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Abstract

HUMAN-FRIENDLINESS OF ROBOTS IN HUMAN ENVIRONMENTS: MOBILITY,
MANIPULATION, AND REHABILITATION PERSPECTIVES

by

Yunha Kim

Doctor of Philosophy in Electrical Engineering and Information Systems

The University of Tokyo

This dissertation presents a novel definition, an evaluation criterion, requirements, and de-
sign suggestions for the human-friendliness of robots of the immediate future in human en-
vironments, from mobility, manipulation, and rehabilitation perspectives. Securing human-
friendliness is an essential prerequisite for the realization of the human-robot coexisting soci-
ety.

With cutting-edge technologies being implemented, robots have increasingly been commer-
cialized and launched onto the market. The demands for robots, who can help, for example,
clean the house, communicate with people, carry heavy things, and work in dangerous envi-
ronments with or instead of humans, are expected to increase rapidly in the immediate future,
given the fact that the average population of many societies is getting old, and the working
conditions and perimeters of human activities are changing and expanding.

These robots of the near future greatly differ from the ones that we have known so far
in terms of that they share the same time and space with humans, and continuously interact
with them in physical, psychological, or other ways. As they are coming into our society,
guidelines regarding safety for robots and ourselves must be set to prevent problems of any
kind. However, the main stream of the robot research and development has been mostly focused
on, and dedicated to improving the performance of the conventional robots. Consequently, most
endeavor has been given to making robots stiffer, faster, more efficient, more precise, and more
robust, while paying relatively little attention to the human-friendliness of robots.

Ever since Asimov first devised the Three Laws of Robotics in 1942, the guidelines re-
garding human-robot relationship have been discussed and amended over the last seventy years
in sociological domains. And finally in 2006, the British government sponsored a speculative
paper suggesting that robots one day might demand equal rights to humans, which marked the
first government-level action on the issue. In the following year, also the government of the Re-
public of Korea came to announcing that it would draft a Robot Ethics Charter to address and
prevent “robot abuse of humans and human abuse of robots.” However, in contrast to the de-
velopment of the argument in sociological domains, the discourse concerned with human-robot
interactions and safety in the engineering domain still stays local and in its infancy.

To our relief, recently in 2014, a new international standard (ISO) governing the safety
issues of the service robots has been published to catch up with the changes of demands and
expectations. However, it is no more than setting a foundational guideline in human-robot
interactions, barely mentioning that “robots should be inherently safe.” One can also find a
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few research works on the issue only to find that each of them postulates different conditions
and concepts, and that the discourse has not reached any consensus yet, despite its importance.
That being said, now it is timely and significant to address how robots should treat humans and
vice versa – the human-friendliness of robots in engineering terms.

A wide spectrum of issues involving robots’ body and mind has to be addressed for safe and
dependable human-robot interactions. Among many, in this dissertation, the body components
which involve robot design and control, concerned with the physical portion of the interactions,
are mainly focused on and dealt with, based on the fact that the supreme priority falls on the
physical aspects of the safety. And the principle that this dissertation makes is simple and clear:
“Robots have to be compliant.”

In this work, the human-friendliness of robots is newly defined by adopting the concept
of the lumped compliance. Then, a criterion to evaluate the human-friendliness is formulated.
And while answering the questions such as how should robots be designed, how should they
be controlled, and what human aspects should be considered, the requirements and suggestions
that lead to improvements of the human-friendliness are provided and verified theoretically
and experimentally. Three laboratory-made robots are used for the experiments, to postulate,
respectively, mobility, manipulation, and rehabilitation, which form the basis of most of the
robotic applications we expect to face in the near future.

In Chapter 1, an overview of the history involving robots and humankind is given. From
the overview, the relationship between humans and robots and, the trends in it with regard to
the physical distance and interactions are explained. Based on the aspects of the change and
the forecast demands and expectations, we will see the problems that we are facing now in
preparation for the human-robot coexisting society, where we find the motivation and justifica-
tion of this work. Based on it, three robotic applications are introduced in the following three
chapters, to specify the requirements and conditions that robots of the near future should meet,
and eventually to draw a conclusive philosophy in Chapter 5.

Firstly in Chapter 2, a future mobility platform, CIMEV, is introduced. By adopting compli-
ant mechanical elements – caster wheels here – in the system, it is clearly shown that the lumped
compliance (the human-friendliness) of the whole robot improves. In addition, it is also shown
that introducing compliant control algorithms, such as a disturbance observer, helps robots to
perceive and adapt themselves to the changes of the surrounding environments. Moreover,
mobile robots working in human environments are required to have high maneuverability and
controllability, which are realized by utilizing the characteristics of caster wheels in CIMEV.

In Chapter 3, biologically inspired manipulators, including JUMPBiE, are introduced. The
systems’ high compliance, that animal’s musculo-skeletal structures (in this dissertation, to
be specific, the bi-articular muscles) provide, enables safe and human-/environment-friendly
motion in robot manipulation. The homogeneity in stiffness distribution and output force char-
acteristics of the bi-articular actuation helps to improve the performance of the robots in human
environments. It is also shown that the use of compliant mechanical elements (springs, here)
also helps to enhance the human-friendliness of robot manipulators.

In Chapter 4, a novel type exoskeleton for rehabilitation, H-FEX, is introduced after a thor-
ough consideration on the human bio-mechanical characteristics. Based on a study on human
body kinematics and muscle activation, a novel algorithm to estimate the muscle group activa-
tion rates during gait is formulated. Then, the estimation result leads us to the implementation
of an advanced design and control for exoskeletons for rehabilitation, by specifying the dete-
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riorated muscle groups, where to assist. Moreover, the viscoelastic characteristics of human
muscles opens a way to the extensive use of springs and dampers, which eventually enhance
the human-friendliness of the devices.

In Chapter 5, based on the findings and observations from the robotic applications intro-
duced in the previous chapters, a novel definition and a criterion are formulated to tell how
human-friendly a robot is. The new definition of human-friendliness, in this dissertation, adopts
the concept of the lumped compliance, whose derivation and application methods are also elab-
orated. Then, the design requirements and suggestions for enhancing the human-friendliness
are provided both hardware-wise and software-wise, which are implemented in designing and
controlling the robots introduced in Chapter 2, 3, and 4.

Finally in Chapter 6, the findings and contributions of this work and, some open issues for
future work are explained and discussed.

Now we are entering a new era of the human-robot coexistence. Many robotic applications
are working together with us already, and in the immediate future, we will see many more robots
sharing our daily lives together with us. In this dissertation, robots’ human-friendliness itself is
extensively studied. A novel definition of it, requirements for it, and suggestions to enhance it
are given, and they are backed by theoretical and experimental verifications using laboratory-
made robots, from mobility, manipulation, and rehabilitation perspectives. Regarding that those
three applications are the basis for most robotic systems, the findings and suggestions provided
in this work must be helpful and inspiring the next ‘human-friendly’ robots of the future.
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Chapter 1

Introduction

Robots have been around us in conceptual and physical forms for a long – much longer than
anyone can imagine – time. To begin a long story about robots and humankind, firstly in this
chapter, robots, humans and their interaction in the past, now, and in the future are described
and discussed. At the other end of the thread, we will have insights to see problems that robots
and humankind are currently facing, and that must be solved in order to open a new chapter
of the story of the two species. Eventually, this long story about robots and humankind is
intended to provide solutions to those problems. At the end of this chapter, an overview of this
dissertation is given.

1.1 Robots and Humankind
The term ‘robot’ was first used in a play, Rossum’s Universal Robots (R.U.R.), composed by
a Czech writer, Karel Čapek, in 1921, where the robots were organic beings, not mechanical,
however worked the same as modern robots do (Fig. 1.1). By the 1960s, engineers began to
use the term to refer to reprogrammable industrial machines, and many writers borrowed the
term to name the mechanical creatures in their science fiction stories, which made everyone
familiar with the term regardless of different definitions. The term is quite new from historical
perspective, however, the concept is far older than that.

If we define a robot as ‘a machine capable of automatically carrying out a complex series
of movements’ according to the Oxford English Dictionary, one of the first concepts of robot
appeared in a Homeric oral epic, the Iliad, in the 8th century B.C.E., where robot-like ma-
chines, e.g. Talos (Fig. 1.2), were mentioned. Likewise, many other ancient Greek and Roman
mythologies have robotic characters in the stories although their forms and types vary. On the
other hand, when it comes to the early forms of real machines, Babylonians’ water clock, the
clepsydra (422 B.C.E.), must be one of the first robotic devices in history. Then in around 400
B.C.E., an ancient Greek philosopher, Archytas, is known to have built a pulley-driven wooden
dove automaton, which was powered by compressed air. Later in 16th century C.E., Leonardo
da Vinci drew many schematics for robots and demonstrated a lion automaton to King Francis
I of France (Fig. 1.3). In 17th century, hundreds of Karakuri automata (Fig. 1.4) started to ap-
pear in Japanese Edo period to entertain people. Besides, there have been so many other robotic
machines and concepts that can be found in history and literature; we cannot name them all.
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Figure 1.1: A scene from a 1938 TV production of “Rossum’s Universal Robots” (Photo: BBC)

Figure 1.2: The World’s First Robot: Talos (Photo: Vanderbilt University)

These all are the ancestors of modern robots.
They were conceived over 4,000 years ago in ancient rituals and myths, and given shape to

in forms of early mechanical toys and automata. These ancient robots had no apparent purpose
other than amusement. Nevertheless, the mechanical principles on which they were based were
derived from improvements in these mechanical toys, and the clock and automata makers made
great contributions to mechanization of factories. The trigger was the Industrial Revolution,
which took place in many European countries and the U.S. in around the 18th and 19th century.
During this period, improvements in regulators for steam engines enabled people to think of
automatic machines not just as entertaining devices, but as the basis of profitable businesses
[1].

Around the same time, the importance of the training of technicians and engineers began
to be recognized, which led to the establishments of engineering schools in many countries,
for instance, British “Red Brick” schools (1850s), German polytechnics (1870s), the faculty of
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Figure 1.3: A replica of Leonardo da Vinci’s mechanical lion (Photo: AP)

Figure 1.4: A Karakuri automaton (Photo: Steven Sentosa, MyCorner)

engineering of the University of Tokyo (1886), and the Massachusetts Institute of Technology
(1876). Consequently, the mechanical engineering profession was transformed from one run
by self-taught mechanics to a group of college-educated specialists. During the 19th and 20th
centuries, these newly emerging engineer groups dedicated themselves to the improvements
in general level of engineering, together with the availability of materials, the installation of
electricity, and the increased manufacturing capacity of products for export, domestic, and mil-
itary purposes, which provided a great incentive to develop automatic machines, and eventually
motivated improvements in control engineering in a bid to reduce the involvements of human
operators in factories to move toward the full automation of the machines.

Robots, having their ancestors in the rituals, myths, and amusement, have evolved following
the accumulation and integration of technical innovations and social transformations with the
emergence of the highly educated group of technicians and engineers. Robots have been in
fictional and mythological stories; they have been around or in theaters to entertain people; and
with the technological explosion they stepped into factories.
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1.2 Industrialization to Robotization

By the mid-20th century, two world wars which accompanied the rapid industrialization and
the spread of mass-production, accelerated the development of robots. In 1947, Del Harder, an
executive officer at Ford used the term ‘automation’ to refer to the increased use of electro-
mechanical, hydraulic, and pneumatic production and part-handling machines, which were
fixed to one certain task and partially automated. Before long, the invention of transistor and
modern computers in the 1950s enabled computerized control of robots, which made robots
reprogrammable – flexible – to adapt to changing tasks. Computerized controllers created the
demands for robots in industry, and also the demands for companies to produce them. By the
1970s, computer controlled robot arms began to face intense competition. In 1973, the first
commercially available microcomputer-controlled robotic arm, The Tomorrow Tool (T3) was
launched onto the market. In 1974, the Swedish IRB-6 was introduced, and the STANFORD
ARM successfully assembled an automobile part in an experiment. This STANFORD ARM,
then, greatly affected the birth of the well-known robot, the Programmable Universal Machine
for Assembly (PUMA, Fig. 1.5), which was successfully and widely adopted in factory pro-
duction lines and, is still in use on many industrial and educational sites around the world [1].

After the successful introduction of PUMA, factory automation by introducing robots has
explodingly expanded in numbers and geographically worldwide. By the end of the 1980s, the
International Federation of Robotics (IFR), which administers worldwide affairs of the robot
industry, had its member organizations in Germany, Sweden, Japan, Korea, the U.S., and etc.,
and now the members are scattered in 14 countries of 3 continents. Among them, Swiss-based
ABB, who started robot production in 1974, was the first to sell 100,000 robot units on to
the market in 2002 [2]. Nowadays, robots play important roles in industrial fields, and they
became indispensable in most automobile factories, food manufacturing lines, semiconductor
fabrication processes, and etc. (for instance, Fig. 1.6).

Ever since they began in earnest to be used on industrial sites, industry has been the only
field where robots can play such important roles, and consequently industrial robots have

Figure 1.5: Unimate Industrial Robots, PUMA 700 (Photo: Academy of Media Arts of
Cologne)
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Figure 1.6: Modern industrial robots in an automobile manufacturing line (Photo: YTN)

formed the most portion of the entire robot population worldwide. And as a matter of course,
modern robot research works and their orientation have been closely connected to the demands
of the industry, which can be implied from the following ‘10 good reasons’ robots are used on
industrial sites. Robots can [2]:

• reduce operating costs;

• reduce capital costs (e.g. inventory, work in progress);

• reduce material waste and increase yield;

• reduce employee turnover and improve recruitment;

• save space in high value manufacturing areas;

• increase production output rates;

• increase product manufacturing flexibility;

• improve product quality and consistency;

• improve quality of work environment for employees; and

• comply with safety rules and improve workplace heath and safety.

To meet the demands — in order to reduce production costs and improve product quality —
robot research has been focused on and oriented towards better precision and efficiency. Thus
modern robots have become more powerful, stronger, faster, and stiffer. So now modern robots
can lift tons of steel plates with no sweat, work for a long consecutive time without a break
or complaining, and even tell a sub-micron difference in what they see or touch. Moreover,
keeping pace with continuously evolving computer science and many other related engineering
technologies, the performance of modern industrial robots is ceaselessly being improved with
more accurate sensors, more powerful and efficient actuators, and smarter brains.
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1.3 Robots in the Immediate Future
The technological explosion related to robots worked not only for industry, but also for many
applications in other fields. In addition, the socio-economic transition — such as the aging
of the population — of many societies is provoking the demands for robots. Robots now can
assist people by augmenting human motor and sensory powers, doing household choirs for
them, or entertaining and communicating with them. Also, there are robots that fight on the
battle fields instead of human soldiers, or explore the solar system and the outer space without
humans accompanied. Indeed, robots now can do everything ranging from vacuuming floors to
exploring Mars.

Figure 1.7: Various robots that we see now or will probably see in the near future: (a) future
industrial robots (Photo: ABB); (b) robots in agriculture (Photo: AFP); (c) robots in forestry
(Photo: PlusTech); (d) underwater robots (Photo: CoralBots); (e) drones (Photo: USAF); (f)
porters (Photo: Boston Dynamics); (g) companion robots (Photo: Northumbria University);
(h) personal mobility (Photo: Honda); (i) cleaning robots (Photo: iRobot); (j) welfare robots
(Photo: RIKEN); (k) surgical robots (Photo: Max Aguilera-Hellweg); (l) rehabilitation robots
and exoskeletons (Photo: TIME)

Yet, only a limited number of these non-industrial robots — except for the exceptional
robot vacuum cleaners — are in use currently, mainly due to high costs and price, that hinder
the growth of the market. However, the threshold is near, and we will see more and more robots
with various types and functions around us in the immediate future. For instance, in Fig. 1.7,
some of the promising robots are introduced. Industrial robots will be more dextrous and do
more sophisticated jobs in the factories. Other robots will work for humans in the farms and
the forests, relieving humans of heavy labor and enhancing the productivity, and at the same
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Figure 1.8: Aged population proportion trends in major countries and regions from 1950 to
2100 [3].

time, reducing environmental load. Underwater robots will go deeper into the ocean to provide
knowledge about our planet, or save lives in case of maritime accidents. Military robots such
as drones and porters will change the future of war. Lastly but most importantly, service robots
including companion robots, personal mobility, housekeeping robots, and robots for medical
and rehabilitation purposes will greatly improve our quality of life in many ways.

In the background of this increasing demands for robots, is a huge transformation going
on in our societies. That is, increasing life expectancies and decreasing birth rates in many
countries are provoking the demands for robots to fill the lack of human labor power. As
shown in Fig.1.8, in 2013 one Japanese person out of four is already 65 years old or older,
and the proportion is forecast to rise up to 37% by the year of 2050. Korea, one of the most
quickly aging countries, is expected to overtake Japan in 50 years [3]. Consequently, many
issues regarding aging are rising in importance around the world. Robots now are perceived as
a part of solution to the issues, regarding that they can augment the lacking human labor power.

These promising robots of the near future are here to be categorized, for further discussion,
according to their field of use as in Table 1.1. Also, they are mapped as shown in Fig. 1.9,
according to their degree of physical distance and interaction with regard to humans. In both
Table 1.1 and Fig. 1.9, robots that work in human environments are marked with an asterisk
(*), which we want to talk about in this long story. From the map, we can get one important
idea that “robots are coming into our daily lives.” This new breed of robots will touch us, talk
to us, cooperate with us, and vice versa, hanging around in our homes. Robots of this kind are
particularly important due to the fact that they share the same time and space, and continuously
interact with humans in physical, psychological, or other ways. This aspect of the new breed
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Table 1.1: Robots we see now, or will see in the immediate future. Robots marked with an
asterisk (*) work in human environments where humans and robots share the same time and
space interacting with each other.

Category Applications Remarks
Manufacturing Robot arms, Food handling, Cosmetics,

Medicine, and etc.
Industrial robots

Field Agriculture, Forestry, Fishery, Underwa-
ter, Construction, Inspection, and etc.

Military and Aerospace Drones, Combatants, Non-combatants,
Rovers, and etc.

Service *Housekeeping, *Attendant, *Amuse-
ment, *Toys, *Rescue, *Companion, and
etc.

Service robots

Medical *Surgery, *Welfare, *Rehabilitation,
*Monitoring, *Diagnosis, and etc.

Service robots

Mobility platforms *Personal mobility, Logistics, Porters,
and etc.

Service robots

Other robotic machines Home appliances, Automobiles, Vessels,
Areal vehicles, Trains, and etc.

makes a significant difference from the robots which we have known so far.
Looking into statistical data might help us to deepen our insights into the situation we are

currently facing. Fig.1.10∼1.14, for example, show the robot sales and forecasts in industrial
and non-industrial domains, from a report issued by the International Federation of Robotics
(IFR), recently [4]. The statistics data tells us that the demands for industrial robots have been
steadily increased, and will do for the time being. More important part is the appearance of
the new breed, and their expected explosion in numbers. It is obvious and encouraging that
both the old breed – industrial robots, and the new breed – robots in human environments, will
support our society.

As seen in Fig.1.10, more than a hundred thousand of industrial robots are being sold annu-
ally, and the market is expected to grow steadily as many developing countries are advancing
their industry automation. Although the demands for industrial robots at present are mainly
concentrated (70% sales in 2012) in a few industrialized countries such as Germany, the United
States, Japan, and Korea, many countries and regions with great potentials such as Brazil,
China, and India are expected to raise the market (at 6% growth rate on average) in the fol-
lowing years [4]. Not to mention that industrial robots have successfully accomplished their
missions for the past decades, they are expected to continue their jobs as long as we need them.

More importantly, the demands for robots in other categories are growing, and growing
fast as inferred from the sales data shown in Fig.1.11 and 1.12, although the number of units
is still by far smaller than that of industrial robots for the moment. While robots for military
and field use account for a considerable portion of the numbers for now, the growth of the
others, including mobile platforms and cleaning robots, is notable considering that they have
just appeared. As further explained later, these new breed robots are expected to overtake the
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Figure 1.9: Types of robots mapped with regard to human-robot physical distance and human-
robot physical interaction. Robots marked with an asterisk (*) work in human environments
where humans and robots share the same time and space interacting with each other.

Figure 1.10: Worldwide annual supply of industrial robots from 2003 to 2016. (Graph: IFR
[4])
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Figure 1.11: Robot sales for professional use for major applications from 2011 to 2012. (Graph:
IFR [4])

Figure 1.12: Robot sales for professional use for other applications from 2011 to 2012. (Graph:
IFR [4])

old breed in a few decades in both numbers and the size of the market.
Fig.1.13 and 1.14 show the sales and forecast of the robots in non-industrial sector. While

robots for field and military use are still expected to dominate the market for a few following
years, the household robots and robots for amusement are forecast to show rapid increase in
sales. Millions of household robots, such as robotic vacuum cleaners, floor-washing robots,
and attendant robots, are being sold annually, and companion robots and robotic toys that can
communicate, entertain and play with the users will largely increase in only a few years. Again,
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Figure 1.13: Robot sales forecast professional use from 2013 to 2016. (Graph: IFR [4])

Figure 1.14: Robot sales and forecast for personal/domestic use from 2011 to 2016. (Graph:
IFR [4])

they are coming into our daily lives.
From another statistical report, it gets more obvious. Fig.1.15 shows the estimates of the

market size of the Japanese robot industry for the upcoming 20 years [5]. The most striking
point of it is that service robots are predicted to overtake the others combined in only 20 years.
Service robots here exclude defense and field robots, and include medical robots, welfare and
rehabilitation robots, household robots, mobility platforms, logistic robots, robots for amuse-
ment, rescue and security robots, and etc., which are all the new breed robots that share the
same time and space with human users in physical and psychological terms. It is saying that
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Figure 1.15: Estimates of the current and future robot industry market size of Japan from 2012
to 2035 [5].

we will see 80 times more service robots — in monetary terms — around us in 20 years than
we do now in Japan, assuming that the robot price stays still. But what if the price of the robots
goes down? Yes, we are now entering the new era of human-robot coexistence, and thus we
have to be prepared.

1.4 Paradigm Mismatch
From the historical background, the motivation and the orientation of the robot research and
development so far have been boiled down to cost, quality, and safety issues. And that is, robots
have to be fast, precise, and consistent in performing tasks, and they should never complain or
get ill if proper maintenance provided. For these reasons, robots have been designed and con-
trolled to meet the requirements that fundamentally increase production efficiency, excluding
and/or replacing humans from the system. Consequently, robots today have become stronger,
powerful, more precise, stiffer, and heavier. This paradigm is simply expressed by ‘the stiffer
the better.’ Human-robot safety in this context refers to eliminating human-related factors from
the time and space in which robots operate. It seems to have been worked well so far and will
do forever for industrial robots. But the problem is that, this paradigm and the concept of safety
don’t hold for the new breed robots.

As robots are coming into our daily lives, guidelines for robots and ourselves must be set
to prevent problems of any kind, and it is definite that the guidelines must be human-centered
ones. One can find a few research works on the issue, however, the discourse has not reached
any consensus yet. Still, most robots are designed and controlled to have improved precision
and robustness with high stiffness without seriously taking humans into account.

Fortunately, robots living with us today are not so big, heavy, or powerful. No today’s
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robotic vacuum cleaner can hurt humans. However, what if they become bigger, heavier, and
stronger? For example, Honda’s Asimo can definitely hurt people if it blunderingly interacts
with them. Being one of the most advanced humanoid robots ever developed in history, it can
walk, run, jump, and talk, and even serve drinks, however, no one is allowed to touch Asimo
while it is in motion. Asimo’s sophisticated system works fine only when excluding human
factors from the system; in other words, it is still one of the old breed robots – industrial ones.
It is hard to think that ‘untouchable’ robots help with laundry, wash dishes, clean toilets and
bathtubs, and help with moving heavy objects in our homes. It is rather easier to imagine they
hurt people by punching in the chest, pinning on the wall, or smacking on the head just like
their relatives do. If the paradigm mismatch remains unresolved, the human-robot coexistence
must never happen.

Another statistical data tells us why. Each year many lives are lost and a number of disabling
injuries occur through robot-related accidents and incidents around the world. In Japan, 28 lives
were killed in industrial-robot-related accidents during 13 years from 2000 to 2012 as shown in
Table 1.2 [6], which may seem very few compared to the numbers in other industrial disasters,
but even one accident is one accident too many, and we are expecting them to live with us.

Table 1.2: Annual fatalities in robot-related accidents in Japan [6]

Year 2000 2001 2002 2003 2004 2005 2006
Fatalities 1 1 2 6 1 1 4

Year 2007 2008 2009 2010 2011 2012 Total
Fatalities 4 1 2 2 1 2 28

Here are some descriptions of real-life robot accidents selected from [7] and [8].

• A repairman climbed over a safety fence without shutting off the power to the robot and
worked in its area while it was temporarily stopped. When the robot resumed movement,
it pushed him into a grinding machine and, consequently, he died.

• A robot stopped because one of the parts did not make a locating switch. The victim
entered the cell and attempted to locate the part. The robot activated and crushed the
employee to death.

• Four workers entered the restricted space to troubleshoot a robot with power on. One
worker decided to put the part back onto the fixture and the robot assumed it was time to
go. The worker was pinned to the fixture.

• A technician was working on a robot-conveyor arm. The machine dips parts into solu-
tions and cycles every 15 minutes. The victim forgot about the 15-minute cycle and was
caught between the robot arm and the conveyor.

• Two electricians entered a cell which had two robots that load two assembly fixtures.
A yellow caution light was on indicating that it was safe to enter the cell. Apparently
while the electricians were checking the equipment one of them hit a limit switch which
caused one of the robots to move quickly to the fixture to remove a panel. One of the
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electricians was standing in front of the assembly machine and was pinned by the robot
and end-effector.

As inferred from the descriptions, accidents involve human errors: humans do things that they
are not supposed to do. However, robots should take full responsibility for the safety involving
humans in living with us, since we humans are forgetful, careless, neglectful, and, at the same
time, fragile animals. Time is running out. Now it is time to solve the paradigm mismatch
problem, and this work is dedicated to provide hints and inspiration for the next.

1.5 For Human-Robot Coexistence
This work addresses the ‘human-friendliness’ of robots that will work in human environments
in the immediate future. Based on the fact that we are entering a new era of the human-robot
coexistence, where robots are coming into our homes and work places to share the same time
and space with humans.

Ever since Asimov first devised the Three Laws of Robotics in 1942 [9], the guidelines re-
garding human-robot relationship have been discussed and amended over the last seventy years
in sociological domains. And finally in 2006, the British government sponsored a speculative
paper suggesting that robots one day might demand equal rights to humans, which marked the
first government-level action on the issue. In the following year, also the government of the Re-
public of Korea came to announcing that it would draft a Robot Ethics Charter to address and
prevent “robot abuse of humans and human abuse of robots [10].” However, in contrast to the
development of the argument in sociological domains, the discourse concerned with human-
robot interactions and safety in the engineering domain still stays local and in its infancy.

To our relief, recently in 2014, a new international standard (ISO) [11] governing the safety
issues of the service robots has been published to catch up with the changes of demands and
expectations. However, it is no more than setting a foundational guideline in human-robot
interactions, barely mentioning that “robots should be inherently safe.” One can also find a
few research works on the issue only to find that each of them postulates different conditions
and concepts, and that the discourse has not reached any consensus yet, despite its importance.
That being said, now it is timely and significant to address how robots should treat humans and
vice versa – the human-friendliness of robots in engineering terms.

A wide spectrum of issues involving robots’ body and mind has to be addressed for safe and
dependable human-robot interactions. Among many, in this dissertation, the body components
which involve robot design and control, concerned with the physical portion of the interac-
tions, are mainly focused on and dealt with, based on the fact that the supreme priority falls
on the physical aspects of the safety. And the principle that this dissertation makes is simple
and clear: “Robots have to be compliant.” It is essential for Safety, Reliability, and Adapt-
ability of the robots. The key aspect of these is compliance of the system. Compliance in this
context means both mechanical and virtual ones. By using compliant actuators and passive
compliant elements, and by using control algorithms that provide robots with sensitivity, the
human-friendliness — safety, reliability, and adaptability — of robots will be improved. Before
drawing the conclusive philosophy, first we start with thorough observations and contemplation
using three robotics applications from mobility, manipulation, and rehabilitation perspectives,
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which are respectively introduced in the following three individual chapters. These three basic
functions are particularly important, since they are the basis of most robot applications as it can
be inferred from Fig. 1.7. Based on the results of each, the argument of this work is made in
Chapter 5.

1.6 Overview of the Thesis
This dissertation is organized as follows. In Chapter 2, firstly a future mobility platform,
CIMEV, is introduced. By adopting compliant mechanical elements – caster wheels here –
in the system, it is clearly shown that the lumped compliance (the human-friendliness) of the
whole robot improves. In addition, it is also shown that introducing compliant control algo-
rithms, such as a disturbance observer, helps robots to perceive and adapt themselves to the
changes of the surrounding environments. Moreover, mobile robots working in human envi-
ronments are required to have high maneuverability and controllability, which are realized by
utilizing the characteristics of caster wheels in CIMEV.

In Chapter 3, biologically inspired manipulators, including JUMPBiE, are introduced. The
systems’ high compliance, that animal’s musculo-skeletal structures (in this dissertation, to
be specific, the bi-articular muscles) provide, enables safe and human-/environment-friendly
motion in robot manipulation. The homogeneity in stiffness distribution and output force char-
acteristics of the bi-articular actuation helps to improve the performance of the robots in human
environments. It is also shown that the use of compliant mechanical elements (springs, here)
also helps to enhance the human-friendliness of robot manipulators.

In Chapter 4, a novel type exoskeleton for rehabilitation, H-FEX, is introduced after a thor-
ough consideration on the human bio-mechanical characteristics. Based on a study on human
body kinematics and muscle activation, a novel algorithm to estimate the muscle group activa-
tion rates during gait is formulated. Then, the estimation result leads us to the implementation
of an advanced design and control for exoskeletons for rehabilitation, by specifying the dete-
riorated muscle groups, where to assist. Moreover, the viscoelastic characteristics of human
muscles opens a way to the extensive use of springs and dampers, which eventually enhance
the human-friendliness of the devices.

In Chapter 5, in order to resolve the problems found in this chapter, a novel definition and
a criterion are formulated to tell how human-friendly a robot is, based on the observations
and contemplation made through the experiments and discussion using three robotic applica-
tions. The new definition of human-friendliness, in this dissertation, adopts the concept of
the lumped compliance, whose derivation and application methods are also elaborated. Then,
the design requirements and suggestions for enhancing the human-friendliness are provided
both hardware-wise and software-wise, which are implemented in designing and controlling
the robots introduced in this work.

Finally in Chapter 6, the findings and contributions of this work and, open issues for future
work are explained and discussed.
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Chapter 2

CIMEV: A Future Mobility Platform

In this chapter, a future mobility platform, CIMEV, is introduced. By adopting compliant
mechanical elements – caster wheels here – in the system, it is clearly shown that the lumped
compliance (the human-friendliness) of the whole robot improves. In addition, it is also shown
that introducing compliant control algorithms, such as a disturbance observer, helps robots to
perceive and adapt themselves to the changes of the surrounding environments. Moreover,
mobile robots working in human environments are required to have high maneuverability and
controllability, which are realized by utilizing the characteristics of caster wheels in CIMEV.

2.1 Introduction
Utilizing the advantages of electric motor described below [12], many motion control strategies
for electric-motor-driven mobility such as anti-slip traction control, running stability control,
and range extension control, have been introduced in recent years [13][14][15]. These control
methods are effective hence electrified vehicles can run more safely and energy-efficiently than
conventional Internal Combustion Engine Vehicles (ICEVs). TORQ Roadster, electric vehicles
from Arcimoto, and many other concept electric vehicles from many manufacturers around the
world are the icons symbolizing the vitality of the field.

• Torque generation of an electric motor is very quick and accurate.

• A motor can be attached to each wheel.

• Motor torque can be measured easily.

In addition to aforementioned properties, mobility electrification helps to excel ICEVs in
terms of two-dimensional motion control, by assigning two inputs - the steering and the di-
rect yaw moment - while the conventional platforms have only the steering input. The torque
vectoring technology for ICEVs [16][17] seems to be similar to the direct yaw moment input,
however it is obvious that the controllability and the system response become much better than
ICEVs due to the reasons listed above.

However, most of these research works are based on the four-wheeled platform with the
conventional mechanical steering system, which has not changed from the beginning of the
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mass production of the Ford Model T in 1908. It was originally designed and has been op-
timized for an internal combustion engine to transmit power to each of the driving wheels.
Consequently it is clear that to use the conventional platform for the independent motor driven
mobility is a waste of ability, hence motivates this work.

Despite the underlying importance, it seems that there have been only a few attempts to
provide a new platform for the independent motor driven mobility. In 1968, Slay [18] invented
an electric-motor-driven mobility that could change direction at right angles using powered
caster wheels. Similarly, Lam et al. designed a novel type all wheel driven and steered mobility
[19]. These systems imply a number of possibilities of what mobility electrification can bring
about. Yet such systems are still too expensive in terms of the number of actuators and control
efforts. Slay’s system needs analyses on stability and maneuverability. Lam’s work is rather
focused on the driver interface, thus the vehicle dynamics itself has to be investigated more in
various speed ranges. Another design proposed by Ebihara et al. [20] gives some hints for the
new design of micro mobility. It uses only the moment steering showing that the performance
is good enough to deal with given tasks. The free rotating casters work well on the irregular
terrain — a grass field. However, it still needs improvements, if postulating personal mobility
applications, in high speed running performance considering the lateral forces when cornering.

Besides, some other attempts to provide high agility for mobility platforms can also be
found. Swisher’s invention of 1952 [21] contributed to the mobility of lawn mowers which
require quickness in their motion due to the fact that their operation space is usually restricted,
and has obstacles and ditches. Brienza’s work on a novel steering linkage [22], and Borenstein’s
mobile robot platform [23] are highly applicable and useful to the vehicles in the field of welfare
and social security. All three of them, however, operate in a relatively low speed range where
controllability and stability problems of vehicle dynamics can be neglected, hence they are not
taken into account. As for future personal mobility solutions, the dynamics of the vehicle in the
high speed range such as steering and cornering characteristics becomes important, because it
is deeply related to the safety issues. The authors present considerations on these issues, which
makes a part of contributions of this work.

In this work, a novel mobility platform using caster wheels and independent driving motors
is proposed. Provided with four wheels, the system is designed to be structurally stable, and
with caster wheels on the front axle the proposed system is able to fully utilize the two inputs –
the steering angle and the direct yaw moment – in two-dimensional vehicle motion. The design
philosophy and the control strategies are developed and discussed in the following sections.

2.2 Study on Wheel Placements

To seek the most appropriate configuration for an independent-motor-driven mobility, it is nec-
essary to discuss the wheel placements and their effects on the vehicle behavior first. In this
section, some general wheel placements and corresponding dynamics are introduced. Then the
relevant stability evaluation criteria are shown, and followed by discussion on the compatibility
with motion control.
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Figure 2.1: Three models used in the analyses. Frame of reference, center of gravity, motor
position, and etc. are indicated.

Wheel Placements and Dynamics
Three generally thinkable kinds of vehicle wheel placements and their dynamics are introduced
here: three-wheeled vehicle model with one wheel front; three-wheeled vehicle model with one
wheel rear; and four-wheeled vehicle model. It is assumed that each of the dynamic models has
two independent driving motors in the system for fair comparison. The effect of the suspension
system is neglected for simplicity, assuming that the vehicle would mainly run on the paved
roads where the tire-ground contact is secured to a certain degree.

Major assumptions for the system analyses are: all vehicle models introduced here share
the vehicle parameters shown in Nomenclature, which are equivalent to those of the experi-
mental vehicle CIMEV (Fig. 2.7); each system has two independent driving motors within,
and the steering wheels are on the front axle; the effect of the suspension system on the vehicle
dynamics is ignored; and the center of gravity of each system is assumed to be located at its
geometric center of the base, i.e. each wheel negotiates with equally divided vertical load.

For all systems introduced in the analyses of this section, the state space representation is
as expressed below:

ẋ = Ax + Bu (2.1)
y = Cx + Du (2.2)

where,

x =
[
β γ

]T (2.3)

u =
[
δ Mz

]T (2.4)
C = I (2.5)
D = 0 (2.6)

for all cases.
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Three-Wheeled Vehicle and its Dynamics

Huston, Graves and Johnson first studied three-wheeled vehicle dynamics in 1982 [24]. They
made stability comparisons between a three-wheeled vehicle with two wheels on the front
axle (2F1R), a three-wheeled vehicle with two wheels on the rear axle (1F2R) and a standard
four-wheeled vehicle, and concluded that three-wheeled vehicles can offer safe alternatives to
four-wheeled vehicles.

Here, two dynamic models which Huston et al. proposed are introduced with some mod-
ifications: it is assumed that two independent driving motors are equipped, and the steering
wheels are in the front in both cases.

Three-Wheeled Vehicle (2F1R) and its Dynamics

The schematic of the system is shown in Fig. 2.1(a). Two independent driving motors are
attached in the front steering wheels, and a non-driving-nor-steering wheel is in the rear. The
governing equations are as below:

A =

[
−2Cf+Cr

mV
−2lfCf−lrCr

mV 2

−2lfCf−lrCr

Iz
−2l2fCf+l

2
rCr

IzV

]
(2.7)

B =

[
2Cf

mV
0

2lfCf

Iz
1
Iz

]
(2.8)

Three-Wheeled Vehicle (1F2R) and its Dynamics

The schematic of the system is shown in Fig. 2.1(b). Two independent driving motors are
attached in the rear wheels, and a non-driving steering wheel is in the front. The governing
equations are as below:

A =

[
−Cf+2Cr

mV
− lfCf−2lrCr

mV 2

− lfCf−2lrCr

Iz
− l2fCf+2l2rCr

IzV

]
(2.9)

B =

[
Cf

mV
0

lfCf

Iz
1
Iz

]
(2.10)

Four-Wheeled Vehicle and its Dynamics

Although the dynamic analyses for four-wheeled ground vehicles are plentiful, most of them are
concerning the conventional engine-driven vehicles. Here, a dynamic model for an independent
motor driven electric vehicle is introduced. The model is based on the bicycle model. The
schematic of the system is shown in Fig. 2.1(c), and the governing equations are as below:
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A =

[
−2(Cf+Cr)

mV
−2(lfCf−lrCr)

mV 2

−2(lfCf−lrCr)

Iz
−2(l2fCf+l

2
rCr)

IzV

]
(2.11)

B =

[
2Cf

mV
0

2lfCf

Iz
1
Iz

]
(2.12)

Structural Stability Evaluation
As the first step, vehicle’s structural stability, which refers to the tip-over stability in this case,
is evaluated. Previous research works have introduced numerous criteria to quantify the vehicle
tip-over stability [25], such as Static Stability Factor (SSF) [26], Load Transfer Metric (LTM)
[27], Energy Stability Margin (ESM) [28], and Force-Angle Stability Metric (FAS) [29]. By
applying each of these criteria to the models introduced above, the structural stability is exam-
ined.

Table 2.1: Structural Stability Summary

Criterion 2F1R 1F2R 4W
SSF 0.74 0.74 1.11
LTM 7.26 7.26 10.89
ESM 16.78 16.78 18.63
FAS poor when accel. poor when braking -

Evaluation results are shown in Table 2.1. Numbers are unitless, and the larger number
indicates the better stability. Generally, 4-wheeled vehicle is the most structurally stable by
all criteria, which can be explained by the fact that 4-wheeled vehicle has the largest base of
support which is directly related to the tip-over moment.

Compatibility with Motion Control
In order to see the compatibility of the system with motion control, the controllability and the
system response of the vehicle dynamic models are evaluated. Firstly, the controllability of
each system is checked. Secondly, yaw rate responses are shown with respect to the steering
input and the yaw moment input respectively, since we are dealing with two major inputs which
distinguish the proposed platform from conventional engine vehicles from the motion control
point of view.

Controllability Study

First of all, using the state equations (2.1)∼(2.12), controllability of each system is checked.
Controllability of a system can be clarified by calculating the rank of the matrix Γc[A,B]. The
system is controllable if and only if Γc[A,B] has full rank. This criterion is binary, i.e. it only
provides ‘YES-NO’ answers, and the answers for the given systems are shown in Table 2.2.
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Table 2.2: Controllability Check

2F1R 1F2R 4W
rank(Γc[A,B])/Dimension 2/2 2/2 2/2

Controllability YES YES YES

Figure 2.2: Distance to the Uncontrollability

For more in-depth comparison of the controllability of the different systems, a quantitative
measurement is needed. In order to meet this demand, the method used is the quantification
method introduced by Eising [30], which provides a standard to measure how far a controllable
system is from an uncontrollable one. The distance µ(A,B) between a controllable system
from an uncontrollable one is defined as follows:

µ(A,B) ≡ minσn(sI − A,B) (2.13)

where σn(sI − A,B) is the smallest singular value of [sI − A,B]. This criterion indicates
the spacial distance from a system to its nearest uncontrollable point, which means when
µ(A,B) = 0, the system becomes uncontrollable if there is any parameter deviation in the
system. According to the definition, the distances for the given systems are shown in Fig. 2.2.

All vehicle models are controllable. However, as seen in Fig. 2.2, in terms of robustness the
3-wheeled vehicle with two wheels on the front is the most farthest from the uncontrollability,
even farther than the 4-wheeled one. The result shows that the relative controllability of the 3-
wheeled vehicle which has two wheels on the front, is higher than that of the 4-wheeled vehicle
at any vehicle speed, which implies that the 2F1R vehicles are more robust against parameter
variation than the 4-wheeled ones. This can be generalized, because the only parameter that
varies in the matrices A and B and affects the result is the vehicle speed V , given that the
system inputs remain the same.
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Figure 2.3: Step Steering Input (30 degrees) vs. Vehicle Yaw Response

Vehicle Yaw Response Analyses

For vehicle yaw response analyses, state equations are converted into transfer functions G(s)
as:

G(s) = C(sI − A)−1B +D (2.14)

where, system inputs are defined in (2.4), and common output is the vehicle yaw rate γ, which
makes six transfer functions in total for the analyses. The details are omitted, and the results
are shown in Fig. 2.3∼2.6.

Figure 2.3 shows the responses of the vehicle models in time domain when given a step
steering input whose magnitude is 30 degrees which is usually the maximum value for passen-
ger vehicles at t = 0. It can be seen that the 3-wheeled vehicle models are slower in response
than the 4-wheeled one, however, the difference is not so significant; the vehicle speed is dom-
inant, not the configuration. It can be confirmed in Fig. 2.4. Thus it can be generally stated that
vehicle’s yaw response to the steering input is dependent on the vehicle speed.

When there exists the difference between traction forces generated by two driving wheels,
yaw moment occurs in the vehicle, which distinguishes the proposed platform from the con-
ventional engine vehicles. This difference is regarded as another input variable: the direct yaw
moment input.

Fig. 2.5 shows the yaw responses of the vehicles in time domain when given a step direct
yaw moment input whose magnitude is 80% of the vertical load of each case, which is usually
the maximum friction on a dry asphalt, at t = 0. It can be seen that the response speed of the
3-wheeled vehicles is faster than that of the 4-wheeled one. Moreover, the steady state gain of
the 3-wheeled vehicles is remarkably larger than that of the 4-wheeled one at any longitudinal
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Figure 2.4: Bode Plot: Steering Input vs. Vehicle Yaw Response

speed. This difference in gain can be explained by examining the transfer functions governing
the dynamics.

G(0)γMz =

V (2Cf+Cr)

2L2CfCr(1−
m(2lfCf−lrCr)V 2

2CfCrL2 )
= 3V

8L2C0

V (Cf+2Cr)

2L2CfCr(1−
m(lfCf−2lrCr)V 2

2CfCrL2 )
= 3V

8L2C0

V (2Cf+2Cr)

4L2CfCr(1−
m(lfCf−lrCr)V 2

2CfCrL2 )
= V

3L2C0

(2.15)

where C0 is an arbitrary coefficient. From this observation, it is obvious that the difference in
gain results from the difference of cornering stiffness, which is a mechanical stiffness hindering
the direct yaw moment input from turning the vehicle.

Moreover, in Fig. 2.6 it can be seen that the frequency response is almost the same as Fig.
2.4, but there only exists difference in gain. Such relatively small gain makes it difficult for the
direct yaw moment input to contribute to motion control. Improvements need to be made here
to fully utilize two inputs of the independent motor driven mobility platforms.

To summarize, the three-wheeled vehicles are less structurally stable than the four-wheeled
one. They have, however, more larger gains in yaw rate response to the yaw moment step input,
which is a desirable property in motion control using independent driving motors. Especially
the three-wheeled model with two front wheels has almost the same response to the unit step
steering input, compared to the four-wheeled model, whereas it shows better response to the
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Figure 2.5: Step Direct Yaw Moment Input vs. Vehicle Yaw Response

Figure 2.6: Bode Plot: Direct Yaw Moment Input vs. Vehicle Yaw Response

yaw moment input. Thus, considering the vehicle motion control using independent driving
motors, the three-wheeled vehicle can be an attractive alternative.

From the observations made here, it is clear that when trying to find a novel platform for the
independent motor driven mobility, there are some efforts to be made: to reduce mechanical
stiffness hindering the direct yaw moment input from turning the vehicle, and to maintain struc-
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tural stability and controllability of the system, which forms the background of the proposed
system design.

2.3 CIMEV for Future Mobility Platform
Based on the observations of the previous section, this work proposes a novel structure using
caster wheels and independent driving motors, as one of the possible configurations for the
future personal mobility solution. The system consists of two independent driving wheels and
two caster wheels. This configuration enables the vehicle to have: a low mechanical stiffness
against the direct yaw moment input because caster wheels can rotate freely, and a high static
stability because the vehicle has four wheels, which showed the highest static stability from the
observation in the previous section.

In order to demonstrate the feasibility of the proposed system, an experimental vehicle
which has two driving wheels and two caster wheels was fabricated. Before fixing the actual
configuration, a contemplation was needed to decide where to put the caster wheels: front or
rear.

Vehicles which require high agility such as forklift, whose operational space is restricted,
often have steering wheels in the rear, because steering wheels on the rear axle enable high
yaw rates to make sharp turns. However, nearly all passenger vehicles have steering wheels on
the front for better stability. An obvious difference between these two types of vehicle is the
operational speed range.

CIMEV
CIMEV (Caster-wheeled Independent Motor-driven Electric Vehicle) is designed to run un-
manned. It is controlled by a digital signal processor (S-BOX) with two input signals transmit-
ted through a radio controller. The PWM signals interpreted by the receiver are sent into the
DSP, where they are linearized to drive the motors – both driving and steering – to run the vehi-
cle. Four independently controlled electric motors are used. Two are used for steering and the
other two for driving. The vehicle is powered by a 24V Ni-MH battery. System configuration
is shown in Fig. 2.8. More details of the experimental vehicle are shown in [98].

Modeling
The dynamic model suggested by G. Somieski [31] seems to be compatible for the system.
The system is modeled neglecting the existence of steering motors, and it is assumed that the
casters are free to rotate only under the effect of the stiffness K and the damping D about the
king pin. The governing equations are written as:

Iwδ̈ +Dδ̇ +Kδ = −Msa(α)− eFy(α)−Dt(V )δ̇ (2.16)
α = δ − θV (2.17)

Considering the size and the type of the wheel we are dealing with, which is 0.1m in
diameter and made of hard-rubber, the terms Msa(α) and Dt(V )δ̇ can be neglected. Moreover,
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since Fy(α) can be approximated into a linear form of Fy(α) = Cfα, we can simplify (2.16) to
(2.18) below, where the theoretical backgrounds can be found in [32], [33], [34], and [35]:

Iwδ̈ +Dδ̇ +Kδ = −eCfα (2.18)

As the experimental vehicle has been provided with two steering motors, equations can be
written as below, considering the torque inputs of the steering motors, and regarding that the
liaison moments and the equivalent forces are given by the motors:

Iwδ̈L + eCfδL = eCfβ +
elfCf
V

γ + TmL (2.19)

Iwδ̈R + eCfδR = eCfβ +
elfCf
V

γ + TmR (2.20)

Izγ̇ =
lf
e

(TmL + TmR)− 2lrCr(β −
lr
V
γ) +Mz (2.21)

mV (β̇ + γ) =
1

e
(TmL + TmR) + 2Cr(β −

lr
V
γ) (2.22)

2.4 Advantages of CIMEV
The global control scheme for CIMEV is shown in Fig. 2.9. The upper-level controller com-
putes the direct yaw moment reference and the lateral force reference in the form of the steering
angles in order to meet the speed and yaw rate requirements. The lower-level controllers which
are the driving controller and the steering controller, assign the motor torques to give the vehicle
speed, yaw rate, and the steering angles.

Figure 2.7: Caster wheeled electric vehicle CIMEV: Two rear wheels are driven via belt and
pulley by two independent driving motors (90 Watts each). Two front wheels are casters, con-
nected via gears to two independent steering motors (60 Watts each).
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Figure 2.8: System configuration of the experimental vehicle CIMEV: The vehicle is controlled
by a digital signal processor (S-BOX) with a remote controller. Its dynamic behavior is moni-
tored and recorded through an acceleration sensor unit and four encoders.

Figure 2.9: Block diagram of the global control scheme for CIMEV.

Experiments were done to show the advantages of the proposed system: high mobility,
lateral force observer, load transfer estimation, understeer gradient control, and bank angle
estimation. The experiment results are shown, and the corresponding advantages of the system
are discussed.



2.4. ADVANTAGES OF CIMEV 29

Figure 2.10: Yaw rate responses to the direct yaw moment input versus the conventional steer-
ing maneuver at 90 degrees cornering. Vehicle speed is 1m/s in all cases. The steering angle
is 30 degrees at inner wheel for the conventional steering case. Direct yaw moment is given by
wheel speed controller.

High Mobility

Fig. 2.10 shows the experimental result of the vehicle yaw rate responses to the direct yaw mo-
ment input versus the conventional steering maneuver at 90 degrees cornering at a low speed of
1m/s. For the conventional steering case, the steering angle was given by Ackermann geometry
at 30 degrees which is usually the maximum for passenger vehicles.

It is shown that the yaw rate can go over the maximum rate of the conventional one at a
given speed, by applying direct yaw moment to the driving wheels without causing any energy
loss from cornering resistance, which is consistent with the observation results from the system
analyses. This property enables CIMEV to make a sharper turn than a conventionally steered
vehicle, so that CIMEV can move more freely in restricted spaces. This experiment result also
can be associated with the ICR location shown in Fig. 2.11. Usually a normal passenger vehicle
has the minimum turning radius of 5 meters, meanwhile CIMEV can turn with zero radius.

At low speed, the advantage of using caster wheels is obvious: as the way they are defined,
they freely rotate and so does the vehicle. Vehicles with the normal steering system, need to
run in order to make turns. CIMEV, on the other hand, can make turns at speed of zero. This
property is highly advantageous for the mobile robot applications, since the space in which they
work is shared by humans.
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Figure 2.11: Possible location of ICR (Instant Center of Rotation), colored blue. CIMEV
(upper) and conventional one (lower). Vehicle with normal steering has usually 5 meters of
minimum turning radius, while CIMEV has zero at zero vehicle speed.

Lateral Force Observer
Since CIMEV is equipped with two independent steering motors, it is possible to apply distur-
bance observers [36] in the control logic of each wheel. From equations (2.19) and (2.20), if
we define the disturbance torques for the left and right as:

TdL = eCfβ +
elfCf
V

γ − eCfδL = eCfαL ' eYL (2.23)

TdR = eCfβ +
elfCf
V

γ − eCfδR = eCfαR ' eYR (2.24)

the lateral force can be simply calculated by dividing the caster length e without using any spe-
cial sensors to measure it. Moreover, by controlling the steering angles, the vehicle is allowed
to have the controlled lateral forces, which gives a number of implications to vehicle motion
control field.

Fig. 2.12 compares the lateral forces between the one calculated using disturbance ob-
servers and the one using acceleration sensor. Since it is a steady state circle running condition
(i.e. γ̇ = 0 and Mz = 0), disturbance torques were converted into lateral forces (red and blue
dashed lines), and the lateral acceleration was converted into the necessary net lateral force to
make the turn (black solid line). Experimental result shows that the lateral force estimation
using disturbance observer has reliable accuracy when compared with the calculation using
acceleration sensor.

The results are comparable to Yih’s work [37] that proposed a novel side-slip estimation
method using steering torque information and a disturbance observer. The work provides many
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Figure 2.12: Lateral forces calculated by using disturbance observer versus the one calculated
by using lateral acceleration sensor during a steady state circle running. Vehicle speed was
2m/s, and the steering angle was 15 degrees at inner wheel.

practical implications, however, there still remain a number of model uncertainties, or approxi-
mated parameters in calculation, which eventually dull down the estimation accuracy, whereas
CIMEV consists of a simpler mechanical configuration which imposes less model uncertainties
on the estimator — the disturbance observer.

Load Transfer Estimation
As seen in Fig. 2.12, the estimated lateral force has larger value for the outer wheel than the
inner one. In this work, it is assumed that the cornering stiffness Cf has a fixed value, however,
in reality the value changes due to the dynamic change in vertical load. It is found, from the
experimental result and from the definition of Cf in [32], that the ratio of the vertical load is
around 0.63 between the inner and outer wheels.

On the other hand, from the experiment condition, and the vehicle geometry and parameters,
for a given lateral acceleration, the vertical load of the front wheels can be roughly calculated
as:

NzFL =
mglr
L

+
2mhlr
dL

ay (2.25)

NzFR =
mglr
L
− 2mhlr

dL
ay (2.26)
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Figure 2.13: Understeer gradient controller.

where, ay of this experiment was 1.87m/s2, thus the ratio NzFL/NzFR should be around 0.69,
which is fairly close to the value from the experiment result. This observation implies that, by
using the lateral force observer, the dynamic load transfer of a running vehicle can be calculated
without attaching any special sensors such as a potentiometer. More investigation needs to be
done for better accuracy.

Understeer Gradient Control
Furthermore, it is also possible at a high vehicle speed to change the understeer characteristics
by using the lateral force feedback control. In this paper, this will be referred as the understeer
gradient control. The understeer gradient Kus is one of the major vehicle dynamic characteris-
tics during cornering.

CIMEV inherently is a severely under steered vehicle due to the free rotation of the casters,
however, by using this control it becomes close to a neutral steered one. The understeer gradient
controller makes αf smaller by giving the positive feedback of the estimated lateral force Ŷ to
the direct yaw moment Mz, and thus it virtually makes the cornering stiffness Cf larger: refer
to [32]. Consequently Kus can be controlled to approach zero. The control scheme is shown in
Fig. 2.13, and the experimental results are shown in Fig. 2.14 and 2.15. The vehicle ran on a
circle and was accelerated from 0 to 4 m/s.

Usually a passenger vehicle is understeered, and has a peak in yaw rate gain at a certain
vehicle speed called the characteristic speed Vchar, like the red dotted case in Fig. 2.14 and 2.15,
so the radius of cornering gets bigger as the vehicle accelerates. On the other hand, the neutral
steered vehicle can run on a circle of a constant radius regardless of its speed, which gives the
driver a natural (linear) feeling during cornering. Using the understeer gradient control, the
cornering characteristics of CIMEV can be tuned to the driver’s favor, i.e. the value can be
controlled by changing the gain Clat as shown in Fig. 2.14.

Bank Angle Estimation
Another advantage of using the lateral force observer is the estimation of the road bank angle
on which the vehicle is running. It is based on a simple kinematic relation between the gravi-
tational force and the lateral force of the front wheels as shown in Fig. 2.16 without using any
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Figure 2.14: Understeer gradient control: Change in slope (understeer gradient Kus).

special sensors. When a vehicle is running straight on a road which has a bank angle of ϕ, from
the kinematic relation it is expressed as:

Ŷ =
lr
L
mg sinϕ (2.27)

thus ϕ can be estimated as:

ϕ̂ = sin−1 Ŷ L

lrmg
' Ŷ L

lrmg
(2.28)

It can be seen in Fig. 2.18 that the two lateral acceleration signals agree well, and the
estimated and measured values are acceptable. The bank angle of the road is 10.5 degrees,
which assigns 1.79 m/s2 of lateral acceleration due to gravity. The vehicle was released at
t = 2 by hand, and the vehicle speed increases up to 2 m/s. As the vehicle starts to run, the
lateral force observer works properly.

It is a simple and cost effective method, however in order to apply this method to a passenger
vehicle, decoupling the effects of the bank angle and the lateral acceleration during cornering
needs to be investigated. Ryu et al. have worked on this issue, using the Global Positioning
System (GPS) and the Internal Navigation System (INS) [38]. GPS and INS nowadays are
good enough for vehicle state estimation, however, the use of external information, especially
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Figure 2.15: Understeer gradient control: Vehicle trajectory during an accelerating circle run.

Figure 2.16: Kinematic Relations of Bank Angle Estimation.

GPS, can be a potential risk factor. The proposed mechanism of this work is applicable to
eliminate the risk of using external information, by providing the exact measurement internally
using kinematics.
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Figure 2.17: Bank where the experiment was carried out. The bank angle is 10.5 degrees.

Figure 2.18: Lateral acceleration signal from the acceleration sensor and the lateral force ob-
server. Vehicle is released at t = 2, and the vehicle speed increases up to 2m/s.

2.5 Human-Friendliness of CIMEV
From the discussions and observations above, we can conclude that CIMEV is a suitable form
of mobile robots working in human environments. By introducing compliant mechanical el-
ements — caster wheels — in the system, the robot’s safety, reliability, and adaptability are
improved. The human-friendliness of the global system is evaluated as an example in Chap-
ter 5, to show that CIMEV has higher lumped compliance — which is elaborated in detail in
Chapter 5 — than the opponent. In addition to that, the agility in motion and sensitivity to the
changes in environment, that the mechanical configuration gives, are the properties required
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for human-friendly mobile robots of the future. Note that the general improvements in perfor-
mance of the proposed system underpin the argument that the human-friendly control should
accompany innovations in mechanical design. Table 2.3 shows the summarized comparison
between the proposed system and the conventional mobility platform.

Table 2.3: Comparison between CIMEV and the conventional mobility platform.

Criteria CIMEV Conventional Platform
Lumped Compliance High Low

Safety Velocity High Low
Agility High (zero radius turning) Low

Maneuverability Linear and natural Understeered
Sensitivity to environment High with observers None unless sensors are attached

2.6 Summary
In this chapter, a future mobility platform, CIMEV, is configured and introduced based on a
thorough study of the required properties for future mobile robot platforms. By adopting com-
pliant mechanical elements – caster wheels here – in the system, the lumped compliance (the
human-friendliness) of the whole robot is significantly improved. In addition, the compliant
control algorithms exploited in the system help the robot to perceive and adapt itself to the
changes of the surrounding environments. Mobile robots working in human environments are
required to have high agility, maneuverability, and controllability, which are realized by exploit-
ing the dynamic properties of caster wheels in CIMEV. In sum, the system’s safety, reliability,
and adaptability are remarkably improved thanks to the compliant control accompanying the
mechanical innovations for compliance.
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Chapter 3

JUMPBiE and Biologically Inspired
Manipulators

In this chapter, biologically inspired manipulators, including JUMPBiE, are introduced. The
systems’ high compliance, that animal-like musculo-skeletal structure provides, enables safe
and human- and environment-friendly motion in robot manipulation. The homogeneity in stiff-
ness distribution and output force characteristics of the bi-articular actuation helps to improve
the performance of the robots in human environments. Also, the use of compliant mechanical
elements helps to enhance the human-friendliness of robot manipulators.

3.1 Introduction
In many aging societies, demands for robots for welfare and humanitarian purposes are rising.
To satisfy these demands and to bring robots closer to the real life, problems regarding safety,
performance, and cost must be resolved. Biomimicry is one of many approaches to clear these
problems. Mimicry of different organisms, from micro-creatures to primates, can be seen at
different levels such as structural, physiological, functional, and behavioral. Many biologically
inspired robots have been introduced in recent years, to be successful in achieving given tasks
effectively and energy-efficiently [39][40].

As a particular field of bio-mimetic robotics, there are a few research groups, including
ours, who are focused on the animal musculo-skeletal structure, especially on bi-articular mus-
cles. The bi-articular actuation is one of the most promising fields of bio-mimetic robotics, due
to that bi-articular muscles enable mechanical energy transfer from proximal to distal joints
[41][42], impedance modulation in accordance with disturbances [43][44], and thus stabiliza-
tion and accuracy of motion [45]. In addition, bi-articular muscles help to provide homoge-
neous output force in respect to working direction, with having transverse force component,
from the proximal joint to the tip of the end-effector, which coincides with the direction of the
motion [46].

These advantages of bi-articular muscles are particularly appropriate and essential for robots
working in human environments. High compliance which bi-articular muscles provide enables
safe and, human- and environment-friendly motion of robots. Homogeneity in output force
characteristics of bi-articular muscles helps to improve the performance of the robots in human
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environments. Last but not least, use of bi-articular muscles effectively can reduce the cost, de-
creasing the number of actuators required, and thus make robots more affordable and accessible
to more latent users. The novelty of the mechanical configuration which enables reduction of
the number of actuators and thus in the complexity of control while keeping the advantages of
bi-articular actuation, is one of the most important contributions of this work.

3.2 Bi-articularly Actuated Manipulators
A bi-articular muscle refers to a muscle that exerts the same amount of torque to the two
adjacent joints simultaneously. The effectiveness of bi-articular muscles in animal motions
was extensively studied by Kumamoto et al. [47], showing that the existence of bi-articular
muscles enables not only force and energy transmission in animal limbs, but also the precise
position control during movement. With bi-articular muscles, it is generally known that animals
can move smoothly, rapidly, and precisely without using positional feedback signal of the end-
effector; remain stable in their posture regardless of external disturbances; control the stiffness
of the extremities by using the antagonistic muscle pair; and easily exert forces in the straight
forward direction.

Hogan in [43] proposed a 3-pair 6-muscle two-link manipulator model as shown in Fig.
3.1. as the fundamental structure of an animal limb, including human arms. e1 and f1 in the
figure are the mono-articular extensor and flexor muscles for the upper joint, e2 and f2 are the
mono-articular extensor and flexor muscles for the lower joint, and e3 and f3 are the bi-articular

Figure 3.1: The schematic model of a human arm. e1 and f1 are the mono-articular extensor
and flexor muscles for the shoulder joint, e2 and f2 are the mono-articular extensor and flexor
muscles for the elbow joint, and e3 and f3 are the bi-articular extensor and flexor muscles for
the two adjacent joints.
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extensor and flexor muscles for the two adjacent joints.

Bi-articularly Actuated Manipulators
The model has been widely accepted and used by many researchers, and its validity has been
verified by a number of research works. Especially, researchers from our group — Oh [48],
Yoshida [49], Salvucci [50], and Kimura [51] — made great contributions to the field by ver-
ifying the model via simulations and experiments. The output force profile and the stiffness
ellipse introduced in those works provided in-depth insights into animal motion, and opened
possibilities to adopt bi-articular actuation in robot manipulators. Their robots are shown in
Fig. 3.2, 3.3, and 3.4.

Figure 3.2: A bi-articularly actuated two-link manipulator using 3 motors and timing belts [49].

Figure 3.3: A bi-articularly actuated two-link manipulator using 3 motors and planetary gears
[51].
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Figure 3.4: BiWi: A bi-articularly actuated two-link manipulator using 6 motors and wire-
pulley transmission [50].

Yoshida et al. [49] showed that manipulators of this kind can easily be controlled in a feed-
forward way, with a robot arm that has three motors connected to timing belts to transmit the
torque they produce (Fig. 3.2), where each motor represents each pair of e1–f1, e2–f2, and
e3–f3. Kimura et al. [51] experimentally showed that planetary gears can simulate the torque
distribution of the muscles, with a robot arm that has three motors connected to planetary gears
(Fig. 3.3), where each motor also represents each pair of e1–f1, e2–f2, and e3–f3. Savucci et al.
[50] built a robot arm that has six motors connected to wire to transmit the torque they produce
(Fig. 3.4), where each motor also represents each antagonistic muscle of e1, f1, e2, f2, e3, and
f3. In sum, these robots provided ways to the implementation of the bi-articular actuation, by
proposing various mechanical configurations.

However, there is an important engineering problem remaining in this topic: the redundancy
problem. In realizing the 3-pair 6-muscle model in two dimensional space, Yoshida and Kimura
respectively used three electric motors, while Salvucci used six electric motors to realize the
3-pair 6-muscles, i.e. these systems are redundant. In animals’ case, redundancy provides
additional degrees of freedom in motion, which can help to avoid postural singularities, and to
back up when partially disabled. However, on the other hand, it is rather too much for robotic
systems. High cost and system complexity, brought about by redundancy, estrange robots from
the potential users. Moreover, redundancy sometimes imposes difficult control problems in
dealing with manipulator statics and dynamics [52].

Mono-Bi Configuration
The main motivation for the proposal of the mono-bi configuration is to reduce redundancy,
system complexity and thus cost. Among many researchers, Oh et al. in [53] first attempted
to resolve the redundancy problem by elimination, and proposed a way to eliminate it by using
combinations of two actuators among three for the two dimensional motion. The results showed
that the combination of the mono-articular muscle of the upper joint and the bi-articular muscle
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can possibly eliminate the redundancy without losing the output force characteristics. This
combination was then named the mono-bi configured system. Based on this, recently Sonokawa
et al. introduced a novel leg space coordinate system and velocity control method for two link
robotic arm equipped with mono-bi-actuators [54].

Spring-Loaded Mono-Bi Configuration (SLMB)

Furthermore, considering the fact that bi-articular muscles function as an energy transmitter in
animals’ jumping motion as reported in [41] and [42], a spring can replace an active bi-articular
actuator for applications like jumping robots. The system consisting of a mono-articular electric
motor and a bi-articular spring is hereafter called the spring-loaded mono-bi (SLMB) config-
ured system. The SLMB can vary in forms according to the output requirements, for example,
as shown in Fig. 3.5. JUMPBiE adopts the first variation of the SLMB configurations, based
on the consideration that it has to have capability to jump forward and backward.

Figure 3.5: 3-pair 6-muscle model and the variations of SLMB configuration. SLMB I has
isotropic output force characteristics, while that of SLMB II is slated. The directionality can be
counseled with the design requirements of each specific application.

3.3 JUMPBiE

An mono-pedal robotic leg, JUMPBiE (Jumping Leg using Passive Bi-articular Elements;
shown in Fig. 3.6) is designed and fabricated to experimentally verify the feasibility and the
effectiveness of the SLMB configuration.
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Figure 3.6: A mono-pedal robotic leg with a bi-articular spring and a mono-articular electric
motor, JUMPBiE.

Robot Design

Its design background and basic control strategy are introduced in [55] and [56]. JUMPBiE has
one electric motor attached to the upper joint, and a passive bi-articular spring which applies
torque to the upper and the lower joint simultaneously. The theoretical background of the
system is elaborated in detail in [48], [50], and [51].

The construct of the robot leg and body is made of ABS, which is the toughest engineering
plastic with over 300 J/m of Izod impact strength, the half of aluminum. At the same time the
specific weight of ABS is 1.05, which is much lighter than aluminum which has 2.69, and still
strong enough to endure the impact of jumping. For the mono-articular actuator, a 150W DC
motor with 1/43-reduction ratio was chosen, together with a tensional spring whose stiffness
is 1.88N/mm, which is equivalent to 4.70 Nm/rad. Two links are fixed and free to rotate at
the hip and knee joints, while the robot body is fixed to a 2-DOF linear guide, which allows
two dimensional translational motion but prevents rotation. Two encoders of 3600 ppr are
attached to each joint to measure the angular displacements, and the Compact RIO of National
Instruments Corp. is used as the controller. The control period is set at 1 kHz.

From the mechanical design of the robot, the necessary torque and power for jumping can
be calculated using Jacobian. Due to the kinematics of the bi-articular linkage, the motor only
need to compensate the horizontal force exerted from the bi-articular spring. By using the
kinematics, we can calculate the necessary torques given that the weight of the robot is known.
For example, assuming that the resting position of the robot is at θ1 = −30 degrees and θ2 = 60
degrees, the necessary net force which should be exerted by both the motor and spring is equal
to the weight of the robot, i.e. say 80 N including the weight of the linear guide. Thus the spring
should exert 100 N, and regarding the range of the leg rotation, the spring constant should be
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around 2 N/mm and its initial length should be less than 10 cm. To compensate the horizontal
force exerted by the spring, which is around 50 N at the resting position.

The mechanical parameters of JUMPBiE are indicated in Table 3.1. The values are mea-
sured, and/or computed based on the measured ones.

Table 3.1: Physical Parameters

Parameters Meanings Values
M total mass 6.55 kg
Mc counter mass 3.65 kg
Me effective mass 2.90 kg
m1 mass of l1 0.371 kg
m2 mass of l1 0.308 kg
I1 Inertia moment of l1 at the hip joint 0.0808 kgm2

I2 Inertia moment of l2 at the knee joint 0.0019 kgm2

l Length of each link 0.300 m
Ks bi-articular spring coefficient 4.70 Nm/rad
g gravitational acceleration 9.81 m/s2

Kinematics of the System
Oh et al. showed the effectiveness of the mono-bi configuration in the two-link manipulator
[53]. When considering economy and performance, it is shown that using the mono-articular
actuator in the upper joint and the bi-articular one between the upper and the lower joints is
effective.

The system schematic is shown in Fig. 3.7. Assuming that the length of each link is
identical without losing generality [53], i.e.:

l1 = l2 = l (3.1)

the kinematics of the system can be described as:[
τm
τs

]
= JTm

[
fx
fy

]
= l

[
−s1 c1
−s12 c12

] [
fx
fy

]
(3.2)[

fx
fy

]
=

1

ls2

[
c12 −c1
s12 −s1

] [
τm
τs

]
(3.3)

where si = sin θi, ci = cos θi, sij = sin(θi + θj), and cij = cos(θi + θj). τm is the output torque
of the mono-articular motor, and τs is the bi-articular spring torque. The modified Jacobian
matrix JTm has its inverse unless θ2 = π/2 +nπ, which cannot be reached due to that lower link
is mechanically constrained to the range of π/12 ≤ θ2 ≤ π/3.

And the bi-articular spring torque τs is represented as follows from its construct:

τs = −Ks∆(θ1 + θ2) (3.4)

where, Ks represents the torsional stiffness of the bi-articular spring in [Nm/rad].
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Figure 3.7: The system construct and the frame of reference.

Dynamics of the System

The dynamics of the system is written as follows. Coulomb friction is neglected.

M(Θ)Θ̈ + C(Θ, Θ̇) + V Θ̇ +G(Θ) = T (3.5)

where,

Θ = [θ1 θ2]
T (3.6)

T = [τm + τs τs]
T (3.7)

M(Θ) =

[
M11 M12

M21 M22

]
(3.8)

C(Θ, Θ̇) =

[
−2Rθ̇1θ̇2s2 −Rθ̇2

2
s2

Rθ̇1
2
s2

]
(3.9)

V =

[
V1 0
0 V2

]
(3.10)

G(Θ) =

[
G1

G2

]
(3.11)
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and

M11 = I1 + I2 +
1

4
m1l

2 +
5

4
m2l

2 +m2l
2c2 (3.12)

M12 = M21 = I2 +
1

4
m2l

2 +
1

2
m2l

2c2 (3.13)

M22 = I2 +
1

4
m2l

2 (3.14)

R =
1

2
m2l

2 (3.15)

G1 = gl

(
1

2
m1s1 +

1

2
m2s12 +m2s1

)
(3.16)

G2 =
1

2
gm2ls12 (3.17)

where, the viscous friction coefficients V1 and V2 are empirical values. The parameters shown
in the Table 3.1 are used for the others.

The output force of the manipulator, described in (3.3), results in the ground reaction force
fGRF when the tip of the end-effector touches the ground. Then, the jumping motion of the
robot leg can be simply modeled as that of a rigid body using fGRF as the propulsion force, as
shown in Fig. 3.8.

The simplified model is described as follows.

(M +Mc)ẍ+ Vxẋ = fxGRF − (M −Mc)g (3.18)
Mÿ + Vyẏ = f yGRF (3.19)

where, the coefficients Vx and Vy have empirical values resulting from the viscous friction of
the linear guides. And the momentum is written as:

(M +Mc)ẋ0 =

∫ τ

0

(fxGRF − (M −Mc)g − Vxẋ)dt (3.20)

Mẏ0 =

∫ τ

0

(f yGRF − Vyẏ)dt (3.21)

where, ẋ0 and ẏ0 are the velocities of the rigid body in x- and y- direction at the very moment
of each take-off. These are the entities that be controlled during jumping motion, due to the
fact that the momentum of the rigid body relies on the impulse transmitted from the ground. τ
is the duration of ground contact.

Bouncing Direction Control
By using the mono-bi configuration, the output stiffness seen at the end-effector can be modeled
as Fig.3.9. Since the bi-articular torque is given by passive elements, the stiffness of the springs
KSpring is fixed.

By arranging the magnitude of the motor stiffness KMotor, the net stiffness seen at the
end-effector can be controlled in the vicinity of the resting position.
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Figure 3.8: Jumping motion of a rigid body is assumed. The ground reaction force fGRF works
as the propulsion force of the rigid body M . A counter mass Mc is used to lighten the effective
mass.

Figure 3.9: Equivalent spring model of the mono-bi configuration. Note that θ12 = θ1 + θ2.

The direction of the net stiffness at the end-effector can be controlled by changing the motor
stiffness of the upper joint J1. For the propulsion control of JUMPBiE, the net stiffness model
shown in Fig.3.9– the equivalent spring model is used. Note that the magnitude of the net
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stiffness also changes along with the direction.
For the implementation of the concept, a simple feedback control loop (Fig. 3.10) is de-

signed. The initial resting position is given, and the control loop tries to regulate the position
at the initial. Then the feedback gain KMotor is seen as the stiffness of the motor, as the mo-
tor applies torque to the upper joint J1 with a magnitude which is proportional to the angular
displacement of J1.

Figure 3.10: Feedback control loop.

Considering the mechanical design and the control logic of the robotic leg:

τmotor = −KM∆θ1 (3.22)
τspring = −KS∆(θ1 + θ2 +R) (3.23)

where R means the residual displacement of the spring, its mathematical model, equation (3.3)
can be rewritten as: [

FXl

FYl

]
=

[ 1+c2
s2lm

(
(KS −KM)∆θ1 +KS∆θ2 +KSR

)
− 1
lm

(
(KS +KM)∆θ1 +KS∆θ2 +KSR

) ] (3.24)

Around the vicinity of the initial position where θ1 and θ2 are given, the net stiffness seen at the
end-effector changes in its magnitude and direction as shown in Fig. 3.11. Then the robotic leg
acts like a basketball, bouncing on the ground with a controlled ground reaction force.

Experimental Results

With the control concept shown in the previous section, simple experiments are done. While
changing the motor stiffness KMotor, JUMPBiE was dropped from a certain height to see the
direction and the magnitude of the reaction force at the ground. Fig.3.12.3.13. and 3.14. show
the stroboscope pictures taken at every 10ms from release. Time flows from left to right, and
from top to bottom.

By setting KMotor equals to KSpring, JUMPBiE jumps in place without moving its center
of mass laterally (See Fig.3.12). The lowest point comes at t=90ms, in the 10th frame.

By settingKMotor smaller thanKSpring, JUMPBiE jumps forward, to the right in the picture
(See Fig.3.13). The lowest point comes at t=140ms, in the 15th frame.
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Figure 3.11: The net stiffness Kequiv with changing KM . The magnitude is in N/mm, given
that θ1 = −π

6
and θ2 = π

3
. (Calculated)

By setting KMotor larger than KSpring, JUMPBiE jumps backward, to the left in the picture
(See Fig.3.14). The lowest point comes at t=70ms, in the 8th frame.

It is shown that the mono-bi-configuration with passive bi-articular elements can be an
effective solution for the propulsion for a robotic leg only using a simple feedback control.
However, the magnitude of the net stiffness changes along with the direction, which causes the
change in jumping frequency. As it can be observed in the experimental results, when the net
stiffness is large (jumping backwards) the frequency is high, while the frequency is low if the
net stiffness is small (jumping forward).

State Feedback and Impulse Shaping
Based on the model developed in the previous section, the state feedback controller is designed.
And the actual parameters are used for the study.

State Space Representation

Equations introduced in the previous section are transformed into state space representation.
By substituting all parameters, the model is rewritten into the form below.

θ̈1 = 0.103(θ̇2
2

+ 2θ̇1θ̇2) + 0.152θ̇1
2

+ 17.2

+19.3(θ1 + θ2)− 0.0855θ̇1 + 0.0632θ̇2 + 8.55τm (3.25)

θ̈2 = −1.34θ̇1
2 − 0.152(θ̇2

2
+ 2θ̇1θ̇2)− 245

−467(θ1 + θ2) + 0.127θ̇1 − 0.561θ̇2 − 12.7τm (3.26)
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Figure 3.12: Jumping in place. KMotor equals to KSpring. Taken at every 10ms from release.
The lowest point comes at t=90ms.

Then the equations are linearized around the vicinity of the operating position, which is the
given initial position of θ10 = −pi/6 and θ20 = pi/3, and transformed into the state space
system representation. Constant terms are canceled out at the initial position due to the fact
that motor torque balances the residual spring torque to stand still. Then, the system is written
as follows.

Ẋ = AX +Bτm (3.27)
Y = CX +Dτm (3.28)
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Figure 3.13: Jumping forward. KMotor is smaller than KSpring. Taken at every 10ms from
release. The lowest point comes at t=140ms.

where,

X =


θ1
θ2
θ̇1
θ̇2

 (3.29)

Y =

[
fx
fy

]
(3.30)

r =

[
f refx

f refy

]
(3.31)
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Figure 3.14: Jumping backward. KMotor is larger than KSpring. Taken at every 10ms from
release. The lowest point comes at t=70ms.

The system matrices are written as:

A =


0 0 1 0
0 0 0 1

19.3 19.3 −0.0855 0.0632
−467 −467 0.127 −0.561

 (3.32)

B =


0
0

8.55
−12.7

 (3.33)
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Figure 3.15: State Feedback Control Schematic of JUMPBiE.

and from the kinematics in (3.3),

C =

[
15.7 15.7 0 0
−9.05 −9.05 0 0

]
(3.34)

D =

[
3.33
1.92

]
(3.35)

Using this system, a state feedback loop is designed as shown in Fig. 3.15. The feedback
gain matrix K is designed via pole placement to assign multiple poles at -10 rad/sec, as below.

K =
[
−34.4 −37.1 −6.15 −7.24

]
(3.36)

Then the closed loop system can be rewritten as follows.

Acl = A−BK

=


0 0 1 0
0 0 0 1

313 337 52.5 62.0
−904 −938 −78.0 −92.5

 (3.37)

Bcl = B

=


0
0

8.55
−12.7

 (3.38)

Ccl = C −DK

=

[
130 139 20.5 24.1
57.0 62.2 11.8 14.0

]
(3.39)

Dcl = D

=

[
3.33
1.92

]
(3.40)

Now, the input gain N̄ which shapes the force output of the end-effector is designed. N̄ is
designed by scaling the force gains as follows.



3.4. HUMAN-FRIENDLINESS OF JUMPBIE 53

N̄ =
[

2.52 5.04
]

(3.41)

Then the force reference r can be designed as follows.[
f refx

f refy

]
=

[
P

Vy

(
0.52θ̇1 + 0.26θ̇2

) ] (3.42)

where, P is the derivative of an arbitrary impulse, which provides the robot with necessary
jumping momentum, and Vy is empirically set.

Simulation Results

A simulation study was done with the given initial position of θ10 = −pi/6 and θ20 = pi/3,
using the physical parameters shown in Table I. P in (3.42) was given as a square wave at every
two second for 100 ms, with the magnitude equivalent to 10 Nm at Joint 1.

The resultant output force is shown in Fig. 3.16 without state feedback or impulse shaping.
It is oscillatory because of the existence of the bi-articular spring. The result with state feedback
and impulse shaping is shown in Fig. 3.17; in can be confirmed that the system is stabilized.
The shape of the force in each direction is similar to each other, while there exists the difference
in magnitude. It is assumed that when the robot is off the ground, the manipulator output forces
do not act on the ground, i.e. the ground does not react. They act and react only when the robot
leg is touching the ground.

Fig. 3.18 shows the impulse resulting from the robot-ground action and reaction consider-
ing these different jumping phases. The sharp rises in impulse during the first 100 ms enable
the robot to take off, however at the same time, to a certain degree the robot moves in horizontal
direction according to the magnitude of the horizontal impulse. This is due to the fact that the
output forces in x- and y- direction are strongly coupled because of the SLMB construct.

Fig. 3.19 shows the simulated trajectory of the center of gravity of JUMPBiE, when the
impulse introduced above is given. The trajectory seems rather erratic, because the oscillation
cycle of the equivalent stiffness of the whole robot does not coincide with the period of the
impulse given. The SLIP (Spring-Loaded Inverted Pendulum) model in [58] and [59], which
packages the robotic leg as a mass-spring model, gives hints for solving this problem.

The SLMB construct improves the cost performance of the system, however at the same
time it generally imposes instability to the system such as the oscillatory behavior. As the
simulation study result implies, by using state feedback and impulse shaping technique, the
robot can be stabilized and made to jump.

3.4 Human-Friendliness of JUMPBiE
In general, the result is comparable to that of [57], where four linear actuators are used in re-
alizing jumping motion. One linear actuator is used for bi-articular muscle, another for mono-
articular muscle for the upper joint, and the other two for mono-articular muscles for the lower
joint. Since both JUMPBiE and the opponent are using bi-articular actuation in their mechani-
cal configuration, they show equivalence in the lumped compliance, safety velocity, and output
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Figure 3.16: End-effector output force without state feedback or impulse shaping. The bi-
articular spring makes the system oscillatory.

Figure 3.17: End-effector output force when using state feedback and impulse shaping.

isotropy. However, for the same motion, JUMPBiE uses the SLMB configuration which makes
the system much simpler and more affordable. Thus, in a broad sense, it can be said that JUMP-
BiE has more human-friendly characteristics than the opponent. Table 3.2 shows a comparison
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Figure 3.18: Impulse resulting from the end-effector output and its ground reaction force.

Figure 3.19: Simulated trajectory of the center of mass of JUMPBiE when the impulse is given
in a feed-forward fashion.
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between JUMPBiE and its opponent in terms of the human-friendliness.
The human-friendliness of JUMPBiE comes from its use of bi-articular actuation along

with springs, which are inherently compliant. JUMPBiE’s mechanical construct, the SLMB,
enables reduction of the number of actuators, and thus reduction in the complexity of control,
and at the same time retains the advantages of bi-articular actuation: energy efficiency, high
compliance, and homogeneity in force output. And as shown in the simulation study, by using
state feedback and the impulse shaping technique, the robot jumps in a stable way, resolving
the inherent instability due to the existence of the bi-articular spring. The SLMB configuration
is the solution for robot actuation in human environment, optimizing cost and guaranteeing
compliance.

Table 3.2: Comparison between JUMPBiE and its opponent.

Criteria JUMPBiE Opponent [57]
Lumped Compliance High High (Linear motor)

Safety Velocity High High
Number of Actuators 1 4

Output Isotropy Good Good
Sensitivity to environment High Medium

3.5 Summary
In this chapter, biologically inspired manipulators, including JUMPBiE, are introduced. The
systems’ high compliance, that animal’s musculo-skeletal structures provide, enables safe and
human- and environment-friendly motion in robot manipulation. The homogeneity in stiffness
distribution and output force characteristics of the bi-articular actuation helps to improve the
performance of the robots in human environments. It is also shown that the use of compliant
mechanical elements also helps to enhance the human-friendliness of robot manipulators.
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Chapter 4

H-FEX: An Exoskeleton for Rehabilitation

In this chapter, a human-friendly exoskeleton for rehabilitation, H-FEX, is introduced after
a thorough consideration on the human bio-mechanical characteristics. Based on a study on
human body kinematics and muscle activation, an algorithm to estimate the muscle group acti-
vation rates during gait is formulated. Then, the estimation result leads us to the implementation
of an advanced design and control for exoskeletons for rehabilitation, by specifying the dete-
riorated muscle groups, where to assist. Moreover, the viscoelastic characteristics of human
muscles opens a way to the extensive use of springs and dampers, which eventually enhance
the human-friendliness of the devices.

4.1 Introduction
With continually increasing life expectancies and decreasing birth rates, many issues regard-
ing aging are rising in importance in many societies around the world. Concerns regarding
incidences of age-related pathologies are a part of the issues. In treating those patients, reha-
bilitating them, and helping them return to their daily lives and enjoy them, robot technologies
and applications have contributed enormously, and their missions are expected to grow in im-
portance. In an attempt to deal with these issues, there are robots that are attached to physically
disabled patients on their disabled parts of body. Especially, walking assist devices help them
at a very fundamental level, considering the importance of walking ability in human life. Due
to the fact that walking ability is essential for quality of life and participation in social and
economic activities, gait disorders eventually disturb the patients’ life itself. As the world pop-
ulation becomes older, the demand for such devices is increasing and expected to grow more.
Moreover, not only the patients suffering from age-related pathologies involving gait disorders,
such as Parkinson’s Disease and the stroke, but also the young patients who have gait disorders
caused by congenital and acquired diseases are the beneficiaries.

Many walking assist devices have been introduced and commercialized to rehabilitate the
patients, and help them to return to their daily life activities. For example, the AlterG Bionic
Leg of AlterG Inc. is well know for its performance improving the mobility of stroke pa-
tients. ReWalk is also a well known personal exoskeletal rehabilitation system, which allows
the user to sit, stand, turn, and climb and descend stairs. Some other works of the field show
the increasing interests in the interaction between the patient and the robotic system utilizing
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combined sensors and actuators as in [62] and [63]. They measure the force and torque of the
user’s body, and decide whether and how to augment them — in most cases simply amplifying
them — which is inherently an indirect way, compared to the ones based on the segmental
characteristics of the human body beforehand.

However, studies on the intrinsic characteristics the human limbs and relating them to the
assist devices, are relatively few in the literature considering the substantial importance. Mean-
while, there are a number reported research works that tried identifying the parameters using
external measurements, Hatze [64] first showed in 1981 that the external information of con-
straint forces and moments along with the human body dynamics could make the system of
equations overdetermined, which enabled Vaughan et al. [65] to estimate the segmental param-
eters of the human body. More recently, many other researchers, including Li et al. [66] and
[67], have worked on model-based estimation of segmental muscle forces during movements,
yet the complexity of the estimation scheme costs much.

This work presents a simple and fast method to improve accuracy and repeatability in es-
timating the segmental muscle forces of the human leg during walking using the inverse dy-
namics embodying Hill’s muscle model, with only the external measurements: the angular
displacements of the hip, knee, ankle joints along with time; and the ground reaction forces.
This analysis enables the simple diagnosis of each patient about his/her muscle deterioration,
and the deviation from the normal muscle group activation during the gait. Consequently, the
results can be used for the gait rehabilitation, and the advanced walking assist device control.

4.2 Human Body Joint-Link Model
In this section, muscles in scope are defined, and the human body is modeled by adopting
Hill’s three-element muscle model, which has been widely used in the field of biomechanics as
a standard model.

Muscles in Scope and Groups
In order to make the problem simple and clear, the walking motion is assumed limited in the
sagittal plane, consisting of the vertical downward (x-) and the horizontal forward (y- direc-
tion), leaving 23 muscles in scope, which are gluteus maximus (GM), iliacus (IA), pectineus
(PC), psoas major (PM), tensor fasciae latae (TFL), rectus femoris (RF), biceps femoris (BF),
gracilis (GR), semimembranosus (SM), semitendinosus (ST), sartorius (SA), vastus intermedius
(VI), vastus lateralis (VL), vastus medialis (VM), popliteus (PP), gastrocnemius (GN), extensor
digitorum longus (EDL), flexor digitorum longus (FDL), flexor hallucis longus (FHL), soleus
(SO), tibialis posterior (TP), extensor hallucis longus (EHL), and tibialis anterior (TA). This
assumption is base on the idea that the forces and the moments related to lateral motion are
symmetric over the sagittal plane. 23 muscles that have force components in the sagittal plane
are shown and categorized in Table 4.1. Then they are modeled into a multi-link mechanical
structure, where each muscle has joints and moment arm to act on. The parameters are collected
from [68], which are based on anatomical measurements and normalization.

Fig. 4.1 shows the schematic view of the assumed multi-link structure. The 23 muscles are
sorted into 10 categories according to their acting joints and working direction, based on the
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Table 4.1: Human Lower Limb Muscle Parameters in Scope [68]

Muscles Group PCSA θm d FCmax l0
[cm2] [deg] [cm] [N] [cm]

GM e1 30.4 21.9 6.5 1852.6 15.7
IA f1 10.2 14.3 5 621.9 10.7
PC f1 1.8 0.0 5 177.0 13.3
PM f1 7.9 10.7 5 479.7 11.7
TFL f1 1.8 3.0 5 155.0 9.5
RF e12 13.9 5.0 5, 4 848.8 7.6
BF f12 16.8 12.0 6.5, 4 1021.0 11.0
GR f12 2.3 8.2 6.5, 4 137.3 22.8
SM f12 19.1 15.1 6.5, 4 1162.7 6.9
ST f12 4.9 12.9 6.5, 4 301.9 19.3
SA x12 1.9 1.3 5, 4 113.5 40.3
VI e2 16.8 4.5 4 1024.2 9.9
VL e2 37.0 18.4 4 2255.4 9.9
VM e2 23.7 29.6 4 1443.7 9.7
PP f2 2.0 0.0 4 176.4 3.1
GN f23 31.3 11.0 4, 5 1814.4 5.5

EDL e3 5.7 10.8 5 345.4 6.9
FDL e3 4.5 13.6 5 274.4 4.5
FHL e3 7.2 16.9 5 436.8 5.3
SO e3 58.0 28.3 5 3585.9 4.4
TP e3 14.8 13.7 5 905.6 3.8

EHL f3 2.7 9.4 5 436.8 5.3
TA f3 11.0 9.6 4 673.7 6.8

fact that the lumped force output characteristics of the muscles vastly depend on the direction
of the attachment and the number of the joint-link they involve [46][47], which are: e1 and
f1, the extensors and flexors at the hip joint (J1); e2 and f2, the extensors and flexors at the
knee joint (J2); e3 and f3, the extensors and flexors at the ankle joint (J3); e12, the bi-articular
muscles that bend the hip and at the same time extend the knee; f12, the bi-articular muscles
that extend the hip and at the same time bend the knee; x12, the bi-articular muscles that bend
the hip and at the same time bend the knee; and f23, the bi-articular muscles that bend the knee
and at the same time extend the ankle outwards. Specific names and the categories of the 23
muscles are indicated in Table 4.1.

Hill’s Muscle Model
Hill’s three-element muscle model has been widely adopted for describing muscle behavior,
and has become a standard in the field of biomechanics. For the estimation in this work, Hill’s
is used to model the muscles in scope. The model describes the muscle-tendon unit (MTU)
force with three different elements, which are the contractile element (CE), the parallel element



60 CHAPTER 4. H-FEX: AN EXOSKELETON FOR REHABILITATION

Figure 4.1: 10 categories of a human leg muscles. e1 and f1 are the mono-articular extensor and
flexor muscles for the hip joint, e2 and f2 are the mono-articular extensor and flexor muscles for
the knee joint, and e3 and f3 are the mono-articular extensor and flexor muscles for the ankle
joint. e12, f12, f23, and x12 are the bi-articular muscles that exert the same amount of torque to
their adjacent joints.

(PE), and the series element (SE). The force that an MTU produce is written as follows.

FMTU = FCE + FPE (4.1)
FSE = FCE (4.2)

where, the transient characteristics of FSE are usually neglected assuming that the stiffness of
a tendon is high enough. Then, an MTU can be modeled with only FCE and FPE , which are
written as follows.

FCE = fCv · fCl · FCmax · cos θm · am (4.3)
FPE = fPl · FPmax · cos θm + fPv (4.4)

where, am is the activation level of the contractile element of the MTU which has a value be-
tween 0 and 1, θm is the pennation angle of the muscle fiber, and FCmax and FPmax are the
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maximal contractile force and the maximal isometric force, respectively, which are all con-
stants. fCv, fCl, fPl, and fPv are the nonlinear functions of the muscle velocity (v) and the
muscle length (l), which are defined as below.

fCv =
0.143

0.107 + exp
(
−1.41 sinh

(
3.20v
vmax

+ 1.60
)) (4.5)

fCl = exp

(
−0.5

(
l/l0 − 1.05

0.19

)2
)

(4.6)

fPl =
exp (10 (l/l0 − 1))

148.41
(4.7)

fPv = −Bv2 (4.8)

where, vmax is the maximal contractile velocity of a muscle which is known to be around 0.50
m/s [69], l0 is the resting length of the muscle fiber, and every coefficient in the equations is
empirically given by [70] and [71].

In addition, each muscle has different maximal force output, and consequent torque accord-
ing to the place of attachment, the physiological cross-section area (PCSA), and the length of
moment arm d. These parameters vary from person to person and even according to the posture.
However in this work, a subject, who is 177cm tall with 70kg body mass and the average body
proportion, is assumed for simplicity, and the postural variation is neglected regarding that it is
relatively small. Then these parameters can be assumed constant, as given in Table 4.1.

Equations of Motion
Then, the muscle model introduced in the previous section is embedded into the joint-link
model of the human body, to formulate the estimation algorithm. In this work, a human body
is modeled to consist of 4 links with correspondent masses, which are connected via 3 joints as
schematically shown in Fig. 4.1.

Assuming that there exists no external force nor moment other than the ground reaction
force (FGRF ) applied to the subject, the equation of motion of a leg in scope during normal
walking is written as follows, regardless of the number of supporting legs: single or double
support phases, i.e. during double support phase, two equations for each leg are superpositioned
with the smooth transition assumption [72]. The frame of reference is assumed attached at the
hip joint for the description.

MΘ̈ + C +G+RFMTUs + JTFGRF = 0 (4.9)

for one leg in scope, where, Θ is the angular displacement vector of the three joints of the
two legs, M(Θ) is the mass and inertia matrix, C(Θ, Θ̇) is the Coriolis terms, G(Θ) is the
gravitational terms, R(Θ) is the muscle embedding transformation, FMTUs is the force output
vector of the muscle-tendon units, J(Θ) is the Jacobian, and lastly FGRF is the ground reaction
force vector. To be specific, these terms are written as follows.
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Θ = [θ1 θ2 θ3]
T (4.10)

M(Θ) =

 M11 M12 M13

M21 M22 M23

M31 M32 M33

 (4.11)

C(Θ, Θ̇) = [C1 C2 C3]
T (4.12)

G(Θ) = [G1 G2 G3]
T (4.13)

R(Θ) =

 R11 R12 . . . R123

R21 R22 . . . R223

R31 R32 . . . R323

 (4.14)

FMTUs(Θ, Θ̇) = [FMTU1 FMTU2 . . . FMTU23]
T (4.15)

J(Θ) =

[
J11 J12 J13
J21 J22 J23

]
(4.16)

FGRF =

[
fx
fy

]
(4.17)

where,

M11 =
m2l

2
1

4
+ I2 + (m3 +m4)l

2
1 (4.18)

M12 = M21 =

(
m3l1l2

2
+m4l1l2

)
cos(θ2 − θ1) (4.19)

M13 = M31 =

(
m4l1l3

2

)
cos(θ3 − θ1) (4.20)

M22 =
m3l

2
2

4
+ I3 +m4l

2
2 (4.21)

M23 = M32 =

(
m4l2l3

2

)
cos(θ3 − θ2) (4.22)

M33 =
m4l

2
3

4
+ I4 (4.23)
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C1 = −
(
m3l1l2

2
+m4l1l2

)
θ̇22 sin(θ2 − θ1)

−
(
m4l1l3

2

)
θ̇23 sin(θ3 − θ1) (4.24)

C2 =

(
m3l1l2

2
+m4l1l2

)
θ̇21 sin(θ2 − θ1)

−
(
m4l2l3

2

)
θ̇23 sin(θ3 − θ2) (4.25)

C3 =

(
m4l1l3

2

)
θ̇21 sin(θ3 − θ1)

+

(
m4l2l3

2

)
θ̇22 sin(θ3 − θ2) (4.26)

G1 = −gc1 (m1h) (4.27)

G2 = −gc2
(
m1l1 +

m2l1
2

)
(4.28)

G3 = −gc3
(
m1l2 +m2l2 +

m3l2
2

)
(4.29)

Rij = ±εdi (4.30)

where, ε = 1 if muscle j works on the joint i, otherwise ε = 0. Sign of Rij depends on the
direction of the torque the muscle j exert on the joint i.

J11 = −l1s1 − l2s12 − l3s123 (4.31)
J12 = −l2s12 − l3s123 (4.32)
J13 = −l3s123 (4.33)
J21 = l1c1 + l2c12 + l3c123 (4.34)
J22 = l2c12 + l3c123 (4.35)
J23 = l3c123 (4.36)

where, si = sin θi, cj = cos θj , sij = sin(θi+θj), and cijk = cos(θi+θj+θk), respectively, and
the corresponding parameters used in the estimation algorithm are shown in Table 4.2. Where,
the foot link length l3 is assumed to be proportional to the step cycle to have 0 at hill-strike and
l3 at toe-off in the model.

Estimation Algorithm Embodying Hill’s Muscle Model
As briefly shown above, one of the keys for the estimation is the use of nonlinear muscle
model in the human body dynamics. The equations introduced above are transformed into
the estimation algorithm, which is recursive least squares in this work. The formulation is as
follows. Splitting FMTUs into FCEs and FPEs, then equation (4.9) becomes

MΘ̈ + C +G+RFCEs +RFPEs + JTFGRF = 0 (4.37)
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Table 4.2: Parameters of Human Body Joint-Link Model

Symbol Meaning Value [Unit]
I1 Upper Body Inertia Mnt 2.87 [kgm2]
I2 Upper Leg Inertia Mnt 0.112 [kgm2]
I3 Lower Leg Inertia Mnt 0.051 [kgm2]
I4 Foot Inertia Mnt 0.006 [kgm2]
m1 Upper Body Mass 47.46 [kg]
m2 Upper Leg Mass 7.00 [kg]
m3 Lower Leg Mass 3.26 [kg]
m4 Foot Mass 1.02 [kg]
l1 Upper Leg Link Length 0.421 [m]
l2 Lower Leg Link Length 0.423 [m]
l3 Foot Link Length 0.261 [m]
g Gravitational Aceel. 9.81 [m/s2]

then, substituting equation (4.3), it becomes

R [fCvifCliFCmaxi]Am =

−
[
MΘ̈ + C +G+RFPEs + JTFGRF

]
(4.38)

where, [fCvifCliFCmaxi] is the muscle grouping matrix (23×10), and Am is the muscle group
activation rate vector (10×1) which is estimated. Further formulation for the estimation algo-
rithm follows in the next section.

4.3 Muscle Group Activation Estimation

In this section, using the model elaborated in the previous section, the individual muscle group
activation rates are estimated. The schematic flow and estimation algorithm verification via a
simulation study are explained and given.

Schematic Flow

As shown in Fig. 4.2, when people walk, the outputs, which are easily measurable, are the
joint angles and the ground reaction forces, using encoders and force sensors. The point of
this work is to estimate the inputs from 23 actuators in 10 groups–muscles in human plant, by
only using those external measurements. The schematic flow of this work consists of the data
reconstruction, and the estimation of the individual muscle group activation rates using the least
squares algorithm. Then the estimation results are compared with evidences from EMG signal
measurements and verified in the following sections.
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Figure 4.2: Schematic flow of the proposed method.

Simulation for Algorithm Verification
Measurement Data Reconstruction

The external measurement signals used in this work, are reconstructed ones based on findings
of the literature. The angular displacement profiles of the hip, knee, and ankle joints, and the
ground reaction force profiles are stacked with time, and fed into the estimation algorithm.

The angular displacements of the human lower limb joints are reconstructed based on the
measurement data from [74], and the ground reaction force profiles are reconstructed using
the measured data in [75]. Standard deviation originating from multiple subjects and trials of
the measurements is reflected in the reconstructed signals, which are stacked and synchronized
along with time, and normalized to meet the average subject assumption. The reconstructed
joint angle displacements are shown in Fig. 4.11 for the average normal subject and 4.12 for
the average patient, and the reconstructed ground reaction forces are shown in Fig. 4.13 for
the average normal subject and 4.6 for the average patient with knee disease. Throughout the
estimation scheme, a normal walking, which is characterized by approximately 1.2 m/s and
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Figure 4.3: Reconstructed joint angle displacements of the average normal subject during walk-
ing. Hip angle (upper), knee angle (middle), and ankle angle (lower) are shown with respect to
the gait cycle.

105 steps per minute, is assumed. Parameters used in the algorithm comply with those in Table
4.1 and 4.2.

Algorithm: the Recursive Least Squares

For the estimation, the recursive least squares algorithm is used. Using the external measure-
ments from the sets of experimental data and equation (4.38), the muscle group activation
vector Am 10×1 is estimated. Where,

Am =
[
am1 am2 . . . am10

]
(4.39)

and 0 ≤ ami ≤ 1. The estimate vector Am is calculated at every 1 ms with the moving window
of 50 samples. Using this activation vector, and putting

Φ = R [fCvifCliFCmaxi cos θmi
] (4.40)

Y = −
[
MΘ̈ + C +G+RFPEs + JTFGRF

]
(4.41)

we can rewrite (4.38) as:

ΦAm = Y (4.42)
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Figure 4.4: Reconstructed joint angle displacements of the average patient with knee disease
during walking.

and

Âm =
(
ΦTΦ

)−1
ΦTY (4.43)

for the RLS. Where, the rank of ΦTΦ is always full 50, the matrix is always positive definite,
and the limits of the matrix components exist at all times: the system is persistently excited
(PE).

The estimation results from the proposed algorithm are compared to the measurement data
using EMG (electromyographic) signal. The patterns from [76] are used for the main reference
of the comparison.

As shown in Fig. 4.7, the estimation result of the average normal subject is fairly compara-
ble to the EMG measurement results, which supports the validity of the estimation. And in Fig.
4.8, it is shown that the patient’s muscle activation atrophied with low activation levels for all
muscle groups. However, the accuracy of the estimation should be enhanced via refinement.

4.4 Experimental Results and Discussion
A series of experiments were performed to acquire external measurements synchronized with
one another for estimating the leg muscle activation rates during gait. Four sets of data during
normal walking, and two sets during manipulated walking were recorded.
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Figure 4.5: Reconstructed ground reaction forces (GRF) of the average normal subject during
walking. Vertical component of GRF in red has larger in amplitude than horizontal component
in blue. GRFs of both legs are shown in the upper graph, and the sum of the two is shown in
the lower with respect to the gait cycle.

Experimental Setup

The external signals used in this work, are actually measured by using an experimental ex-
oskeleton – the H-FEX (Human-Friendly Exoskeleton) – shown in Fig. 4.9. Then the angular
displacement profiles of the hip, knee, and ankle joints, and the ground reaction force profiles
are stacked with time, and fed into the estimation algorithm.

The H-FEX consists of a linear encoder for measuring the angular displacement of the
hip joint, two rotary encoders for the knee and ankle joints, four pressure sensors in soles
to measure the ground reaction forces, a DSP (NI-cRIO), and two DC power sources which
supply 5V-DC and 24V-DC to the system. The entire system is powered by 100V-AC via a
power cable. The physical properties of the H-FEX is shown in Table 4.3.

Throughout the estimation scheme, a normal walking, which is characterized by approxi-
mately 1.43 steps per second, is assumed. Parameters used in the algorithm comply with those
indicated in Table 4.1, 4.2, and 4.3.
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Figure 4.6: Reconstructed ground reaction forces (GRF) of the average patient with knee dis-
ease during normal walking.

Table 4.3: Physical Properties of the H-FEX

Parameters Value [Unit]
Backpack Mass 7.60 [kg]
Orthosis Mass 1.98 [kg]
Link Lengths As in Table 4.2
Sampling Period 1 [ms]

Method

The normal walking was done by a male subject of the parameters shown in Table 4.2 wear-
ing the H-FEX of the parameters shown in Table 4.3 while the external measurements were
recorded. On the other hand, yet by the same subject, the manipulated walking was done with a
torsional spring attached to the knee joint, which exerts counter torque to the joint proportional
to the angular displacement at the rate of 12 Nm/rad. The spring can be mechanically activated
or deactivated as shown in Fig. 4.10.

The joint angle displacements are shown in Fig. 4.11 for normal gait, and Fig. 4.12 for manip-
ulated gait, and the ground reaction forces from both conditions are shown in Fig. 4.13. These
are, then, fed into the algorithm to estimate the activation rates of the muscle groups.
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Figure 4.7: Estimated results of the human leg muscle group activation rate of the average
normal subject. From the top left to the right and then to the bottom, the activation rates of 10
muscle groups labeled in Table 4.1 are shown. The transparent gray lines indicate the EMG
measurements [76] of the representative muscles of the corresponding groups.

Estimation Results and Discussion
The corresponding estimation results are shown in Fig. 4.14 and 4.15, which are summarized
in Fig. 4.16. Compared with those of the normal walking, the estimates of the manipulated
walking show: increased activation rates in f1, e2, e3, and f3; decreased activation rates in e1,
f2, and f12; and significantly little activation in f23.

The results can be explained by introducing the following hypotheses:

• The increase in e2 and the decrease in f2 are expected since the spring attached to the
knee joint works as such. This can further verified by doing experiments with changing
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Figure 4.8: Estimated results of the human leg muscle group activation rate of the average
patient. From the top left to the right and then to the bottom, the activation rates of 10 muscle
groups labeled in Table 4.1 are shown.

spring coefficient, and by changing the joints and links where the spring is attached.

• Based on the result that e12 and f12 are activated at almost the same level as normal
walking even though f12 decreased a little, it can be assumed that lt, l1, and l2 form a
linkage such the one shown in Fig. 4.17 (a). Then, in order to maintain the gait pattern, it
is reasonable to think that e1 is decreased and f1 is increased to compensate the changes
in e2 and f2.

• Due to the fact that the spring attached to J2 not only reinforces e2, but also restricts
J2 from bending, which results in decreased f12 and f23 deactivation, the torques to
maintain the gait pattern need to be generated at J3, since the torques do not come from
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Figure 4.9: The H-FEX is used for the measurement of the angular displacements and the
ground reaction forces. The system consists of a linear encoder for hip joint, two rotary en-
coders for knee and ankle, four pressure sensors in soles, a DSP, and two DC power sources.

Figure 4.10: Torsional spring attached to the knee joint, which has the spring coefficient of 12
Nm/rad.

the proximal joints via bi-articular muscles. One can easily confirm this by locking one’s
knees straight and walking for a while, to feel the muscle pain (fatigue) in ankles.

Overall, the experimental results are reasonable and seem to have internal consistency, if the
hypotheses are true: it needs to be further verified with corroborative investigation which is to
follow.

However, the experimental estimate patterns do not match well with the EMG (electromyo-
graphy) patterns, for example the ones in [76]. The reason for this could be that EMG is of one
muscle while the estimate is of a muscle group, and that the muscle model and/or the joint-link
model used in the estimation algorithm cannot be perfect having model inaccuracies. Never-
theless this is not a substantial problem, if and only if the proposed algorithm secures its own
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Figure 4.11: Joint angle displacements of normal walking (4 trials). Hip angle (upper), knee
angle (middle), and ankle angle (lower) are shown with respect to the gait cycle. Grey lines are
of manipulated walking.

internal consistency.

4.5 Human-Friendliness of H-FEX
The human-friendliness of H-FEX comes from its adaptability to the changes of the user by
diagnosing the muscle activation state throughout the time of usage. Moreover, since it is based
on the musculo-skeletal structure of human body, using only passive mechanical elements, or
minimal number of actuators, the H-FEX provides the user with high compliance, better output
isotropy, and consequently better performance in assisting the patients.

Table 4.4: Comparison between H-FEX and its opponent.

Criteria H-FEX Opponent [77]
Lumped Compliance High Low

Safety Velocity High Low
Number of Actuators 0 1

Output Isotropy Good Bad
Sensitivity to environment High Low
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Figure 4.12: Joint angle displacements of manipulated walking (2 trials). A torsional spring is
attached to J2 which reinforces e2 and attenuates f2. Hip angle (upper), knee angle (middle),
and ankle angle (lower) are shown with respect to the gait cycle. Grey lines are of normal
walking.

The H-FEX is comparable to the assistive robot using the compact RSEA in [77], which
has a motor with high gear ratio at its knee joint coupled with a compact rotary series elastic
actuator (cRSEA) in it. A comparison between the H-FEX and its opponent is made, using the
proposed criterion — equation (5.2) and (5.11). Fig. 4.18 and 4.19 show the comparisons of the
lumped stiffness and corresponding safety velocity between the H-FEX and its opponent. Since
the mechanism of the opponent uses a pair of worm and worm gear to acquire enough output
torque, the back-driveability of the mechanism solely depends on the SEA performance, where
the torsional stiffness of SEA has a typical value of 0.5 Nm/rad. Based on their mechanical
configuration, the lumped stiffness for the both exoskeletons from the knee joint and below is
calculated and shown in Fig. 4.18. Then, the corresponding safety velocity for safe pHRI is
calculated and compared in Fig. 4.19. During the human normal walking, the maximum speed
that the human leg could possibly reach [78] is also plotted in the figure, and it shows, RSEA
has lower safety velocity than required. In sum, table 4.4 shows a comparison between H-FEX
and a typical conventional power assist exoskeleton for rehabilitation, which presumably has a
rotary motor at its knee joint, such as the one shown in [77].
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Figure 4.13: Measured ground reaction forces (GRF) of normal walking (upper) and, those of
manipulated walking (lower). Vertical component of GRF in red has larger in amplitude than
horizontal component in blue. Gray lines show the opponent for reference.

4.6 Summary
A simple, fast, and less invasive estimation method for extracting the activation rates of human
leg muscle groups, using the H-FEX and the recursive least squares algorithm embodying Hill’s
muscle model is proposed. It is experimentally shown that the activation rate of each leg muscle
group is simply estimated from a set of external measurement data.

The proposed method seems to be feasible and internally consistent in determining how
much each muscle group is used. This method enables quick diagnosis of the patients’ muscle
activation and deterioration state, which is essential for setting the orientation of the medical
treatment and rehabilitation. Considering the importance of the information it provides, the
proposed method is expected to greatly contribute to the progress in helping people with gait
disorders.



76 CHAPTER 4. H-FEX: AN EXOSKELETON FOR REHABILITATION

Figure 4.14: Estimation results of the human leg muscle group activation rate during 10 steps
of normal walking. From the top left to the right and then to the bottom, the activation rates of
10 muscle groups labelled in Table 4.1 are shown. The grey lines indicate the measurements
from the manipulated walking.
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Figure 4.15: Estimation results of the human leg muscle group activation rate during 10 steps of
manipulated walking. From the top left to the right and then to the bottom, the activation rates
of 10 muscle groups labelled in Table 4.1 are shown. The grey lines indicate the measurements
from the normal walking.
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Figure 4.16: Overall results of the estimation: the changes in estimates of each muscle group
when a spring is attached to J2, compared to the results of normal walking.

Figure 4.17: (a) e12 and f12, when normally activated, form a linkage like this. It seems such
that e1 decreases when e2 increases and, f1 increases when f2 decreases in order to maintain
the gait pattern. (b) When f23 is disabled, both e3 and f3 are more active to compensate the
torques in need during walking.
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Figure 4.18: Lumped stiffness of the H-FEX and its opponent [77]. Solid blue line indicates
the lumped stiffness of the H-FEX seen at a point with a certain distance downward from the
knee joint. Dotted red shows that of the opponent.

Figure 4.19: Safety velocity of the H-FEX and its opponent [77]. Solid blue line indicates the
safety velocity of the H-FEX seen at a point with a certain distance downward from the knee
joint. Dotted red shows that of the opponent. Chain black line is the required maximum during
the normal walking.





81

Chapter 5

On Human-Friendliness of Robots

The term ‘human-friendly’ has become widely used in the field of robotics to express sensitivity
of the sensors, tenderness of the actuators, intuitiveness of the interface, and so on. However, it
has not reached a consensus yet despite its importance, mainly due to that each work postulates
different concepts and applications. As pointed out in Chapter 1, now it is time to set the
standard about how robots should be designed, controlled and evaluated. In this chapter, a
brief survey on the ‘human-friendliness’ issues is given, and a novel standard of the human-
friendliness is set based on the observations and contemplation made in the previous chapters
using the laboratory-made three robots.

5.1 Efforts for Human-Friendly Robots
The issues regarding the human-friendliness of robots in human environments can be boiled
down to safety and dependability in physical human-robot interactions (pHRI) [79]. In deal-
ing with them, a wide spectrum of issues involving many different fields of study has to be
addressed. For instance, Fig. 5.1 shows the issues to be cleared and their lying domains for
successful introduction of robots to human environments [80].

For further development of the discourse, the domains can be divided into two parts accord-
ing to the nature of each: design, control, and biomimetics account for the robot body; sensors,
software, and planning account for the robot mind. This dissertation is dedicated to the body
part of the issues, which consists of design, control, and biomimetics. As for the robot body, ac-
cording to De Santis [80], the basic principle is simple: robots should be designed to have light
weight and high compliance; robots should be controlled to secure safety and performance; and
robots should consider human-robot interfaces and human metrics in them. Yet, when it comes
to implementation, we have an infinite number of solutions. Firstly in this chapter, we might
be able to deepen our insight on the issue by taking a look into what have been done so far in
each domain.

Design
To cut a long story short, the robot design for light weight and high compliance can be para-
phrased as the actuator design with high power and compliance, which simply led to the de-
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Figure 5.1: The map of robotics in human environments: main issues for pHRI [80].

velopment of compliant actuators of various kinds. And these actuators can be categorized
according to their degree of activeness (or passiveness) as shown in Table 5.1. Activeness
(or passiveness), in this sense, means the degree of intervention of software control for their
implementation.

Table 5.1: Actuators for enhanced compliance.

Category Actuators
Active Compliance Hydraulic actuator, Pneumatic actuator, Electro-

magnetic actuator, Distributed macro-micro actu-
ator (DM2), Joint-torque-controlled actuator

Semi Active Compliance Shape memory alloy, Piezoelectric actuator,
Electro-fluidic actuator,

Passive Compliance Spring, Damper, Mechanical impedance adjuster,
Series elastic actuator (SEA), Variable stiffness ac-
tuator (VSA)

These actuators for enhanced compliance have been adopted particularly for robot arms,
and more in general, the use of compliant transmissions has introduced link and joint elasticity.
Many research works including [81], [82], and [83] have been devoted to solving the trade-off
problems between compliance and bandwidth in controlling them. The design efforts, in this
context, are limited to local, in the sense that the compliance of an actuator or an element does
not necessarily mean the compliance of the entire robot.



5.1. EFFORTS FOR HUMAN-FRIENDLY ROBOTS 83

Control
In order to secure safety and performance, the control for robots working in human environ-
ments is migrating from position-based ones to force-based ones [84], which is an obvious con-
sequence considering that pHRI consists of force exchanges between humans and robots. And
this gives birth to the actuators such as SEA and VSA that enable force control by converting
positional displacements into force dimension. However, introducing compliant transmissions
in the robot system, in general, negatively affects the performance, and thus the issues regard-
ing the human-friendly robot control also fall on the trade-off problems between compliance
and bandwidth.

In addition, one can also find efforts like [85], which tried to enhance the compliance of
robots without changing their mechanical structures. By using virtual compliance, which can
be realized by introducing the disturbance observer (DOB), the force-sensor-less control, or the
variable impedance control (Fig. 5.2), robots with the conventional configuration are controlled
in a more human-friendly way. However, in the sense that robot’s compliance is determined
to a certain degree by its own mechanical configurations, it can be generally said that human-
friendly control has to accompany design efforts to improve compliance.

Figure 5.2: Control algorithms for the human-friendliness of robots [85].

Biomimetics
Robots based on considerations of human-robot interfaces and human metrics can be real-
ized by introducing bio-inspired mechanisms, which are inherently human-friendly because
humans have them. One of the key motivations for the biologically inspired robots is the ap-
parent simplicity, with which biological organisms manage to survive in a ceaselessly changing
environment. It has been argued that no existing algorithm running on today’s fastest super-
computers could enable a robot to fly around a room, avoid obstacles, land upside down on the
ceiling, feed, reproduce, and perform many of the other tasks that an insect learns to perform
without training or supervision [86]. Consequently, it is inferred and widely acknowledged



84 CHAPTER 5. ON HUMAN-FRIENDLINESS OF ROBOTS

that the mechanisms adopted by biological systems allow animals perform such tasks without
needing sophisticated control algorithms. For instance, many models including [87] showed
that biologically inspired mechanisms could perform smooth, rapid, and precise movements
with only a simple command without use of feedback control, which eventually lead to the
human-friendliness of robots.

5.2 Existing Guidelines for Robot Safety
Many efforts have been made to improve compliance (the human-friendliness) of robots so far.
However, as it can be inferred, it seems that we have an infinite number of solutions without
reaching a consensus yet. In this context, there rises a necessity that we need to set a set of
constraints to shape the human-friendliness itself. In this section, a brief survey on the existing
safety evaluation criteria and guidelines that might help in designing robots working in human
environments.

ISO and KS Standards
The first ISO standard administering the robot safety is ISO 10218, which was first published
in 1992 [88]. Then the standard had been continuously amended to keep pace with the new and
emerging technologies, to be updated to new safety standards for industrial robots: ISO 10218-
1 and 10218-2, in 2011 [89][90]. In the new standards, for the fulfillment of safety requirements
in pHRI during robotic collaborative tasks, they specify the conditions as follows, and guide
that at least one of the three conditions always has to be satisfied.

• Tool center point velocity must be less than or equal to 0.25m/s.

• Maximum dynamic power should not exceed more than 80W.

• Maximum static force should never be more than 150N.

However, those ISO 10218s are definitely not enough, and still need reinforcement for
assuring safe pHRI in robots collaborating with humans on industrial sites, considering that
0.25m/s seems very restrictive for new industrial robots, and on the other hand 150N is consid-
erably high assuming robots’ high stiffness, not to mention that those are not applicable to the
robots working in human environments.

Recently, a new ISO standard on service robots, ISO 13482, has just been published in
February 2014 [11]. This new standard defines the perimeter of the administration, and the
requirements for enhanced pHRI safety for robots used in human environments. The core part
of the standard, which is essentially different from the former ones, is that it suggests robots be
designed to be inherently safe, for example,

• The robot’s joints (e.g. those in the manipulator) shall be designed in a way that parts of
the human body cannot be crushed when the joint is moved as intended by the manufac-
turer. This can be done by choosing the robot geometry as well as by restricting the joint
limits inherently.
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• In all application tasks involving physical human-robot interaction, a personal care robot
shall be designed to reduce, as far as is reasonably practicable, any levels of skin-robot
friction, shear stresses, dynamic torques, arcs of center of gravity, weight-bearing trans-
fers and supports of the human body.

and so on. According to the standard, the robots working in human environments should be
inherently safe. However, as read from the above, the guidelines are not clear, and rather vague.
Of course, based on this standard, more specified standards, which administer the test methods
and requirements (for wheeled mobile robots, first of all), are being formulated and will be
published soon [91]. Considering that the ISO standards are based on the existing related local
standards of the member countries, by having a look at the existing one of the national standards
we might be able to imagine what ISO would be like. For example, KS B 6939 and 6940 of
the Republic of Korea [92][93] define the test methods and the requirements for the wheeled
mobile robots. To our great disappointment, however, their only concern is tip-overs. It is
definite that we need to set a standard which administers the force exchanges between humans
and robots.

Collision Safety Criteria

Another guideline we can refer to is the collision safety criteria. Collision safety in pHRI
itself is also a broad topic of research and has its own long history and tradition. The severity
of human injuries caused by collision with machines is well studied, with particular regard
to such domains as car accidents. Based on the studies, nowadays, the new car assessment
programs (NCAP), which administer the safety test methods and requirements of automobiles,
are mandatory for all new cars for the most markets of the world.

Among the car-accident-related safety criteria, more general and, at the same time, robot-
applicable indexes include the Gadd Severity Index (GSI) [94] and the Head Injury Criterion
(HIC) [95]. To tell the long story short, the HIC is the mathematically refined version of the
GSI. The HIC criterion, then, has been widely adopted and used for the safety assessment in
pHRI of machines including robots. The proposed criterion also adopts the HIC, which is
defined as follows, in calculation.

HIC = T

[
1

T

∫ T

0

a(τ)dτ

]2.5
(5.1)

where T is the final time of impact. As the choice of this time is often difficult, it is recom-
mended to consider the worst-case HIC at varying T , which corresponds to taking T equal to
the time at which the head reaches its maximum velocity v(T ) (typically, T ≤ 15ms). An HIC
value of 1000 or greater is usually associated with extremely severe head injury. And on the
other hand, an HIC of 100 can be considered suitable to normal operation in pHRI [96].

A generalization of the HIC to collisions with other parts of human body can be done by
replacing the exponent 2.5 by other empirically determined values [96]. By integration using
parameters from [96], we get the generalized formula as follows.



86 CHAPTER 5. ON HUMAN-FRIENDLINESS OF ROBOTS
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where Kcol is the stiffness of the colliding object, M are the masses of the colliding object
and the human, and v is the velocity of impact. Equation (5.2) is important here, since it is a
simple but empirical function of Kcol and v of which we are able to find the values by setting
the maximum HIC number we want.

5.3 Thesis: Human-Friendliness of Robots
The main idea of this dissertation is given in this section. The requirements for human-friendly
robots, a novel evaluation criterion, and hardware-wise/software-wise suggestions are formu-
lated and proposed.

Requirements
Robots that will work in human environments must have the following aspects. The design and
control suggestions shown in the latter part are based on these requirements.

• Safety: absence of injury or possibility of injury of the user and the environment. Intro-
ducing physical and virtual compliance in robot system design, and preparing fail-safe
algorithms in their control will assure safety in pHRI.

• Reliability: continuity of accomplishing given tasks with a satisfactory performance. Re-
ducing complexity of the system, and designing the system in an optimal way to balance
compliance and performance, robots will be reliable and dependable at all times.

• Adaptability: ability to undergo maintenance and modifications over time according to
the changes of the user and the environment. By reducing complexity and cost of the
system, maintenance and modifications become easier and more affordable. Also, sys-
tem design and control which enable self-adjustment will help to adapt robots to the
continuously changing user and environment.

As inferred from the above, the key aspect of the human-friendliness is compliance of
the system. Compliance in this context means both mechanical and virtual ones. By using
compliant actuators and passive compliant elements such as the ones in Table 5.1, and by
using control algorithms that provide robots with sensitivity, the human-friendliness — safety,
reliability, and adaptability — of robots will be improved.

Local to Global
Mechanisms that provide compliance are basically one-dimensional, although the coordinate of
the displacement varies according to each configuration. Many systems adopting compliance,
consequently, are focused on improving compliance in a restricted manner. It is good as long
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as the user interface with robots is restricted to the dimension, and many systems are designed
in this way. However, considering the cases of autonomous service robots that we cannot limit
the space and dimensions of the interface, compliance in a global sense is needed. It can
simply be realized by combining the compliant mechanisms to the global kinematics of the
system, through careful design and/or control laws that enable global linkage. The applications
introduced in the previous chapters are exemplary in such sense. Similarly, the evaluation of
the human-friendliness of robots should also be in a global manner.

Evaluation Criterion
The basic idea of the proposed criterion is that, from (5.2), we first set the maximum HIC value
to assure safe pHRI, then we can control Kcol = Klump, Mcol = Mrobot, and v to meet the
HIC requirements. The secondary problem is how to calculate the lumped stiffness of the robot
Klump, which is elaborated in the following subsection.

The Cartesian Stiffness Matrix

The proposed criterion is based on the calculation of the lumped stiffness of robots and the gen-
eralized HIC for human body. For doing the calculation we first derive the Cartesian stiffness
matrix K, which is defined as

W = K∆S (5.3)

where

W =
[
Fx Fy Fz τα τβ τγ

]T (5.4)

∆S =
[
δx δy δz δα δβ δγ

]T (5.5)

for a given system. Then K becomes a 6 by 6 matrix, which is in general posture-dependent,
non-symmetric, frame-variant.

Indexes for Stiffness Performance Evaluation

Once we get the matrix K, there are many indexes that evaluate the global stiffness of the
system. For example, we can compute a global index as

GId = min|det(K)| (5.6)

where we can find the singularities of the system, as it means the system has at least one
singularity if GId equals to zero.

If the design requirement is to have an isotropic behavior in terms of stiffness, it is useful
to compute as

GIcn =

∫
κ(K)dV

L3
(5.7)
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where κ is a function that removes dimension inconsistency between the systems in scope [97],
which is defined as follows.

κ(K) =
max(λK)

min(λK)
(5.8)

Besides the indexes introduced above, there are many other global stiffness indexes for various
purposes.

Stiffness Barrier and Safety Velocity

In order to have in-depth insights about the lumped stiffness of mobile robots, a graphical
representation is desirable. Thus, here, a simple norm – the Euclidean norm – of the matrix K,
as defined below, is used with regard to the changing external force and the kinematics of the
given system on a 2-dimensional plane.

||K|| = max (λK) (5.9)

Then we have the lumped stiffness of the given system with regard to the direction of the force
applied. If we use this as

Klump = ||K|| (5.10)

in equation (5.2), we get the impact velocity, which is here the safety velocity as follows, since
we set the maximum HIC value for safe pHRI in advance.

vsafe =

(
HICmax
HIC

) 2
5

(5.11)

for every direction in which the external force is applied.
The proposed criterion is universally applicable for most robotic systems by applying test

forces and calculating (or measuring) the consequent deformations. And it is applied to each
robot introduced in the latter part to evaluate their human-friendliness.

An Example: Application to a Mobile Robot

Here, as an example, a simulation study was done using the proposed criterion formulated
in the previous section using a novel type mobile robot, CIMEV [98], in comparison with a
conventional type one. The parameters in Table 5.2 are used for both types in the simulation.

The simulation is limited to the motion in 2-dimensional space, thus K are 3 by 3 matrices,
which mediate the following vectors.

W =
[
Fx Fy τγ

]T (5.12)

∆S =
[
δx δy δγ

]T (5.13)
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Table 5.2: Measured Parameters

Parameters Meanings Values
m Robot mass 18.5 kg
h C.G. Height 0.185 m
Nf Normal force on each front wheel 39.2 N
Nr Normal force on each rear wheel 51.5 N
Iz Moment of inertia (vehicle) 0.409 kgm2

Iw Moment of inertia (caster wheel) 0.009 kgm2

e Caster arm length 0.040 m
lf Distance, from C.G. to front axle 0.247 m
lr Distance, from C.G. to rear axle 0.188 m
L Wheel base 0.435 m
d Tire track 0.355 m

for both systems.
The displacement vector ∆S for both systems are simply calculated from the kinematics as

follows.

∆S =


2h2Fx

(lf+lr)2ks)
2h2Fy

d2ks
+ lreFy

2(lr+lf )kc

tan−1
(

eFy

2kc(lf+lr)

)
 (5.14)

for CIMEV, and

∆S =


2h2Fx

(lf+lr)2ks)
2h2Fy

d2ks
+ lreFy

2(lr+lf )kn

tan−1
(

eFy

2kn(lf+lr)

)
 (5.15)

for the counterpart. ks, kc, and kn are the mechanical stiffness of the suspension system, caster
wheel, and the conventional steering system (rack and pinion, or whatever system with high
reduction ratio), for which typical values are given in the calculation as: ks=10000N/mm for
both systems, kc=10Nm/rad for soft caster and 100Nm/rad for hard caster, and kn=5000Nm/rad
for normal steering. Then with the parameters given, ||K|| and vsafe for both systems are
calculated in accordance with the changing external force.

Fig. 5.3∼5.5 are showing the results of the calculation. Fig. 5.3 indicates the lumped
stiffness of the systems in scope in accordance with the direction, and Fig. 5.4 and 5.5 show
the safety velocity for those systems. From the figures, the compliance performance of the
robots can be visually and intuitively perceived. The proposed criterion, therefore, is useful
for evaluating the robots working in human environments, and eventually obtaining in-depth
insights when designing robots in the immediate future.

The proposed criterion consists of the Cartesian stiffness matrix and the generalized concept
of the Head Injury Criterion combined, to graphically show the lumped stiffness – eventually
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Figure 5.3: Calculated lumped stiffness ||K|| of the mobile robots in scope. [N/mm]

the lumped compliance – of a mobile robot in its plane of motion, and the safety velocity of the
robot for the safe human-robot coexistence and interaction. The criterion is applied to a novel
type mobile robot, CIMEV, in comparison with a conventional one. The result shows that
CIMEV is significantly more compatible for human-robot coexistence than the counterpart.

The proposed criterion can possibly be applied to other robotic machines such as bio-
inspired robotic manipulators, human-friendly exoskeletons, or even wheelchairs. It is used
in evaluating the human-friendliness of the robots introduced in this work, and the results are
shown with discussion at the end of each chapter.

5.4 Suggestions
According to the prespecified definition and the requirements The keys for the human-friendliness
of robots are: introducing compliant mechanical elements and utilizing them to enhance the
global (lumped) compliance; and using control algorithms which make robots virtually com-
pliant in combination with exploiting mechanical compliance, and even when mechanical con-
figuration alone is not sufficiently compliant.

For the human-friendliness of robots working in human environments, in the first place,
the extensive use of compliant actuators and mechanical compliance along with systematic
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Figure 5.4: Safety velocity for the mobile robots in scope. Collision with 70kg human body
assumed. [m/s]

connections to the global kinematics of the system is required. Not only the active, semi active,
and passive compliance introduced in Table 5.1, but also linkage structures, which transmit
the compliance to the whole system, such as the bi-articular actuation, and caster wheels, are
necessary for robot designs.

In combination with the compliant robot design, the control portion will increasingly play
important roles. Dealing with the negative effects of compliance in the system is the one that
comes first. Moreover, adopting algorithms to make the system virtually compliant imposes
many control problems on the system. As in Fig. 5.2, various control entities are applicable for
the human-friendly robots, thus fusioning them with other mechanisms in different engineering
layers is another important work to do.

5.5 Summary
In this chapter, the concept of the human-friendliness of robots is presented. First, a brief survey
on the efforts for human-friendly robots and existing guidelines for physical human-robot in-
teractions is given. Then, in order to provide answers to the problems that we find in Chapter 1,
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Figure 5.5: Safety velocity for the mobile robots in scope. Collision with 5kg human head
assumed. [m/s]

a novel definition and a criterion is formulated to tell how human-friendly robots are. Based on
the findings and contemplation made in the previous chapters using three robotic applications, a
set of common requirements that robots of the near future should meet is provided, showing that
the proposed definition and criterion comply with it. The new definition of human-friendliness
adopts the concept of the lumped compliance, whose derivation and application methods are
elaborated. Based on it, design and control suggestions for enhancing the human-friendliness
are provided both hardware-wise and software-wise, which are implemented in designing and
controlling the robots introduced in the previous chapters.
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Chapter 6

Concluding Remarks

This research addresses the human-friendliness of robots working in human environments by
suggesting the requirements, an evaluation method, and relevant applications throughout the
thesis, which all can inspire the next. This chapter presents a summary and the conclusion with
a short discussion on the open issues for future research recommendations.

6.1 Conclusions
The term ‘human-friendliness’ has been widely used in the fields of engineering, however, it
has not reached any consensus so far, which was one of the major difficulties associated with
designing and controlling robots of the new kind. By defining the requirements and formu-
lating the evaluation criterion, this work provides quantitative and qualitative means to deal
with the concept of human-friendliness and eventually helps to improve physical human-robot
interactions in a way that humans are centered.

Hardware wise, compliant elements and mechanisms, such as caster wheels, springs, and
structures embodying compliant elements, will enhance the inherent safety performance of
robots by providing high global compliance. CIMEV, a novel mobile platform introduced
in Chapter 2, shows better mobility performances, adaptation to the environment, and most
importantly high compliance with humans in the range of its activity. By using a spring as
its bi-articular actuator, JUMPBiE, a novel jumping robot introduced in Chapter 3, enables a
much simpler control algorithms in performing jumping tasks while keeping the merits of us-
ing bi-articular actuators within the mechanism. As shown in Chapter 4, robots could be better
designed if based on in-depth understanding about human musculoskeletal structure. H-FEX
is enabled the real time diagnosis and augmentation control by using human musculoskeletal
characteristics in estimating human efforts and applying the diagnosis to designing and con-
trolling the actuation.

The enhanced human-friendliness of the applications introduced in this work, are evaluated
unitarily by the criterion formulated and suggested in Chapter 5. The proposed criterion is
useful when checking the global compliance of any kind of robot, which eventually forms the
safety and human-friendliness of robots of any kind when humans encounter them within a
close distance. Moreover, it is particularly strong in the sense that the global compliance is
apparent one from the human side view point, i.e. it can involve the controlled properties such
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as modulated impedance, disturbance assessment characteristics, and etc, and thus it can tell
how safe the robot is after all.

Overall, main contributions of this work can be summarized as follows.

• The term ‘human-friendliness’ is newly defined, in a way that we can quantify and mea-
sure the property. Consequently we can tell whether and how much a robot is safe and
human-friendly in the interactions between humans and robots.

• The requirements for human-friendliness of robots working in human environments are
suggested in terms of selection of hardware configuration and control algorithm.

• Relevant robotic applications, which can inspire the next, are introduced and evaluated
from mobility, manipulation, and rehabilitation perspectives. By designing robots in a
way that the mechanisms meet the requirements proposed in Chapter 5, they show clear
improvements in compliance performance while retaining the performance to accomplish
the originally intended objectives.

6.2 Open Issues
Designing and controlling a robot is such a challenging problem that has infinite number of
solutions. However, by adding an additional constraint in solving the problem, robots can show
significantly improved performance in terms of ‘human-friendliness’ and safety in interacting
with humans around. That is, the evaluation criteria and the requirements for robots must be set,
and mechanisms have to be implemented according to the standards. Moreover, in-depth un-
derstanding of human physics and psychology is essential for designing and controlling robots
that work in human environments. The requirements, criteria, and applications proposed in
this work will surely do. Yet, further refinements and improvements, hopefully inspired by this
work, will make perfection. In this context, the following issues are still open for new solutions.

• Refining, or redefining the ‘human-friendliness’ and its evaluation method.

• Inventing, or rediscovering mechanisms that can enhance the ‘human-friendliness’ of
robots.

• Methodologies to implement such mechanisms and synthesize them with originally in-
tended objectives.

• Designing and applying control algorithms that can inherently improve safety perfor-
mance in human-robot interactions, putting humans at the center.

• Although understanding of human physics and psychology is essential for designing and
controlling robotic devices for rehabilitation, there still remain many uncharted territories
left in ourselves, such as human musculoskeletal structure. Trans-disciplinary studies
between medical and engineering researchers can create synergies.

Last but not least, although one of the important backgrounds of this work is to cope with the
problems concerning aging of the population, however, resolving the problems by introducing
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more robots into our society to augment human labor is NOT a fundamental approach. It
is definitely much more natural and desirable that we humans procreate so as to sustain a
stable level of population. That said, it is particularly important to reform and improve our
social systems and government policies in a way that they support childbirth, child-rearing,
and parenthood.
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