity of the ceramic made of silicon 
nitride is around 40% of the bearing steel; therefore, 
applying ceramic balls made of silicon nitride for rolling 
elements makes the bearing lighter than an ordinary 
bearing with the raceway and rolling elements made of 
bearing steel (SUJ2). In addition, lighter rolling elements 
contribute to reduction of centrifugal force applied to the 
rolling elements during rotation of the bearing, which 
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helps support the increasing demand of higher speed 
motors for HEVs, PHEVs and EVs.

In case of deep groove ball bearing 6206, applying ceramic 
balls made of silicon nitride for rolling elements makes the 
hybrid bearing lighter than the ordinary bearing with the 
raceway and rolling elements made of bearing steel (SUJ2) 
by approx. 10%. As shown in Fig. 15, applying ceramic balls 
made of silicon nitride for hub bearings reduced the weight by 
approx. 13%, contributing to low fuel consumption of vehicles.

Fig. 15 1st generation hub bearing (using ceramic balls)

In addition, ceramic made of silicon nitride is chemically 
stable which is expected to help reduce oxidative 
deterioration of lubricant between the raceway made of 
bearing steel and the rolling elements and improve anti-
galling property by avoiding adhesion if the rolling elements 
made of bearing steel are replaced with the ceramic made 
of silicon nitride.

The seizure resistance property was evaluated in the 
combination of steel ball (SUJ2) and ceramic ball made of 
silicon nitride (Si3N4) using a four-ball friction tester. The test 
condition is shown in Table 4 and the test result is shown 
in Fig. 16. Four-ball friction testing uses three fi xed balls on 
which a rolling ball rotates. Seizure resistance property was 
evaluated by running the tester for a minute at a constant 
load and when the friction coefficient did not increase, the 
load was increased. The test was stopped when the friction 
coefficient rose more than 5 times the initial condition when 
the seizure occurred. As shown in Fig. 16, a combination 
of steel balls and a ceramic ball made of silicon nitride 
indicated the best seizure resistance property.

Since seizure resistance property improves when steel is 
used for inner/outer rings and ceramic made of silicon nitride 
is used for rolling elements, low fuel consumption of vehicles 
can be expected by reduced use of lubricant and therefore, 
low torque effect.

Table 4 Test condition

Test equipment Four-ball friction tester

Material of balls 
under test Steel ball (SUJ2), ceramic ball (Si3N4)

Ball size (inch) 3/4

Lubricating oil Turbine oil grade 68

Lubricating condition Dipping

Atmosphere Room temperature

Slide velocity (m/s) 0.86

Stopping condition When the friction coefficient rose more 
than 5 times from the initial condition
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Fig. 16 Seizure resistance test result

7. Conclusion
New technologies contributing to low fuel consumption 

of vehicles, such as design technology by numerical 
analysis for rolling bearings, weight reduction technologies 
and low torque technologies were discussed. The hope is 
these new technologies help support measures against 
the environmental issues such as global warming and 
global tendency of fuel cost increase.
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Technical Article

Verification of Torque Reduction for Low Torque Seal Ring
by Fluid Analysis

1. Introduction
Multiple seal rings made of resin with outer 

diameters ranging from 15-60 mm are used in vehicle 
transmissions (AT, CVT, etc.). These seal rings are 
required to have low torque and low oil leakage 
properties to achieve low fuel consumption of vehicles. 
In order to respond to this requirement, NTN developed 
“Low Torque Seal Ring”1), 2) made of polyether ether 
ketone (PEEK) resin with a V-shaped lubrication 
groove and started volume production (Fig. 1).

The number and shape of the V-shaped lubrication 
grooves was optimized by fl uid analysis and 
experiments to further reduce torque of the low torque 
seal ring. This article introduces the verifi cation result 
of the fl uid analysis regarding the reduction of torque 
for the low torque seal ring.

Fig. 1 Low torque seal ring

2. Role and Operation of the Seal Ring
Oil is sealed by the seal ring that slides on the 

moving components. Seal rings are installed between 
the shaft and housing that moves in relative motion 
within the oil hydraulic circuits of transmissions. They 

are pushed to both the inner surface of the housing 
and the side wall of the shaft groove by oil hydraulics 
sealing oil and maintaining the pressure inside the oil 
hydraulic circuit, as they slide.

The required performance of the seal rings is low 
torque, low oil leakage and high wear resistance. When 
torque is reduced, transmission efficiency increases 
achieving higher energy efficiency. Reduced oil leakage 
leads to a more efficient and smaller oil-hydraulic 
pump which results in higher energy efficiency. To 
maintain low torque and low oil leakage operation and 
realize long operating life, seal rings are required to be 
wear resistant and at the same time prevent wear of 
the mating component which the seal rings slide on.

Fig. 2 shows the operation of NTN’s conventional 
product which has a rectangular cross section. Since 
the contact area of the seal ring and the side wall of 
the shaft groove is smaller than the contact area of the 
seal ring and the inner surface of the housing, the seal 
ring slides on the side wall of the shaft groove. It is 
this side wall of the shaft groove that has lower sliding 
resistance when the shaft or the housing rotates. Oil 
leakage is small as the seal ring has area contact with 
the side wall of the shaft groove.
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Fig. 2 Operation of seal ring

In order to achieve demands of fuel consumption standard, seal rings for 
automotive transmission are required to further reduce torque and oil leak. NTN 
developed “Low Torque Seal Ring” and started mass production. It has V-shaped 
lubrication grooves, which reduces torque by 60% in comparison with conventional 

products. This article introduces fl uid analysis results of torque reduction by V-shaped lubrication grooves in “Low 
Torque Seal Ring”.
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3. Low Torque Seal Ring
3.1 Features

The Low Torque Seal Ring realized low torque and 
low oil leakage by installing a V-shaped lubrication 
groove on the surface of the seal ring which slides 
on the side wall of the shaft groove. It uses BEAREE 
PK5301, which is a material made of PEEK resin with 
special additives. It has V-shaped lubrication grooves on 
the side formed by injection molding and the abutment 
is made of complex shape. Oil leakage from the 
abutment is reduced, by making it a complex shape.

The Low Torque Seal Ring has the following features 
compared with NTN’s conventional product.
(Features)
(1) Reduction of torque by up to 60%
(2) 1/10 the wear rate
(3) Equivalent low oil leakage property

3.2  Comparison of the Lubrication Groove 
Shapes

3.2.1 Torque Measurement Results
Table 1 shows a comparison of torque using 3 

types of seal rings with different shapes of lubrication 
grooves and without grooves. Fig. 3 shows an outline 
of the test equipment. Torque was measured by 
circulating oil between two seal rings installed on the 
shaft grooves, applying oil pressure and rotating the 
housing.

Table 1 Seal rings under test

Seal rings under test Shape of the lubrication grooves on the side

V-shaped lubrication 
grooves

(12 on one side)

Square-shaped 
lubrication grooves

(12 on one side)

No lubrication 
grooves

Seal ring size: OD: 50 mm, thickness: 1.6 mm, width: 1.5 mm

Hydraulic
power unit 

(oil circulation)

Seal ringsHousing (rotating)

AxisTorque
meterMotor

Fig. 3 Outline of test equipment

Fig. 4 shows the relation between the oil hydraulics 
and torque. The measured torque for two seal rings 
was divided by 2 to obtain torque for one seal ring. The 
seal ring with the V-shaped lubrication grooves showed 
lower torque than the seal ring without grooves (NTN’s 
conventional product) by 60-70% and the seal ring 
with square-shaped lubrication grooves by 20%.

[Test condition]
 Oil hydraulics: 0.5-2 MPa, 
rotation speed: 4,000 min-1, ATF: 110°C
S45C Housing/shaft
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Fig. 4 Relationship between oil hydraulics and torque

3.2.2 Fluid Analysis Results
As the reason for lower torque, it is assumed that 

application of the V-shaped lubrication grooves which 
reduced the contact area between the seal ring and 
side wall of the shaft groove promoted lubrication of 
the sliding surface. The difference of torque between 
two different shapes of the grooves is attributed to the 
difference of lubricating conditions. This was verifi ed by 
fl uid analysis.

Fig. 5 shows the analysis result of the model 
extracting fl uid region of one lubrication groove. With 
the V-shaped lubrication groove, oil fi lm pressure at 
one end of the groove is high due to a hydrodynamic 
effect. This axial force due to oil fi lm pressure is in 
the opposite direction from the force that the seal 
ring is pressed on the side wall of the shaft groove 
by oil hydraulics; therefore, it reduced the latter force. 
It is also assumed that oil fl owed from the end of the 
lubrication groove onto the sliding surface between 
the lubrication grooves due to difference of pressure 
helped reduce torque. On the other hand, the high 
pressure observed in the V-shaped lubrication groove 
is not observed in the square-shaped lubrication 
groove.
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[Analysis condition]
Oil film thickness: 5 μm, oil hydraulics: 2 MPa, 
rotation speed: 4,000 min-1, ATF(20°C)

Fig. 5  Oil film pressure distribution on sliding surface

4. �Verification of Torque Reduction by 
Optimization of V-Shaped Lubrication 
Grooves

4.1 Fluid Analysis Condition
The torque measurement result and oil film pressure 

distribution on the sliding surface revealed that the 
force appearing at the end of the V-shaped lubrication 
grooves is in the opposite direction from the force 
due to oil film pressure (oil film reaction force) which 
contributed to a reduction of torque. When the oil film 
reaction force is greater, the torque is lower. So, it is 
assumed that the greater the number of the V-shaped 
lubrication grooves and the wider the groove widths, the 
greater the oil film reaction force. Therefore, this was 
verified by the fluid analysis.

Fig. 6 shows the definition of the length, width, 
depth, angle of, and the distance between V-shaped 
lubrication grooves of the seal ring in the analysis. 
The size was set as: OD: 44 mm, thickness: 2 mm 
and width: 2.3 mm. The fluid region of one V-shaped 
lubrication groove of the seal ring was modeled 
with fluid analysis and the oil film pressure due to 
hydrodynamic effect was integrated to obtain the oil 
film reaction force of one groove. The product of this 
force and the number of grooves was defined as the oil 
film reaction force for one seal ring and a comparison 
of different conditions was made. Note that the oil film 
pressure at the contact area of the side of the seal ring 
and the side wall of the shaft groove was ignored, as 
this is very small compared to the V-shaped lubrication 
groove. In this analysis, the oil film thickness on the 
sliding surface was assumed to be constant at 5 μm, 
for ease of calculation, and the operating condition 
was defined as ATF pressure: 0.6 MPa, temperature: 
20°C and rotation speed: 10,000 min-1.

Fig. 6  Analysis of seal ring (24 grooves)

4.2 Fluid Analysis Results
4.2.1 Number of V-Shaped Lubrication Grooves

Oil film reaction force of one seal ring was obtained 
by fluid analysis for seal rings with 12 and 24 V-shaped 
lubrication grooves on one side. The distance between 
V-shaped lubrication grooves was the same and the 
length was changed between 12 and 24 grooves. The 
groove angle was also the same but the groove depths 
are different to allow for 12 or 24 grooves.

Fig. 7 shows the oil film reaction force of seal rings with 
12 and 24 V-shaped lubrication grooves. As estimated, it 
was verified that the oil film reaction force is larger as the 
number of grooves is greater. Therefore, the greater the 
number of grooves, the better for reducing torque.

Fig. 7  Number of grooves and oil film reaction force

However, when the number of grooves increases, the 
number of the spaces between the grooves increases, 
too, which increases the contact area between the side 
of the seal ring and the side wall of the shaft groove, 
which result in higher torque. Therefore, there should 
be an optimum number of grooves for the minimum 
torque. To verify this, seal rings with a varying number of 
grooves were made and the torque measured. The seal 
ring size was: OD: 51 mm, thickness: 2.4 mm, width: 2.3 
mm and the number of grooves: 12-30 on one side. The 
distance between grooves, groove width and groove 
angle were the same so the groove lengths and depths 
were different depending on the number of grooves. 
The measurement condition was: ATF pressure: 1 MPa, 
temperature: 80°C, rotation speed: 2,000 min-1.
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Fig. 8 shows the relation between the number of grooves 
and torque. Torque was reduced toward 24 grooves but 
increased at 30. The measurement results matched with the 
aforementioned concept, verifying that there is an optimum 
value for the number of grooves. Since the number of 
grooves is restricted by design and manufacturing reasons 
depending on the outer diameter, NTN’s Low Torque Seal 
Rings are lined up with the optimum number of V-shaped 
lubrication grooves by outer diameter.
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Fig. 8  Relationship between number of grooves and torque

4.2.2 Width of V-Shaped Lubrication Grooves
The oil film reaction force was obtained by fluid analysis 

for seal rings with V-shaped lubrication grooves with 
widths ranging from 0.2 to 0.7 mm. The number of grooves 
was 24 on one side and all the sizes are the same except 
for the groove width.

Fig. 9 shows the relation between the groove width 
and oil film reaction force. The verification result obtained 
matched with the estimate, as the groove width increased, 
the oil film reaction force increased. However, excessive 
groove width was found to cause increased oil leakage. 
Therefore, the groove width must be determined for each 
case, considering the size of housing and the shaft, 
eccentricity, wear amount of seal ring and housing, etc.
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    Fig. 9 � Relationship between groove width and oil film 
reaction force

4.2.3 Angle of V-Shaped Lubrication Grooves
The oil film reaction force was obtained using fluid 

analysis, by increasing or decreasing the angle of the 
V-shaped lubrication grooves based on the seal ring 
with 24 grooves on one side described in 4.2.1. Since 
the distance between the grooves and the groove 
length and width were the same, only the groove depth 
is different based on the change of angles.

Fig. 10 shows the relation between the groove angle 
and oil film reaction force. The horizontal axis is a ratio 
of angle against the base angle. Within the range of 
this test, the oil film reaction force is almost the same 
regardless of the groove angles. Similarly, there is no 
impact to the groove depth. These results revealed 
that the number of grooves must be emphasized in the 
design of the V-shaped lubrication grooves, and the 
groove angle and depth do not need to be considered, 
if they are in the appropriate range.
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   Fig. 10 � Relationship between groove angle and oil film 
reaction force

4.3 �Result of Torque Measurement with the 
Optimum V-Shaped Lubrication Grooves

The number and the shape of the V-shaped 
lubrication grooves are optimized based on the above 
fluid analysis. Fig. 11 shows a comparison of torque 
from the seal ring with 12 V-shaped lubrication grooves 
discussed in Section 3.2 and the seal ring with the 24 
optimized V-shaped lubrication grooves. The seal ring 
with 24 optimized grooves showed torque reduction of 
10-15% compared to the seal ring with 12 grooves3), 4). 
A seal ring that was of the following size was used for 
comparison: OD: 45 mm, thickness: 2 mm, width: 2.4 
mm.
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Fig. 11  Relationship between oil hydraulics and torque

5. Summary
This article introduced the verification result of the 

fluid analysis regarding reduction of torque of the 
Low Torque Seal Ring. The number and the shape 
of V-shaped lubrication grooves are optimized based 
on the fluid analysis and experiments to successfully 
reduce torque even further. Adoption of the Low Torque 
Seal Rings is well in progress as they could respond 
to the requirement of low fuel consumption of vehicles. 
We strive for further reduction of torque as we move 
forward.

Requirements for energy efficiency are increasing in 
many areas. We are poised to increase the speed of 
development for enhancing the performance of resin 
sliding components by adopting analytical approaches 
such as fluid analysis.
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[Test condition]
�Oil hydraulics: 0.4-1.2 MPa, 
rotation speed: 2,000 min-1, ATF: 80°C
Steel base housing/shaft

Verification of Torque Reduction for Low Torque Seal Ring by Fluid Analysis
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1. Introduction
Even as automated driving technology develops and 

computers control steering, vehicle handling stability 
continues to be an important aspect. That is because 
even with the most advanced computer system if the 
vehicle response to the steering signal is too slow, then 
the vehicle will have difficulty driving along the desired 
path. On the other hand, the stiffness of hub bearings 
that support the tires of the vehicle is one of the factors 
that affects vehicle handling stability1), 2). Therefore, 
designing the stiffness of hub bearings appropriately is 
an important subject.

In general, measuring stiffness of hub bearings 
is done without rotating the shaft2). Although, it is 
expected that stiffness with a rotating shaft does not 
differ from the static rigidity, it is not confirmed, yet. 
To determine if this is valid, dynamic analysis of the 
relationship between the shaft rotation speed and  
stiffness of hub bearings was established using an 
integrated dynamic analysis system “IBDAS”3), which 
NTN has been developing for the analysis of roller 
bearings4). In this article, the results obtained from 
these dynamic analyses are reported.

2. Product to Be Analyzed
A hub bearing consists of two rows of balls and a 

cage, as shown in Fig. 1. The inner ring on the inboard 
side is fixed to the hub ring and a certain axial preload 
is applied to the balls. Therefore, in this report, the 
rotation system configured with the double row angular 
contact ball bearing specified in Table 1 is calculated. 

The operating condition of the bearing is shown in 
Table 2 and the load acting point and coordinate 
system of analysis are shown in Fig. 2. This condition 
assumes a hub bearing of a vehicle, which runs at a 
constant speed where moment, axial load and radial 
load periodically change.

Fig. 1  Example of hub bearings5)

Table 1:  Bearing specification

Ball diameter (mm) 11.1

Number of balls 16

Pitch diameter of ball set (mm) 61

Contact angle (deg) 35

Distance between rows of balls (mm) 18.2

Preload (N) 5,400

Technical Article

Analysis of Dynamics of Hub Bearings under Moment Loads

Stiffness of hub bearings is an important factor for vehicle handling 
stability. Analysis and measurements for the hub bearing stiffness have 
been done only under non-rotating inner ring conditions but not done 
under rotating inner ring conditions. Hence, the authors have examined 
the rotating hub bearing stiffness by using a bearing dynamic analysis 
system “IBDAS”. This examination shows that rotating hub bearing 

stiffness coincides with the nonrotating one and hysteresis, that is response delay, exists in displacement curves of 
inner ring alignment angle against varying moment.
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Table 2: Operation condition

Vehicle speed (km/h) 10, 50, 100

Moment (N mm) −600×103 - 600×103

Axial load Fa (N) −1,890 - 1,890

Radial load Fr (N) 1,820 - 3,750

Load acting point (mm) 10.4

Load variation frequency (Hz) 1, 10, 50

    Fig. 2  Load acting position and coordinate system of 
analysis

3. Method of Analysis
Temporal waveform of the inclining angle of the 

operating hub bearing under moment load was 
calculated using an integrated dynamic analysis 
system “IBDAS”3), which is NTN’s proprietary 
development for analysis of roller bearings.

The degrees of freedom of motion set for the 
analytical model and the constraint conditions are 
as shown in Table 3. The outer ring of the bearing is 
fi xed in the space and the inner ring has degrees of 
freedom of motion excluding rotation. The inner ring 
was given the weight and the inertial moment of hub 
ring. The balls and the cage have 3 translational and 
3 rotating degrees of freedom. IBDAS can take into 
account the elastic deformation of the cage using the 
mode synthesis method. This analysis gives a total of 
56 deformation modes to each cage.

    Table 3:  Degrees of freedom of motion and constraint 
conditions within the analytical model

Outer ring Degrees of freedom: None (fixed)

Inner ring
Degrees of freedom: 3 translational, 2 rotating
Constraint: rotation at a constant speed

Ball Degrees of freedom: 3 translational, 3 rotating

Cage
Degrees of freedom: 3 translational, 3 rotating
Elastic deformation: 56 modes

In order to dynamically analyze the motion of the ball 
bearing system with the above degrees of freedom, 
normal force and tangential force at the contact between 
the ball/raceway and the ball/cage must be appropriately 
calculated. The following are the respective methods of 
calculation. In addition, moments of the balls generated by 
various forces are also calculated, as required.

3.1 Contact Point Between Balls/Raceway
Normal force is obtained assuming that the contact 

pressure follows Hertz Theory. In calculating tangential 
force, the distribution of contact pressure on the major axis 
of the contact ellipse and sliding velocity are considered 
as shown in Fig. 3 for an appropriate expression of 
3-dimensional ball motion6). The specifi c calculating 
method is as follows:

The normal load on one of the nth pieces sliced along 
the major axis of the contact ellipse under hertzian 
pressure can be obtained by integrating the contact 
pressure along the direction of the minor axis, then 
integrating it along the major axis within the range of 
the particular sliced piece and can be expressed in the 
following equation:

 (1)

Where,  is the normal force acted on the th 
section,  is the normal force of the entire contact 
area and is the section number (0 to n-1).

Fig. 3  Calculation model of the contact area between a 
ball and outer ring (  is the normal force acting 
on the th section from the outer ring,  is the 
sliding velocity of the th section of the ball against 
outer ring)6)
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For the tangential force, the following 3 types of force 
elements, which can be assumed in the contact area 
under oil lubrication, were considered.

1. Traction*1

2. Rolling viscosity resistance*2

3. Oil fi lm force on the rolling direction*3

Since hub bearings are lubricated by grease, this 
report assumed that the above 3 types of force elements 
are determined only by the base oil of the grease. The 
following is an outline of calculation of each force element:

Force acting on each section was calculated using 
the following equation, assuming that it would act in the 
opposite direction of the sliding velocity vector of the ball 
surface against the raceway .

 (2)

　　　　　　
Where  is the force acting on the ball,  is the 

friction coefficient and the subscript represents the th 

section. The arrow on top means that it is a vector.  under 
fl uid lubrication was obtained using  the calculation 
method that considers the property of lubricating oil7), 

 under boundary lubrication was obtained by a 
function with only slide-roll ratio*4 and  under mixed 
lubrication was obtained by interpolating between those 
friction coefficients proportionally to the fi lm parameter8). 
The friction coefficient greatly depends on the slide-
roll ratio even under fl uid lubrication, as shown in the 
calculation example in Fig. 4.
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Fig. 4 Example of traction coefficient

The sliding velocity vector of the ball surface against the 

raceway  was obtained using the following equation:

 (3)racecjrace race

*1  On two objects in rolling/sliding contact, this is the tangential force which acts 
on the opposite direction from the rolling direction at the higher speed side 
and on the same direction as the rolling direction at the lower speed side.

*2  This is the force caused by shear force of oil fi lm which acts in the direction 
to prevent rolling of two objects in rolling contact, under oil lubrication.

*3  This is the force that acts on the rolling direction due to the oil fi lm pressure 
that acts on two objects in rolling contact under oil lubrication. This is 
generated as the center of oil fi lm pressure shifts to the upstream side.

*4  Sliding velocity of the contact surface divided by the average velocity of the 
contact surface. 

Where,  is the translational velocity vector of the 
center of the ball,  is the angular velocity vector 
of the ball,  is the position vector from the center 
of the ball to the th section surface, race  is the 
translational velocity vector of the center of raceway, 

race  is the angular velocity vector of the raceway, 
and racecj  is the position vector from the center of 
the raceway to the th section surface. The method for 
obtaining the position of the section surface within the 
contact ellipse is based on the Jones method9).

The sliding velocity vector of the section on the ball 
surface, , has a component of the axial direction 
in addition to the rolling direction, as shown in Fig. 5. 
Therefore, there is a force acting in the direction of 
major axis of the contact ellipse.

Fig. 5 Example of sliding velocity vector on the ball surface

The rolling viscosity resistance acts in the opposite 
direction of rolling direction against the ball and the 
raceway. Since it is the force from the lubricating 
fi lm, it was assumed that this only occurs under fl uid 
lubrication where lubricating fi lm is formed. And the 
magnitude of the rolling viscosity resistance FR was 
obtained, using the equations for10), 11)  the case of 
high pressure viscosity elastic body range (PE) and 
high pressure viscosity rigid body range (PR). The 
case of isobaric viscosity rigid body range (IR) is also 
used selectively, depending on the result of the range 
determination12).

 (4)

Where,  is the coefficient of thermal correction,
is the effective radius,  is the material parameter, 
is the velocity parameter,  is the load parameter,
is the section width,  is the equivalent elastic 
modulus and the subscript  refers to the section 
where the contact pressure is the greatest.

The oil fi lm force on the rolling direction  was 
obtained using the following equation10) from the rolling 
viscosity resistance12).

Black: Sliding velocity component in the rolling direction
Blue: Sliding velocity component in the axial direction

Red: Sliding velocity vector 
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 (5)

                       
Where,  is the radius from the rotational axis of 

the ball to the th section of the contact area.
As the distribution of forces in the contact ellipse 

and their 3D effect are put into consideration, the 
calculation result of rotation and revolution velocity of 
the balls from IBDAS closely matches6) the calculation 
result from Jones Theory9).

3.2 Contact Point Between Balls/Cage
It was assumed that the normal force, , that 

corresponds to the interference amount, , is 
generated following the Hertz Theory meaning the 
surface of the cage is divided into fi nite elements and 
those nodes geometrically interfere with the balls.

 (6)
                        
Where,  is the non-linear spring constant in 

the Hertz Theory.
In calculating tangential force, only force from sliding 

friction was considered, as sliding is the only force 
between the balls and the cage. Sliding friction force 
was obtained by the following equation.

 (7)

　　　　　　　
Where,  is the friction coefficient and  is the 

sliding velocity vector of the ball surface against the 

cage pocket. For , 0.06 was used in this calculation.

4. Calculation Result
Fig. 6 shows the calculation result of the inclining 

angle of the inner ring on the applied moment in each 
vehicle speed. The load variation frequency is 50 Hz. 
It revealed that the waveform of the inclining angle of 
the inner ring on the applied moment has hysteresis. 
It also revealed that the slopes of the lines for each 
vehicle speed (compliance) are, although with 
hysteresis, the same. From these results, it was 
revealed that the rigidity of hub bearings, which is 
the inverse number of compliance, is also mutually 
the same regardless of vehicle speed. 
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Fig. 6  Calculation result of the inclining angle of the inner 
ring to the applied moment in each vehicle speed 
(load variation frequency: 50 Hz)

Fig. 7 shows the calculation result of the inclining angle 
of the inner ring on the applied moment, when the load 
variation frequency is changed to 3 different levels with 
vehicle speed of 10 km/h. The slopes of the lines of the 
inclining angles of the inner ring on the applied moment 
remain the same, revealing that the rigidity of hub 
bearings does not depend on the load variation frequency.
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Fig. 7  Calculation result of the inclining angle of the inner 
ring to each load variation frequency 
(vehicle speed: 10 km/h)

On the other hand, hysteresis is also observed in the 
lines of Fig. 7. The hysteresis of the inclining angle of 
the inner ring on the applied moment means that the 
increase of lateral displacement of the body lags a little 
behind the tire lateral force input from the ground. If lateral 
displacement of body against steering is considered, it 
means the peak of the lateral displacement appears a 
little late. This reduces vehicle handling stability.

Therefore, the effect of driving conditions on the 
magnitude of hysteresis is determined by examining 
the difference of the inclining angle at the moment 
0.3 kNm. It is defi ned as the fl uctuation range , as 
shown in Fig. 8.
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Fig. 8  Definition of fluctuation range , which indicates 
the magnitude of hysteresis of inclining angle of 
the inner ring against the moment 
(Points PF and PR are used in Chapter 5)

Fig. 9 shows the fl uctuation range of the inclining 
angle of the inner ring when vehicle speed and load 
variation frequency are both changed. As shown in Fig. 
9, the fl uctuation range increased as the vehicle speed 
reduced and the load variation frequency increased.
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Fig. 9  Calculation result of fluctuation range of inclining 
angle of the inner ring against the moment  
when vehicle speed and load variation frequency 
are changed (bubble diameter is proportional to 
fluctuation range, numbers next to bubbles are 
fluctuation range  (deg/103))

5. Examination
The following discusses the mechanism of how 

fl uctuation range, , affects the waveform of the 
inclining angle of the inner ring on the applied moment.

The reason for the fl uctuation range is shown in 
Fig. 10. The force in the direction of the major axis of 
the contact ellipse created between the ball and the 
raceway hinders the movement of the ball in the radial 
plane. This mechanism is described below, focusing 
on the forces that act on the upper right ball of Fig. 10.

Fig. 10  Overall concept of the normal force and traction 
that act on the balls from the raceway when the 
inner ring inclines counterclockwise

The typical state of forces that act on the upper right 
ball of Fig. 10 is shown in Fig. 11. First, Fig. 11 a) shows 
the state where the inner ring continues to rotate while the 
inclining angle of the inner ring remains constant. In this 
case, since the inner ring is rotating with the same inclining 
angle of the inner ring, the center of the ball is positioned 
on the line that connects the centers of the grooves of the 

inner and outer rings. The normal forces,  and , 
which act on the ball from the inner/outer rings are aligned 
on the same axis and remain balanced (here, the centrifugal 
force is ignored for ease of explanation). The forces that 
act on the ball from the inner/outer raceways act only in the 
direction of the roller, not having the surface component in 
the fi gure.

Fig. 11 b) shows the state immediately after the inclining 
angle of the inner ring increases its magnitude in the 
counter clockwise direction, where the ball transition is not 
sufficient. In this case, the normal force, , from the inner 
ring changes its direction as shown in the fi gure (here, 
force, , that acts on the ball from the inner ring is ignored 
for ease of explanation). The resulting force that acts on the 
ball from the raceway will be toward upper left as shown in 
the fi gure.

Immediately after this, the ball moves in the radial 
plane and the force that acts on the ball and the moment 
balance out, as shown in Fig. 11 c). As the ball moves, the 
magnitude and direction of  and  change and the 
forces that act on the ball from the inner/outer rings,  and 

, start moving in the upper right direction. Due to these 
forces, the center of the ball cannot move to the line that 
connects the centers of the inner/outer raceway grooves, 
not as Fig. 11 a).

Next, a case where the inclining angle of the inner ring is 
the same as Fig. 11 c), but the moment is decreasing and 

Direction of change of 
inclination of inner ring
Direction of change of 
inclination of inner ring
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the inclining angle of the inner ring changes in the clockwise 
direction is considered. Let us consider the case of PR as 
the PF point in Fig. 8. The force that acts on the point PR can 
be described in Fig. 12. Since the forces that act on the ball 
from the inner/outer rings act in the lower left direction, the 
ball remains toward to lower left from the line that connects 
the centers of the inner/outer raceway grooves. The angle of 

 also becomes smaller. As a result, the magnitude of the 
moment the ball induces on the inner ring is smaller than 
Fig. 11 c) meaning the moment at the point PR in Fig. 8 is 
smaller than the point PF.

As seen above, due to the forces acting in the major axis 
direction of the contact ellipse, the center position of the 
ball where the inclining angle of the inner ring cannot reach 
the ball position where the inclining angle of the inner ring 
is constant. And this force produces the fl uctuation range of 
the inclining angle of the inner ring.

a) Inner ring is rotating when inclining angle is constant

    Fig. 11  Normal force and traction that act on the balls 
from the raceway when the inner ring inclines 
counterclockwise

   Fig. 12  Normal force and traction that act on the balls 
from the raceway when the inner ring inclines 
clockwise

The fl uctuation range, , correlates with the magnitude 
of the force in the major axis direction of the contact ellipse 
that acts on the ball, as mentioned above. This magnitude 
of force greatly depends on the slide-roll ratio as shown in 
Fig. 4. The slide-roll ratio on the ball surface, , is a ratio 
of the sliding velocity on the ball surface, , over the 
rolling velocity of the contact area, , and is given in the 
following equation:

 (8)

                                
For simplifi cation, slide-roll ratio at the pure rolling 

position (no sliding in the rolling direction) in the contact 
area between the ball and raceway is considered. In 
this case, the sliding velocity and the rolling velocity are 
proportional to the load variation frequency, load, and 
the vehicle speed, , respectively. The slide-roll ratio, , 
can be expressed as follows:

 (9)

                           

load

Therefore, it can be concluded that the increase 
of load and decrease of  result in the increase of 
the slide-roll ratio , friction coefficient , force and 
fl uctuation range , which corresponds with the 
trend in Fig. 9.

The above is a discussion of pure rolling position 
within the rolling contact area. At the position where 
sliding velocity exists in the rolling direction, the 
numerator of Equation (8) includes the sliding velocity 
component in the rolling direction which slightly 
reduces the impact of load on . However, since the 
sliding velocity component in the major axis direction 
increases, the forces in the major axis still increases.

Center of outer ring groove

Center of ball

Center of inner ring groove

Change of inclining angle of 
inner ring

Change of inclining angle of 
inner ring

b)  Immediately after increase 
of inclining angle

Change of inclining angle of 
inner ring

c)  A little after increase of 
inclining angle

Resultant force
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6. Conclusion
The rigidity of hub bearings with inner ring rotation 

was analyzed using the dynamic analysis system, 
IBDAS. As a result, it was verified that the rigidity 
of hub bearings does not depend on the rotational 
speed of the inner ring and variation frequency of 
the moment. It was also verified that the waveform of 
the inclining angle of the inner ring over the varying 
moment has hysteresis. The reason for this hysteresis 
is because of the traction in the direction of major axis 
of the contact ellipse created between the ball and 
the raceway. Increasing the load variation frequency 
and decreasing the vehicle velocity (decreasing the 
rotational speed of the shaft) increases traction in the 
major axis direction of the contact ellipse, ultimately 
increasing the hysteresis range.

The above hysteresis can be interpreted as the 
delay of response of hub bearing angle to the change 
of moment. In order to increase vehicle handling 
stability, it is desirable to reduce this delay. We will 
continue further analysis using CAE technology to 
developing hub bearings with reduced hysteresis.
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 Award Winning Products 

NTN received the 2018 “CHO” MONODZUKURI Innovative Parts and Components Award, and Mobility Components Award

Ultra Low Friction Sealed Ball Bearing for Transmission

1. Introduction

“Ultra low Friction Sealed Ball Bearing for 
Transmission” was developed. This reduces friction of 
an application by controlling the fluid lubrication with a 
new design of a proprietary shaped seal lip.

This product received the Mobility Components Award 
of the 2018 “CHO” MONODZUKURI Innovative Parts 
and Components Award sponsored by MONODZUKURI 
Nippon Conference and Nikkan Kogyo Shimbun, Ltd.

This breakthrough idea achieves both low torque 
and long operating life simultaneously. The results of 
this study are based on an unprecedented unique seal 
philosophy and verified through theory and experiments.

2. Structure
A general structure of the “Ultra Low Friction Sealed 

Ball Bearing” is shown below:

3. Features
The developed product has the following features:

(1) �Fluid lubrication seal (equivalent to open product) 
Reduction of running torque by 80%  
(compared to contact type seal)

(2) �Longer operational life in comparison to product 
with special heat treatment 5  
times or longer bearing life  
(compared to open product)

(3) �World’s highest seal circumferential speed 
performance 
Seal circumferential speed of 50 m/s or more

(4) �Sealing properties are equivalent to or better 
than the conventional contact type seal 
Prevention of penetration from harmful foreign 
objects

Note: �“Open product” is a designation of open type bearing with no seal

The low torque equivalent to non-contact sealed 
bearings was verified through analysis and experiment. 
The optimum seal shape was developed to prevent 
harmful foreign objects from penetrating into bearing. 

This long-life bearing has 5 times or more operating 
life than a product with special heat treatment.

4. Summary

The low torque seal has adoptied a new mechanism 
design to produce a wedge film effect for the seal lip. This 
creates a low torque equivalent to non-contact type sealed 
bearings and long operational life that is better than the 
products with special heat treatment. It exhibits excellent 
seal durability, even under high rotational speed conditions. 
This makes this contact type seal suitable for high-speed 
rotation required by EV/HEV. It is less costly than the 
bearing with special heat treatment. An active market 
deployment is planned.
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 Award Winning Products 

NTN received the Award for Excellence of the 28th Nikkei Global Environmental Technology Awards

Micro Hydro Turbine

1. Introduction

The Micro Hydro Turbine (Fig. 1) received the 
Award for Excellence of 2018 (28th) Nikkei Global 
Environmental Technology Awards hosted by Nikkei 
Inc. The Turbine starts generating power by simply 
placing it in an existing water channel. It is very friendly 
to the global environment and is contributing to SDGs 
on a global scale. Features include a highly efficient 
blade shape that captures water energy and ability 
to increase generating power. This was evaluated by 
placing multiple units in series or parallel in the same 
water channel.

Fig. 1 Micro Hydro Turbine

2. Configuration

Fig. 2 shows the product confi guration. It consists of 
high efficiency blades which connects to a generator 
and beams for installation on water channels. There 
are two types of controllers for power generation, 
one for charging batteries as an independent power 
source and the other for connecting to the grid so that 
generated power can be sold. This makes the product 
versatile to respond to broad market requirements for 
power generation.

Fig. 2 Configuration of Micro Hydro Turbine

3.  Product Specifications of Typical Models

The model with the blade diameter of 90 cm 
achieves a rated output of 1 kW when the fl ow rate is 2 
m/sec (Table 1).

Table 1 Product specifications of typical models

Turbine type
Propeller hydro turbine for small water 
flow

Generator type
Permanent magnet synchronous 
generator

Blade diameter 60 cm, 90 cm, 130 cm

Rated power output 1 kW (90 cm model at flow rate of 2 m/s)

Recommended 
water channel

Width 100 cm or more, 
depth 100 cm or more

Size/weight H 190 cm × W 230 cm* × D 170 cm, 170 kg

* Varied depending on the width of water channel

4. Summary

Existing hydro turbines in the market by other 
manufactures require major construction work to create 
different water levels. The issue with major construction 
is its cost and damage to the environment. The NTN 
Micro Hydro Turbine can be installed by simply placing 
the unit on a water channel with the beams to fi t the 
width of the water channel, which can solve the issue 
construction causes to the environment. This unit can 
be expected to be used in many fi elds by utilizing 
agricultural and industrial water promoting local 
generation and consumption of renewable energy.
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Our Line of New Products

NTN Portable Vibroscope
This Compact and light sensor unit enables measurement of vibration in various places

Features

(1) �Light and compact
The Sensor, power and WiFi wireless units are integrated into a single package  
(overall dimensions/weight: W 41 mm × D 36 mm × H 87 mm, 145 g).

(2) Easy measurement
This unit allows for smart devices that support iOS to measure vibration data.

(3) Determines abnormalities
Using OA and FFT methods the user is able to determine abnormalities of bearings via dedicated applications, 
identifying damaged parts when abnormalities are detected.
Ease of use by graphic display of the measurement history and storage in the smart device allowing for 
continuous access to the condition of the equipment.

(4) Dust and water resistant
IP65 enclosure to assist with portable usage.

Application

· �Failure detection, vibration measurement, analysis and trend management of bearings

Power button

*Magnet (accessory)

Vibration sensor

Thread size M6 (P = 1), depth 4 mm
Can be attached with glue or magnet (accessory)*

Main spindle of 
machining center

MotorSupport bearing for 
conveyor
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Our Line of New Products

“N3 N-CUBE,” Container Type Transportable Independent Power Supply
Power generation and storage devices by natural energy (wind, water and solar light) 

for quick installation

Standard specification

Features

(1)  During an emergency response such as natural disasters, the provided space can be used as storage for 
supplies or as a living space.

(2)  Transportable independent power supply and storage unit with power generation by natural energy (wind, water, 
and solar light).

(3)  Compact package of devices for easy storage
(4)  Quick installation and prompt start of power generation/supply

Application

Product type
12-feet container
(L 3.7 m × W 2.4 m × H 2.5 m)

Means of 
transportation Truck, freight vessel and helicopter

Power devices
Wind turbine: 0.5 kW, hydro turbine: 1.0 kW, 
solar power generator: 0.9 kW, 
battery: 8.6 kWh

Installation 
time 1 hour by 2 persons

Survival wind 
speed/flow 

rate

Wind turbine and solar power generator: 30 m/s*1, 
hydro turbine: 2 m/s*2

*1 Extreme wind speed  *2 Maximum water flow

Workflow from installation to start of power generation

Solar panel

Hydro turbine

Wind turbine

Wind
turbine
setup

Battery

(3)Start power 
    generation

(2)Open

(1)Transportation/
     installation

Concept model

・ Power supply to 
medical devices

・ Power supply for cooking/
storage equipment

・ Supply of emergency 
stock

・Supply of drinking water

・Provide space
・ Power supply for 

information devices
・ Charging for 

smartphones
・ Power supply to toilets 

and air conditioners

Medicine

Food Living
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