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Throughout the history of robotics research, nature
has been providing numerous ideas and inspi-
rations to robotics engineers. Small insect-like
robots, for example, usually make use of reflexive
behaviors to avoid obstacles during locomotion,
whereas large bipedal robots are designed to
control complex human-like leg for climbing up
and down stairs. While providing an overview of
bio-inspired robotics, this chapter particularly fo-
cus on research which aims to employ robotics
systems and technologies for our deeper un-
derstanding of biological systems. Unlike most
of the other robotics research where researchers
attempt to develop robotic applications, these
types of bio-inspired robots are generally devel-
oped to test unsolved hypotheses in biological
sciences. Through close collaborations between
biologists and roboticists, bio-inspired robotics
research contributes not only to elucidating chal-
lenging questions in nature but also to developing
novel technologies for robotics applications. In
this chapter, we first provide a brief histori-
cal background of this research area and then
an overview of ongoing research methodologies.
A few representative case studies will detail the
successful instances in which robotics technolo-
gies help identifying biological hypotheses. And
finally we discuss challenges and perspectives in
the field.

Biologically inspired robotics (or bio-inspired
robotics in short) is a very broad research area
because almost all robotic systems are, in one
way or the other, inspired from biological systems.
Therefore, there is no clear distinction between
bio-inspired robots and the others, and there is no
commonly agreed definition [75.1]. For example,
legged robots that walk, hop, and run are usually
regarded as bio-inspired robots because many
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biological systems rely on legged locomotion for
their survival. On the other hand, many robotics
researchers implement biological models of motion
control and navigation onto wheeled platforms,
which could also be regarded as bio-inspired
robots [75.2].
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75.1 General Background

The broad spectrum of bio-inspired robotics research
is reflected to a variety of synonyms used in different
scientific communities. For example, biomimetics and
bionics are usually used to represent the types of re-
search in which researchers observe biological systems
and extract design principles for robotic applications.
The terms bio-robotics and bio-engineering are also
used interchangeably to biomimetics and bionics, but
they often refer to engineered solutions specifically
for biomedical applications. Another approach, usu-
ally classified as artificial life, biological cybernetics,
or biophysics, investigates biological systems by using
synthetic approaches. Here biological systems are typ-
ically viewed as mechanical and chemical entities and
characterized by mechanistic models that are often very
similar to the bio-inspired robots. The definitions and
types of research studies conducted in these research
areas are often overlapping, and many research projects
provide results across the different areas.

While some of these research areas are also cov-
ered in the other chapters of this handbook, one of
the most prominent, and more importantly useful, as-
pects of bio-inspired robotics lies in the contributions
of robotics research for biological sciences. In contrast
to the other robotics research, a significant number of
bio-inspired robots were developed for the purpose of
testing hypotheses concerning biological systems and
for identifying the underlying mechanisms of biological
systems that are very difficult to be clarified otherwise.
In this chapter, we specifically focus on this aspect of
bio-inspired robotics.

75.1.1 Brief History
and Conceptual Background

There is a long history of the engineers’ desire to repli-
cating biological systems into artificial ones, includ-
ing the famous examples of Japanese Karakuri dolls
and Swiss automata several centuries ago (Fig. 75.1).
Similarly, scientific efforts to use robotic systems to
understand biological systems have also a relatively
long history, which goes back even before the modern
robotics started. One of the most influential examples in
the earlier ages can be represented by the works in the
field of cybernetics in which a number of system theo-
ries such as the concepts of feedback and feedforward
were applied to understand phenomena in biological
systems [75.3,4].

The rise of neuroscience in the mid-twentieth cen-
tury influenced bio-inspired robotics research signifi-
cantly. In the 1950s, one of the first bio-inspired robots,
Tortoises, was built by Grey Walter, a neurophysi-

ologist. The work was mainly driven by biological
questions, such as how a simple neuron connectiv-
ity can result in richness of sensory-motor behaviors,
and a turtle-like robot consisting of analog electronics,
sensors, and electric motors demonstrated reflexive be-
haviors as well as basic motor learning in autonomous
robots [75.5]. Another physiologist, Valentino Brait-
enberg, also explored the power of understanding by
building approach, which led to the famous thought
experiments of Braitenberg Vehicles, i.e., a series of
imaginary mobile robots that are still often used to teach
the relationship between neural connectivity and sen-
sory-motor behaviors [75.6].

The invention of digital computers was also an-
other historical milestone in bio-inspired robotics. The
pioneers of digital computers such as John von Neu-
mann and Alan Turing provided significant influences
in the biological studies through their seminal works
on self-replication and self-organization [75.7, 8], and
the subsequent foundation of the field of Artificial
Intelligence in the 1950s was driven based on the un-
derstanding of human intelligence especially from the
computational standpoint [75.9].

While the power of digital computers dominated
bio-inspired robotics for a while, the study of insect-like
reflexive behaviors became popular again in the 1980s
with the emergence of behavior-based robotics. The
intensive studies of this approach shed light on the mas-
sively parallel nature of motion control processes, and
demonstrated behaviors that cannot be fully explained
by the conventional sense-think-act style control ap-
proach [75.10,11]. One of the main contributions of
this line of studies lies in the fact that the diversity and
flexibility of control architecture is essential in adaptive
behaviors in real-world systems, and the complexity of
behaviors is not necessarily originated in the complex-
ity of controller but in physical system—environment
interactions [75.12].

Since then the research on physical system—environ-
ment interactions has been very popular in the interdis-
ciplinary community of embodied cognitive science and
artificial intelligence in which roboticists, biologists,
computer scientists, and physicists work together to look
into further details of underlying mechanisms of adap-
tivity in biological systems. Here the body as a physical
entity is not only considered as a necessary container
of intelligent adaptive behaviors but it also plays a cen-
tral role that induces self-organization of patterns and
structures in adaptive intelligent behaviors [75.13-15].
In this context, robotics methodologies and technologies
are used to investigate hypotheses about the roles of em-
bodiment that cannot be easily tested in animals.
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75.2 Methodology

In order to provide contributions to both robotics and bi-
ological sciences, bio-inspired robotics research usually
follows a series of unique research processes which are
not necessarily common to the other areas of robotics.
This section first explains similarities and differences in
robotics and biology research, and then introduces a set
of important concepts, methodology, and research tools
often used in the bio-inspired robotics.

75.2.1 Similarities and Differences
in Robotics and Biology

Both robotics and biological research aim to obtain
the basic understanding about autonomous and adap-
tive behaviors of complex systems, thus the scientific
methodologies of these fields are usually very simi-
lar. For example, biologists usually start with finding
an interesting problem in animals, that can be compa-
rable to roboticists building robot prototypes of their
interests as the first step of research. Second, the an-
imals are carefully observed such that the underlying
mechanisms can be efficiently and effectively analyzed,
a step which roboticists also follow in the case of their
robots. And finally, both biologists and roboticists de-
velop hypothetical models to explain the mechanisms
of their interests and test them through additional ex-
periments and analyses. Here the modeling processes
are also similar in both robotics and biology in a sense
that they typically employ similar scientific methods,
such as dynamics modeling tools, computational opti-
mization techniques, and the other analysis methods of
system engineering, for example.

There are, however, a number of fundamental dif-
ferences in biological and robotics research, which are
mostly originated in the fact that biological systems are
constructed by considerably different design principles
in nature. Although it is very difficult to cover all dif-
ferences, the following aspects of biological systems

Fig.75.1a—e Examples of bio-inspired robots in the history. (a) Japanese Karakuri doll, (b) Swiss Automaton, (c) Grey
Walter’s Tortoises Robot (after [75.5]), (d) Braitenberg Vehicle (after [75.6]), and (e) a cleaning robot Roomba as an

characterize some of the major discrepancies from to-
day’s robotic systems.

Multipurpose Systems in Unstructured
and Uncertain Environment

In contrast to most of the robotic systems that are de-
signed to perform one type of task in a well-defined
environment, all biological systems are intrinsically
multipurpose systems that are designed for many tasks
in undefined and uncertain environments. For exam-
ple, animals need to process tasks such as regulating
metabolism for self-sufficiency, protecting themselves
from predators, mating, and reproducing. It is important
for roboticists to know that (i) animals are not opti-
mized for one of these tasks, but they are designed to
conduct all of them, and (ii) they do so in a way that is
not optimal in any sense, but just good enough to sur-
vive and reproduce. Therefore, it is often not a good
idea to blindly copy a part of animals’ designs and
mechanisms into robotic systems because there could
be an alternative optimal solution if the system has to
do a single task in a well-defined environment. Robotics
researchers are, however, able to learn many principles
and mechanisms from biological systems, if they are in-
terested in the systems that need to deal with many tasks
in unstructured and uncertain environments.

Massively Parallel, Modular,

and Redundant Structures
Biological systems are composed of highly redundant
structures in their bodies [75.13]. For example, most of
multicellular organisms have massively parallel mus-
cle fibers constituting a muscle group, a skeletal joint
controlled through multiple muscle groups, millions of
nerve cells conducting parallel signal processing, and
countless receptors sensing changes in the environment.
If compared to our robotic systems today, biological
systems have orders of magnitude larger numbers of
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such sensory, actuation, and computational units that
have to be carefully considered in bio-inspired robotics
research. In addition, the processes necessary for auton-
omy and adaptivity are generally highly decentralized
in biological systems. The control of animals’ arms
and legs, for example, involves mechanical interactions
of musculoskeletal structures, reflexive sensory-motor
pathways in spinal cord, and more complex motion
control and planning in the higher centers of nervous
systems, which are running in parallel. The redundant
structures of biological systems also provide an impor-
tant discrepancy between animals and today’s robots:
most of the subsystems in a living organisms have great
autonomy and adaptivity by themselves, as exemplified
by the fact that individual cells in skins and bones as
well as receptors and muscles have their own regulation
mechanisms as metabolism and growth.

Self-Organization and Dynamic Changes

of Entire Organisms
Another important discrepancy between animals and
today’s robots lies in the fact that there is no human
designers behind animals, and all components in an or-
ganism have to be designed, assembled and repaired by
itself. Consequently, every individual animal has to start
its life smaller and gradually grow larger over time;
every part of their bodies is continuously changing;
sensory-motor control has to be continuously updated
to reflect the changes in the bodies. It is particularly im-
portant for robotics researchers to consider that there
are different timescales in these dynamic processes in
biological systems (Fig. 75.2 [75.16]). Some of the dif-
ferent timescales can be represented by the continuous
changes of body plans at the evolutionary processes, the
changes of body sizes and muscle strength through on-
togenetic timescale, and update of sensory-motor loops
in here and now timescale.

75.2.2 Modeling Biological Systems

Modeling plays an essential role in biological sciences.
Biological models are the representation of knowl-
edge which is not only used to communicate scientific
discoveries among researchers but also structuring re-
search areas by labeling knowns and unknowns. To
make research activities efficient and effective, there are
many different ways to model biological systems such
as descriptive/illustrative explanations, mathematical,
physical, or chemical representations. From this per-
spective, the researchers in bio-inspired robotics have
been exploring whether robotic platforms can be used
as a scientific tool to develop models of biological
systems, which leads to an alternative approach to elu-
cidating biological hypotheses (Fig. 75.3). Robots are
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Fig. 75.2 Elements and their interactions that influence be-
haviors in biological systems. The model includes both
neural and non-neural elements such as hormones (which
constitute part of the extracellular biochemistry), bones,
muscles, sensors, and their ontogenetic processes (af-
ter [75.16])

useful because they are physical entities as compared to
simulated ones. First of all, by building models that can
be implemented in a physical system, the process en-
sures whether the model in question is physically mean-
ingful or not. In contrast, computationally simulated
models always involve many approximations and sim-
plifications which might affect the realism and therefore
usefulness of the model (e.g., correctly modeling the
hydrodynamics of a swimming fish is very hard in
a simulation while it comes for free in a fish robot). Sec-
ond, building robots directly contributes to the develop-
ment of unconventional technological components.
Having said that, the use of robots as a scientific
tool for biology is challenging because of the con-
siderable discrepancies between animals and robots
as explained in the previous subsection. A superficial
copy of biological systems into a robotic counterpart
is not a good idea because robots usually functions
based on a completely different set of mechanisms,
and the developed robot would most likely not explain
much about the underlying mechanisms of biological
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Fig. 75.3 Overview of bio-inspired robotics. Both biology
and robotics follow similar research methods and inter-
act to each other through models and tools, while they
contribute to different objectives, i. e., understanding of bi-
ological systems or development of robotic applications

systems. Instead, it is particularly important to carefully
examine what biological hypothesis we are interested
in and we are testing by building robotic platforms. As
an extreme example, if one is interested in understand-
ing navigation mechanisms of animals, it is usually
better to start with wheeled robot platforms than legged
or flying ones, because the latter platforms would
introduce unnecessary complexity in the research to
examine a given hypothesis.

It is, however, not a trivial problem to find good
biological hypotheses that can be applied in the bio-
inspired robotics research. Biological systems are gen-
erally very complex, and hypotheses are not clearly
separable from one question to another. Behaviors of
animals are, for example, a result from neuronal activi-

ties of short and long terms, musculoskeletal dynamics,
genetic and social interactions, and the mechanisms
could also significantly vary in different individuals or
species.

In order to deal with such a complexity in na-
ture, Full and Koditchek have proposed an insightful
methodology [75.17]. As shown in Fig. 75.4, they pro-
posed a two-level modeling process which could benefit
bio-inspired robotics research greatly: in the first level,
a model should be simplified as much as possible such
that it can be generalized over many species or in a large
scale without being bothered too much by the details
of complex animal structures. These models are called
templates. A good example of this kind is the so-called
spring-mass model that characterizes running behav-
iors of many different types of legged animals, even
though it is an extremely simple model consisting of
a point mass and a linear spring only. This approach
enables researchers to examine the basic principles in
nature, and despite its simplicity, the model can explain
behavioral characteristics in a wide variety of animals
even without considering detailed anatomical discrep-
ancies between species. In the second level of modeling
processes, templates should be enhanced by more de-
tails, which are called anchors. The investigations of the
anchors are generally intended for more specific ques-
tions by adding redundancies of muscles or limbs or
implementing more complex neuromuscular circuitry,
for example. Through the template—anchor research ap-
proach, a research area can be effectively structured,
and, for bio-inspired robotics research in particular,
the simplified models can benefit robotics engineers to
replicate behaviors of biological systems in a concep-
tual level.

Independently from the simplicity, it is also im-
portant to consider the purposes of models which

Simple
Templates E ; general
Spring loaded inverted Latefal leg spring prescriptive
pendulum (SLIP) model (LLS) model
o -~
Elaborate
Anchors representative
Fig. 75.4 Modeling hierarchy ex-
emplified by the legged locomotion
models. Animals can be abstracted
o . Complex into more elaborate and representative
rganism redundant models (anchors) and/or simpler and
more general models (templates)

(after [75.17])
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Fig. 75.5 Dimensions for describing models (after [75.18])

also influence how to structure bio-inspired robotics
projects. After all, there is no correct model, but there
are good or bad models with respect to the goal and
hypothesis that are investigated. Webb has, for exam-
ple, pointed out that there are seven major criteria
with which we could evaluate models of bio-inspired
robotics (Fig. 75.5 [75.18]):

1. Relevance to biology: as not all robotics research
contributes to biological studies, it is important to
clarify the degree to which a target robotic system
and model are relevant.

2. Level: what are the base units of the model, and on
what level of hierarchy in biological systems does
the model attempt to represent?

3. Generality: a model could be developed for eluci-
dating a mechanism of a specific system of interest,
or for a more general mechanism that can be applied
to many others. Therefore, the generality criterion
considers how many systems the model intends to
represent?

4. Abstraction: this criterion concerns the number and
complexity of mechanisms included in the model.

5. Structural accuracy: there are many ways of rep-
resenting systems but a question is the degree to
which the model explains the internal mechanism
of the target systems. In an extreme case, a model
can behave the same at the level of input/output re-
lationship, but it does not necessarily mean that the
internal mechanism is the same.

6. Behavioral match: to what extent does the model
behave like the target animal?

7. Medium of model: what is the model built from?
A model can be made of mechanical, electrical,
hydraulic, etc. or alternatively iconic, analog, sym-
bolic, for example. Properly identifying these ques-
tions and the purpose of a robot is important. In-
deed, there is a risk in bio-inspired robotics that
a project is not useful to biology (i.e., it does

not properly address a scientific question) nor to
robotics (i. e., it does not perform better than a more
conventional robot).

75.2.3 Research Methods and Tools

As it might have been already noticed, robotics tech-
nologies are used for many different purposes in the
context of bio-inspired robotics. Robots are often used
to explore new research areas and questions; many
platforms were built and examined for the purpose
of testing biological hypotheses; some of the other
platforms were developed specifically for application
discovery based on the identified principles in biolog-
ical studies; and more recently, robotics technologies
were interfaced with or integrated into biological sys-
tems to understand or enhance animals capabilities.

Even though there are many successful contribu-
tions of robotics technologies to biological studies, it is
often not trivial to identify what are the good methods
and tools for the given specific hypothesis or prob-
lems. In particular, one of the most critical questions
is probably whether it is necessary to build a phys-
ical robotic platform or it is sufficient to investigate
pseudo-robots in simulation. Building physical robots
is usually very costly and requires significant amount
of additional knowledge and know how; thus there are
many case studies of bio-inspired robotics research con-
ducted only in simulation in the past [75.19,20]. This
type of research generally makes use of physics mod-
els or physically realistic simulation environments that
allow us to explore fairly complex artificial creatures.
This approach is useful to explore a large parame-
ter space which cannot be optimized in the real-world
platforms. Also, the use of virtual creatures in the bio-
inspired robotics research is also extremely important
to investigate concepts and hypotheses that are not pos-
sible to test technologically such as robots with point
masses, frictionless joints, self-replication, and robotic
hardware evolution that cannot be possible with our to-
day’s technologies.

However, building physical robots is a must in some
cases. For example, there are often target concepts or
hypotheses involved in physical processes that are dif-
ficult to theoretically model, such as friction, impacts,
thermodynamics, and hydro/aerodynamics. In addition,
there has been an increasing interest in complex robotic
systems that contain a considerable number of physical
elements such as joints and actuators, simulation mod-
els of which tend to be vulnerable against accumulated
errors. Another aspect of robots used as a scientific tool
is to explore hypotheses that cannot be tested in nature.
This approach is often called synthetic methodology (an
understanding-by-building approach [75.13]), meaning
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that, by building and using artificial systems, we test bi-
ological principles that cannot be tested in conventional
biological methods. The most representative example
is the Braitenberg Vehicles, which we introduced in
Sect. 75.1.1. Every vehicle has a set of oversimplified
neural connections of an animal which does not exist in
nature, but these creatures can explain important princi-
ples in biological systems. A similar approach was also

75.3 Case Studies

This section introduces three research areas that have
been particularly active in bio-inspired robotics in the
last few decades. Here we highlight the case studies in
which robotics researches contributed to our further un-
derstanding of biological systems, and we illustrate how
the concepts and methods we introduced in the previous
sections were applied to these studies.

75.3.1 Bio-Inspired Legged Locomotion

Legged locomotion has been one of the most popular
research topics in bio-inspired robotics for a long time
because it characterizes the salient differences between
biological and artificial systems. Although legged lo-
comotion is seemingly easy, useful, and efficient for
biological systems to move around in complex en-
vironments, it is surprisingly difficult to understand
the underlying mechanisms hence challenging to im-
plement into robotic systems. The legged locomo-
tion research has a relatively long history that goes
back to the foundation of biomechanics in the sev-
enteenth century [75.24], and it became particularly
popular when the modern robotics was established in
the 1970s [75.25,26]. One of the main reasons that
many robotics researchers were attracted by the issue
of legged locomotion lies in the fact that it covers
many of the discrepancies between biological and arti-
ficial systems that we discussed in Sect. 75.2.1. More
specifically, legged systems have to carry out many
different tasks in unstructured environments such as es-
tablishing sturdy footholds, avoiding obstacles, dealing
with variations of payload and velocities, and chang-
ing gait patterns, for example; Legged systems have
to deal with massive parallel processes which are re-
quired for coordinating many joints and muscles, as
well as local reflexes and high-level decision and plan-
ning; And adaptivity is essential for legged systems
because they need to maintain mobility in different en-
vironments as well as under significant changes of its
body plan over growth processes, for example. While
there are countless case studies in the past, this subsec-
tion focuses on the four key challenges of bio-inspired

extended to the studies of life as it could be [75.21,
22], in which, by creating biological phenomena in
simulation or robots, a broader and more universal
understanding of living systems. This methodology is
particularly effective in the studies related to evolution-
ary biology, in which verifications of hypotheses are
usually very challenging ([75.20, 23]; see also the chap-
ter of evolutionary robotics).

legged locomotion, i.e., stability, gait, energetics, and
actuation, because they have been recognized as the
long-standing challenges in bio-inspired legged loco-
motion. More comprehensive robotics research can be
found in the section of legged locomotion.

Stability and Gait in Legged Locomotion
One of the main challenges in the study of legged
locomotion is to uncover the mechanisms of motion sta-
bilization against disturbances [75.27]. Biological sys-
tems usually make use of a variety of mechanisms in-
cluding mechanical self-stabilization [75.28, 29], spinal
reflexes [75.30, 31], central pattern generators [75.32],
or sensory-motor control originated in the higher center
of nervous system [75.33]. Because of the complex-
ity of stabilization mechanisms in animals, bio-inspired
robotics played an important role to systematically in-
vestigate the issues of stabilization through modeling of
locomotion dynamics and reproducing the behaviors in
legged robots of various kinds in the past.

Among others, bipedal walking was one of the most
intensively studied topic areas which nicely illustrates
how a synthetic approach could structure a research area
of a complex biological problem. The backbone of this
research area is the so-called inverted pendulum walking
model which was originally investigated in biomechan-
ics, and later used in the bio-inspired robotics research.
The model considers the simplest physics representation
of walking dynamics, i.e., a point mass is attached on
a massless link, and simulates walking dynamics as the
mass vaulting over the link [75.24]. This model can be,
for example, physically implemented by the so-called
rimless wheel that is the simplest robotic representa-
tion of the model (Fig. 75.6a; [75.34,43]), and then,
a slightly more complex configuration, the compass gait
model, was proposed (Fig. 75.6b, [75.44]; |<@RILITELEN
shows an experiment of a compass gait bipedal robot
locomotion on rough terrains). In contrast to the rim-
less wheel model that considers only stance leg dynam-
ics during walking, the compass gait model has three
masses with a passive hip joint, which allow us to in-
vestigate swing leg dynamics in addition to the stance
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Fig.75.6a—h Examples of bio-inspired legged robots. (a) A physical implementation of rimless wheel walking model

o’

(after [75.34]), (b) A physical implementation of compass gait walking model (after [75.35,36]), (c) passivity based
bipedal walking robot (after [75.37]), (d) passive dynamic runner (after [75.38]), (e) energy efficient hopping robot
(after [75.39]), (f) bipedal walking and running robot based on biarticlar springs (after [75.40]), (g) biped robot based on
variable stiffness actuators (after [75.41]), and (h) hexapod robot based on spring mass dynamics (after [75.42])

leg [75.45]. An important implication of this line of re-
search lies in the fact that, because of the simple formu-
lations of complex dynamics, researchers were able to
systematically investigate different aspects of the com-
plex behaviors while keeping an overarching structure
of research issues. These simple models were, for exam-
ple, gradually and systematically enhance by integrating
knee and ankle joints (Fig. 75.6¢; [75.37,43]), foot seg-
ments with variations of shapes, influences of mass dis-
tributions [75.46], influence of lateral motions, as well
as a variety of advanced motion control architectures to
demonstrate actuated locomotion in more complex en-
vironments [75.35, 36,47, 48].

Although walking dynamics is a highly interest-
ing challenge, the basic locomotion stability in walking
is not sufficient to understand legged locomotion in
nature, but stability has to be also maintained in dif-
ferent gait patterns, such as running because most
of biological systems exhibit a rich variety of gaits.
For this reason, running dynamics has also been stud-
ied intensively by investigating a simple model, i.e.,
the so-called spring-loaded inverted pendulum (SLIP
model; [75.28, 49, 50]). The model consists of a point
mass and a massless linear spring, on top of which
many variations were proposed such as running models
with nonlinear spring, segmented legs [75.51], swing
leg dynamics, upper torso, lateral balancing [75.52],
and wheel-like configuration (Fig. 75.6h [75.42]), for
example. The SLIP model was also used to study walk-

ing dynamics and gait transitions between walking and
running (Fig. 75.6f [75.40, 53]; |<RILEEIE shows an
example of a biped robot walking and running). It is
important to note that many of these models and robots
were developed for the hypotheses difficult to test in bi-
ological systems. The biological legs are hardly linear
springs but they consist of numerous active and nonlin-
ear components. However, by examining these models
and robots, we are able to learn the basic underlying
principles such as the degree to which a spring-like
behavior of legs could contribute to the stability of
walking and running locomotion, for example. In addi-
tion, such an abstraction of biological body structures
is very practical for robotics research as we are able
to design and construct robots based on the underly-
ing principles without replicating complex anatomical
structures consisting of organic components.

Energy Efficiency and Bio-Inspired Actuation
Another considerable challenge in the study of bio-
inspired legged locomotion is the principles for energy
efficiency. It has been known that the locomotion ef-
ficiency of biological systems is known to be at least
an order of magnitude better than most of the legged
robots today but it is not fully understood why bio-
logical locomotion is so efficient. The complexity of
the energetic problem in legged locomotion is origi-
nated in the many possible sources of energy dissipation
such as frictional and damping losses in joints and mus-
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cles, mechanical impact losses at foot touchdown to the
ground, metabolic costs, and energy required for ac-
celeration and deceleration of body parts. Because of
such a complexity, the bio-inspired robotics research
has been significantly contributing to this problem by
building and analyzing, for example, purely mechanical
locomotion systems [75.38,43], underactuated loco-
motion control [75.35,37], the use of passive spring
and self-excited vibration [75.39, 54], and exoskeleton
devices [75.55]. All of these case studies were con-
tributing to a comprehensive understanding of energy
efficiency in biological locomotion [75.56], and some
of the hypotheses have been analyzed and tested in bio-
logical systems.

In addition to the whole body dynamics, energy effi-
cient locomotion has also been investigated at the level
of actuation because the muscle-tendon systems play
a major role in animals’ efficient locomotion. Inspired
from the biological models of muscles, this research
trend started from the so-called series elastic actuators,
which is an actuator unit containing a mechanical spring

e - =
o S

MLR d <— Brainstem

I CPG model
I (spinal cord)

being installed in series to an electric motor [75.62].
The implementation of mechanical spring in an electric
motor explained the unique characteristics such as stor-
age of kinetic energy to elastic energy, shock absorption
to protect mechanical transmission, and force-based
feedback control, all of which are favorable for both
biological and artificial legged systems. More recently,
many researchers have been attempting to enhance the
actuation mechanisms with variable stiffness and damp-
ing capabilities [75.41,63] that are also expected to
provide valuable insights into the roles of muscle prop-
erties in efficient legged locomotion.

75.3.2 Reflexes and Central Pattern
Generators

Agility and adaptability of animals’ locomotion are not
only originated in mechanical dynamics as explained
in the previous subsection, but there are also highly
complex control systems regulating animals’ motions.
Usually animals control systems are labeled into four

PD controller

bi

Fig.75.7a—f Robotic implementation of CPG models. (a) A salamander robot consisting of motorized modules, and (b) its control
architecture. Every module has a servomotor which is controlled through a simulated CPG model. (c) Typical behavioral response
of the CPG model (upper figure) with respect to a control signal (lower figure). One control input is sufficient to control smooth
oscillations of multiple body segments because of coupled dynamics originated in the CPG model (after [75.57]). (d,e) A hexapod
and biped robots that use CPG models to adapt to changes in the environment (after [75.58-60]). (f) A musculoskeletal humanoid

robot that simulate developmental processes of human babies (after [75.61])
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components: the musculoskeletal system, reflexes, cen-
tral pattern generators (CPGs), and modulation by
higher control centers. Bio-inspired robotics has been
investigating these components individually or in com-
bination, and resulted in a number of demonstrations of
surprisingly robust robot locomotion (Fig. 75.7).

This research area has been historically investigated
by the two distinguished approaches, i.e., the CPG-
based approach and the reflex-based one. The former
approach usually considers voluntary oscillations of
neural circuits, that is, CPGs, and the output of these cir-
cuits triggers locomotion cycles. Because these behav-
iors are found in the spinal cord of vertebrate animals
and in ganglions in invertebrates [75.64], this approach
has been very popular in the bio-inspired robotics. In
contrast, the reflex-based approach does not incorporate
intrinsic oscillators and generate periodic behavior as
a chain of reflex-mediated events. While conceptually
different, most of the CPG-based approach considers re-
flexes in the neural processes; thus these two approaches
are often overlapping and reflex-based approaches can
be seen as a subset of CPG-based approaches.

One of the pioneering works in the reflex-based
approach was based on the neural circuits underlying
walking identified in stick insects [75.65,66]. In this
study, it was identified that a series of reflexes for
each leg use information related to leg postures and
ground contact to generate movements. Coordination
between legs (i.e., specific gaits) is obtained with di-
rect neural couplings between individual legs circuits
and also through mechanical couplings (e.g., the move-
ment of one limb affecting the load on other limbs).
This leads to a decentralized control mechanism, similar
in spirit to those developed in behavior-based robotics,
that has been validated on simulated and real hexapod
robots [75.65, 67].

The reflex-based approach was also investigated in
human walking, in which a series of neuromechanical
models were developed to demonstrate how the combi-
nation of muscle properties and low-level reflexes can
lead to stable locomotion in simulated bipeds [75.68,
69]. In particular, Geyer and Herr [75.69] present a sim-
ulated bipedal walker which manages to walk in the
sagittal plane and to be stable against slight slopes. This
model captures principles of neuromuscular feedbacks
and predicts muscle activation patterns observed in leg
muscles. Similar reflex-based controllers (without mus-
cle models but with simulated synaptic plasticity) have
successfully been ported to real robots such as the Run-
bot [75.60] and the dynamic walkers reported in [75.37].

One of the first examples of the CPG approach has
been done in simulation by 7aga and colleagues [75.70,
71]. They developed a series of 2-D models of biped
locomotion that combine a simple musculoskeletal

model with a CPG modeled as a system of cou-
pled Matsuoka oscillators [75.72]. The work showed
how bidirectional couplings between the CPG and
the musculoskeletal model could lead to entrainment
(i.e., frequency locked regimes) between the two as
well as to robust locomotion. Since then a large
number of CPG-based controllers have been imple-
mented in robots for different types of locomotion.
Examples include hexapod and octopod robots [75.73—
75] (see also Robot Roach [<WIEEIFN), swim-
ming robots [75.76-78] (see also Salamandra Robotica
|[<WITEEEN), quadruped robots [75.57,79,80], and
biped robots [75.81-85].

As discussed in [75.64], a CPG-based approach has
several interesting properties:

i) Stable limit cycle behavior that provides robustness
against perturbations.

ii) Suitability for a distributed implementation.

iii) Possibility to modulate gaits with a few control pa-
rameters.

iv) Integration of sensory feedback signals in order to
obtain mutual entrainment between the CPG and the
mechanical body.

v) Suitable substrate for learning and optimization
algorithms. These properties were particularly dif-
ficult to investigate by using animals; hence the
bio-inspired robotics has provided significant con-
tributions to the nature of motion control in biolog-
ical systems.

75.3.3 Bio-Inspired Navigation

Biological systems use a variety of cognitive pro-
cesses for their navigation in complex environment: it
is known, for example, that animals use both propri-
oceptive and exteroceptive receptors for sensing envi-
ronments; the obtained sensory information is passed to
massively parallel processes distributed over many hi-
erarchical levels in central nervous systems; animals’
perception of the world is coordinated with low-level
sensory-motor processes; and in addition to these mech-
anisms, long-term planning and learning processes are
continuously running to achieve more advanced tasks
such as goal-directed navigation. In order to tackle such
a complex problem of animals’ navigation, bio-inspired
robotics also provided a set of effective tools to apply
the synthetic methodology some of which are outlined
in this subsection.

Sensor Morphology

and Sensory-Motor Coordination
A significant number of researchers in bio-inspired
robotics have been working on relatively simple animals
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such as insects because their central nervous systems
are far more tractable than other animals. Despite the
simplicity of their brains, insects are incredible naviga-
tors being capable of avoiding obstacles while running
or flying with enormous speed, recognizing landmarks
in unstructured environment, and traveling long distance
for foraging. Moreover, some of the social insects can
even learn to go back to their own nests, and communi-
cate with co-workers for efficient community manage-
ment. Although biologists have been investigating these
fascinating animals for centuries, there are still a num-
ber of issues that are not fully clarified yet, and among
others, robotics platforms were used to investigate the
mechanisms in which physical system—environment in-
teractions play central roles [75.86].

One of the most successful case studies in bio-
inspired navigation research was on the mechanisms
of sensory-motor coordination in flying insects such as
flies and bees. These insects are known to rely on vi-
sual sensory information, more specifically, optic flow
to detect ego motions, stabilize body posture, measure
distance to various objects and landing spots, and track
traveling distance, for example. While the visual in-
formation processing is usually regarded as computa-
tionally expensive, many insects, which have very lim-
ited computational resources, make use of this modality
to achieve these behavioral functions. The underlying
mechanisms are found in the hardware setups of an-
imals, in which sensor morphology (i.e., how recep-
tors are distributed) and low-level sensory information
processing are exploited in the coordination of sensory-
motor processes [75.87]. More specifically, the photore-
ceptors of these insects are usually distributed to almost
all directions which give rise to surprisingly informa-
tive stimuli about the environment and ego motions, and
low-level neural circuits are configured such that ex-
tremely low-processing power is necessary. To test these
hypotheses, a number of robotic platforms were devel-
oped and tested previously, which showed the feasibility
of these mechanisms such as the optic flow to detect
nearby objects [75.88], visual odometry [75.89], flight
altitude [75.90], and flight stabilization [75.91].

Technological advances are essential to gain ad-
ditional insights into the complex sensory-motor pro-
cesses in the animals. At the beginning of the investi-
gations, many researchers developed omni-directional
vision based on specifically shaped mirrors attached to
regular cameras, while recently more advanced tech-
nologies are being developed to flexibly adjust pho-
toreceptors [75.92]. Neuromorphic engineering also
provides an additional enabling technology to ex-
plore physical foundations of biological nervous sys-
tems [75.93, 94]. Neuromorphic silicon retinas are, un-
like conventional visual sensors, able to process sensory

information extremely fast and computationally less de-
manding owing to the event driven and asynchronous
processing architectures, while keeping sensitivity very
high (i.e., the receptors can be sensitive in very dark
environments as well as in a very bright one, [75.95]).
With the technological progress, we will be able to
reproduce more precise landscape of the world from in-
sects” viewpoint for more comprehensive investigation
of bio-inspired navigation.

Goal-Directed Navigation
Compared to reflexive behaviors, goal-directed ones are
significantly more complex where much less is known
even in biology. In nature, goal-directed behaviors such
as navigation to a nest from a distant location require
learning of routes and locations, short- and long-term
memories, episodic memories, while flexibly adapting
to unstructured and often dynamically changing envi-
ronments. The underlying mechanisms are related to
many different locations in the central nervous systems
and they vary one species to another, thus the ongo-
ing researches are essentially driven on the basis of the
important findings in biology, rather than developing
a unified and generalized framework.

One of the representative case studies on bio-
inspired goal-directed navigation was again conducted
in relation to insect behaviors (Fig. 75.8): some social
insects such as desert ant Cataglyphis are known to ex-
hibit the so-called visual homing behaviors, in which
the animals go back to their nests by using visual cues
nearby [75.96]. These insects usually walk randomly
when searching for food sources, while they go back
straight to the nest by using visual cues. Although the
neural basis of these behaviors is not yet identified, the
biologists argue that an abstract model, the so-called
average landmark vector method, explain the insects’
behavior fairly accurately. Here it is assumed that in-
sects know the global orientation in the world, and
every once in a while, they perceive the direction of for-
aging behavior stored as vector information. Over time,
the animals sum up the vectors so that they can keep
track on the direction to the nest while randomly search
for the food sources. The biologists have been explor-
ing these behaviors for decades, and the accumulated
knowledge and hypothetical models were implemented
and tested in physical robot platforms. Unlike most of
the simulation experiments, the implementation to the
robots helped to test the hypothesis in the real-world
desert environment [75.96], or physically implemented
in an analog circuitry (see also multimedia material of
Analog Robot navigation in |<@¥WIIIFIFE; [75.97]).

A significantly more challenging problem is to
identify the mechanisms of goal-directed behaviors in
more complex animals, especially in mammals. There
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Fig.75.8a~d Visual homing of insect-inspired robots. (a) An result of navigation experiment of desert ant Cataglyphis.
(b) A mobile robot Sahabot II that was developed to investigate navigation mechanisms of Cataglyphis. The robot
is equipped with an omni-directional camera and a digital compass that can be used for the bio-inspired landmark
navigation (after [75.96]). (c) A fully analog implementation of the visual homing algorithm. (d) Simulation results of

visual homing algorithm (after [75.97])

is a large body of literature about this issue includ-
ing cognitive science and brain science, but one of the
most prominent contributions of robotic platforms in
this research area was to explore neural dynamics dur-
ing physical system—environment interactions. The re-
search was originally motivated by a discovery in phys-
iology such as the so-called place cells, i.e., a group
of neurons in hippocampus exhibit unique behaviors
whenever the animal is in a specific location in an en-
vironment [75.98]. This hard evidence in neuroscience
has been widely used to analyze how brains func-
tion in the context of spatial cognition and navigation

in general, including those investigating computational
neuroscience and bio-inspired robotics. Essentially, it is
still a challenge to explain the behaviors of place cells
because they involve sensory-motor activities as well
as temporal changes of neural activities (i.e., learning
of sensory motor activities) thus a synthetic methodol-
ogy is extremely helpful. So far it has been shown that
the computational models of hippocampus were imple-
mented onto some mobile robot platforms to replicate
the behaviors of place cells in navigation tasks [75.99,
100] as well as some more complex goal-oriented be-
haviors and learning [75.101].

75.4 Landscape of Bio-Inspired Robotics Research and Challenges

So far we introduced only a few representative and on-
going case studies of bio-inspired robotics research, but
there are many other active topic areas in the field.
Although many of these studies are covered also in
the other chapters of this handbook, this section pro-
vides a brief overview of the relevant topics in which
robotic technologies are being used as scientific tools
for biology.

75.4.1 Bio-Inspired Climbing

When legged systems are reduced down to smaller
scales, adhesion forces become more dominant than
the gravitational, and for this reason, the small-sized
animals in nature such as insects, amphibians, and
lizards tend to climb terrains rather than walk on level
grounds. While the governing physics in the climbing
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Fig.75.9a~h Examples of recent bio-inspired robots. (a) A mobile robot that uses active whisker arrays for navigation
(after [75.102]). (b) A climbing robot based on feet made of dry adhesives (after [75.103]). (c) Micro robot for flapping
flight developed by the micro-fabrication techniques (after [75.104]). (d) A fish-like swimming robot that exploits soft
continuum body structure (after [75.105]). (e) A worm-like robot that exhibit rolling-locomotion of soft body structure
(after [75.106]). (f) A humanoid robot that is equipped with soft skin for interactions with human partners (after [75.107]).
(g) A wheel-chair controlled by brain signals of the user (after [75.108]). (h) Self-reconfigurable robot that is capable of
autonomously changing its own body structure (after [75.109])

locomotion is different from that of gravity-oriented
legged locomotion, robotic platforms are also useful
because the dynamics during the locomotion is sim-
ilarly complex. One of the most representative case
studies in this line of research was the use of dry
adhesives in climbing robots that are inspired from
geckos. Many research topics focused on the fabri-
cation techniques of micro hair-like structures that
can generate adhesive forces for a series of small-
sized robots (Fig. 75.9b, [75.103, 110]). Similarly a few
other approaches were also proposed to explore the
different climbing strategies of animals including the
use of material-dependent adhesion [75.111], rough-
surface locomotion by using feet with micro spine
structures [75.112,113], and climbing strategy based
on force closure of relatively long legs [75.114]. There
still exist many challenges in fabrication techniques
of micro structures in order to replicate the sophisti-
cated climbing mechanisms of animals, which requires
continuing close collaborations between researchers in
biology and robotics.

75.4.2 Flapping Flight
and Swimming Mechanisms

Another complex, yet popular, dynamics used in ani-
mal kingdom is fluid/aerodynamics that are typically
observed in flying and swimming systems. Fluid/
aerodynamics are also dynamics difficult to model and
simulate thus robotic platforms are intensively em-

ployed for exploring underlying mechanisms [75.115,
116]. As is the case of walking and running on land,
mechanical dynamics also play an important role in
flying and swimming locomotion and a number of
underactuated robots were developed to understand
the nature of locomotion in fluid Fig. 75.9d [75.105,
117]. As the microfabrication techniques evolved in
the recent years, roboticists and biologists also started
collaborating to investigate small-sized flying robots
(Fig. 75.9¢, [75.104]; Chap. 26).

75.4.3 Artificial Hands, Haptics,
and Whiskers

Haptic perception is known to be one of the most
important sensor modalities in biological systems, al-
though the biological nature is far from a compre-
hensive understanding because animals make use of
complex sensory-motor interactions for the purpose of
tactile sensing [75.118, 119]. Haptic sensing can be de-
fined as sensing of mechanical environment through
touch although there are many different variations in
nature including tactile sensing through fingers and
skins [75.119], active whisking (Fig. 75.9a) [75.102], or
more specifically targeted sensing such as slippage de-
tection [75.120]. Exploration on haptic technologies is
also crucial in this research area as the biological tactile
sensing involves an enormous number of mechanore-
ceptors each of which has a large sensitivity range.
Currently, a number of researchers are actively inves-
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tigating technological solutions through haptic devices
and soft and stretchable electronics for tactile sens-
ing [75.121, 122].

75.4.4 Self-Reconfigurable
and Evolutionary Robotics

Animals’ adaptivity in nature relies significantly on
their capability of changing their body sizes and struc-
tures. Animals are, for example, able to start their
lives smaller and gradually grow larger and more
complex; they are able to self-repair or regenerate
when encountering failures in body parts; and muscles
and skins are able to strengthen themselves if neces-
sary [75.123]. Synthetic methodology has also been
employed to investigate these fascinating capabilities
of biological systems by using, for example, modular
robots Fig. 75.9h [75.109, 124, 125], redundant body
structures for snake-like motion control [75.126, 127],
and self-repair and self-assembly of structures [75.128,
129]. Due to the technological limitations, many re-
searchers take advantage of simulation-based methods
to explore the ontogenetic and evolutionary processes
to uncover the characteristics of optimization strategies
in nature [75.19, 20, 130].

75.4.5 Bio-Inspired Soft Robots

Unlike the conventional robots that are usually made
of rigid materials articulated into discrete pieces, ani-
mals’ body structures mostly consist of soft, continuum,

75.5 Conclusion

This chapter introduced a class of bio-inspired robotics
research that is specifically targeted to deepen our
understanding of biological systems. Through the rep-
resentative case studies, we explained how bio-inspired
robotics research can be useful not only for develop-
ing innovative robots, but also for exploring uncovered
challenges in biology by employing the understanding-
by-building approach. There are, however, a set of
important concepts that need to be considered for suc-
cessful collaborations between robotics and biology.
Specifically:

1. It is necessary to take the similarities and differ-
ences in robots and animals into account.

2. There are different goals and methods to develop
models of biological systems.

3. The use of robots as a scientific tool has both advan-
tages and disadvantages.

and elastic components such as muscles, tendons, skins,
organs surrounded by smooth membrane [75.1]. Re-
cently, there has been an increasing interest in the
use of soft deformable materials in robotic systems
to enhance capabilities of, for example, soft locomo-
tion [75.106,131] (<WILEEIEE shows and example
of soft robot locomotion), manipulation [75.132, 133],
shape adaptation [75.134], and soft human-robot inter-
actions [75.63]. Despite its demand in the robotics and
biological studies, there are still a number of techno-
logical challenges in this field such as soft actuation
and sensing [75.135], simulation of soft deformable
structures [75.136], and control of flexible continuum
bodies [75.137].

75.4.6 Neuroprosthetics and Social
Interactions

As we develop more technological components com-
patible to biological systems, there are more possibili-
ties to implant artificial devices into biological bodies.
Although most of the case studies in this research
area aim at bio-medical applications as exemplified by
visual/auditory prosthetics, pain relief, and motor pros-
thetics, there are also intensive investigations on the
use of prosthetic devices to gain additional insights into
the nature of motion control [75.108, 138] and percep-
tion [75.139]. There is also an increasing interest in the
use of robotic platforms in the studies of social inter-
actions where robots are used to study communications
with humans [75.107] and the other animals [75.140].

4. There are types of hypotheses in biology that bio-
inspired robotics can be particularly beneficial for.

And finally, we also introduced a concise landscape
of trends and challenges in bio-inspired robotics. As
mentioned earlier, the field of bio-inspired robotics is
very broad, and the outline introduced in this chapter
is by no means complete. For example, although this
chapter only focused on the types of research which
contribute to biological studies, there is a large body of
the literature on bio-inspired robotic applications which
are mostly ignored in this chapter. The interested read-
ers should refer to the other chapters in this handbook as
well as the other review articles in the field. Also, there
are significantly more case studies available in literature
which reported on the different species or the other as-
pects of animals which were summarized in [75.15, 18,
64].
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JenaWalker — Biped robot with biologically-inspired bi-articular springs

available from http://handbookofrobotics.org/view-chapter/75/videodetails/110

MIT Compass Gait Robot — Locomotion over rough terrain

available from http://handbookofrobotics.org/view-chapter/75/videodetails/1

RobotRoach with adaptive gait pattern variations

available from http://handbookofrobotics.org/view-chapter/75/videodetails/112

Salamandra Robotica Il — Swimming to walking transition

available from http://handbookofrobotics.org/view-chapter/75/videodetails/113
|<@WTEFZFE  Analog Robot
available from http://handbookofrobotics.org/view-chapter/75/videodetails/242
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