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Abstract
The robotic art work Spinal Rhythms investigates the qualities and dynamics of physical movement performed by inanimate shapes. To avoid mimesis the robot’s body
is a primitive abstraction, a connected system of bare wooden limbs linked by joints.
The spotlight lies on the action that brings this inorganic shapes to life - the motion.
Actuated by elastic shape memory alloy springs the robot performs slow and noiseless
movements that diﬀer from robotics’ typical electrical motor characteristics. The movements are the subject of an embodied evolutionary computation process that controls
the robotic performance. By repetitive mutation and evaluation the system evolves the
actuation signals for the robotic muscles and makes the robot ﬁnd temporal solutions for
the sensitive dynamics between software, hardware and environment. The fault-prone
hardware-body of the robot and changing environmental conditions create an unstable
ﬁtness landscape that demands continuous adaptation of the activation patterns. The
evaluation process uses image analysis to grade the performance of motion patterns
according to a ﬁxed set of ﬁtness functions and attempts to ﬁnd activation patterns
that produce more movement while consuming less energy. Trained in an autonomous
loop without human supervision the robot is granted a certain awareness of its own body.
The art work presents a solution on how to bridge the gap between digital and robotic
artiﬁcial life art. It introduces the shaping power of evolutionary systems – widely employed in digital artiﬁcial life – into a real-world setup full of complex dynamics and
unpredictable conditions. The crucial diﬀerences between digital and analog worlds –
constituted in the messiness and unpredictability of real life – are emphasized instead
of being inhibited. The exhibition setup which shows one machine intelligence training
another machine intelligence serves as an allegory on the future superiority of artiﬁcial
intelligence that will advance without human help.
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Chapter 1

Introduction
1.1

1.1.1

Motivation

Merging of biology and technology

Our culture is on the verge of a technological boom that will make it necessary to completely redeﬁne our notions of life. Advances in science and engineering point towards
the cumulative merging of biology and technology. Genetic engineering reveals the plasticity of living matter, while artiﬁcial life turns from analysis to synthesis and applies
the properties of living systems to artiﬁcial matter. The distinctions between natural
and artiﬁcial, born and made, become obsolete which naturally gives rise to skepticism
and alarm (Whitelaw, 2004).
Popular writers like Kurzweil (2006) forecast radical advances in artiﬁcial intelligence
based on the law of exponential growth that is evident in the development of computing
equipment so far. The stage of explosive development is reached when artiﬁcial entities
obtain complete autonomy and are able to evolve and adapt on their own. Kurzweil sees
the move towards an informational, posthuman form of life as the natural progression of
technology. The idea of downloading human consciousness into virtual space provokes
of course very emotional critique yet also raises doubt about the importance of embodiment. Ken Rinaldo supports the belief that even if intelligence can emerge through
computation, only a body and sensory elements would allow computers to develop a
form of consciousness (Rinaldo, 1998).
Scientiﬁc research conducted in the ﬁeld of artiﬁcial life (Langton, 1989) and debates initiated by art inspired by artiﬁcial life operate exactly at this intersection of
the living and the technological. Artiﬁcial life studies the structures and processes behind biological life and employs them in computational science. This interdisciplinary
study alters our understanding of life, since its materialistic world view sees human
beings and machines alike, only distinguished by the varying degrees of organization of
matter and energy (Shanken, 1998). By admitting that life is a property that is not
restricted to carbon-based biology, artiﬁcial life researchers forecast the synthesis of life
from non-organic matter or non-matter.
4

1.1.2

Artiﬁcial life and art

In order to understand the processes of artiﬁcial life, we project life-as-we-know-it back
into it. By using familiar narratives and connotations we translate the unknown into biological analogues in order to make sense of it (Hayles, 1996). No matter if the artiﬁcial
life forms appear on a computer screen or as hardware robots in front of us, we automatically anthropomorphize and zoomorphize their behavior. In this pull of analogies
artiﬁcial life very much resembles art and its concern with representation. Additionally
both disciplines share the necessity to think outside the currently existing bounds of
reality. Art readily picks up the techniques of artiﬁcial life in its habit of applying and
reﬂecting on new technological achievements. With the freedom to manipulate, misuse
and adapt the ideas and products of science in a cultural domain, art provokes a more
open-minded debate and critique (Whitelaw, 2004).
Art that operates on the verge of cultural changes acts as visionary medium that
anticipates the changes to come. In its creative nature it draws possible future realities
in utopian and dystopian colors. By anticipating and envisioning new realities, art also
plays a pivotal role in the actual shaping of the future. Adopting the constructive idea
behind artiﬁcial life everything around us becomes artiﬁcial and possible to reconstruct.
Some even refer to artiﬁcial life as the very destiny of art making (Whitelaw, 2004), the
culmination of its ongoing quest of mimicking and imitating nature.
Sculptural and ﬁgurative art reaches a high point of mimesis in the Greeks pursuit
of living statues, perfectly depicted in the myth of Pygmalion (Ovid, 1 A.C.E.). In Why
Do We Want Our Machines to Seem Alive? (1995) Simon Penny argues that the static
nature and the consistency of solid materials of their sculptures was not an aesthetic
choice but only due to technical constraint. The Greeks were ﬁrst to use the power of
water to construct pneumatically driven automatas and introduce movement into the
world of sculpture. In the 17th and 18th century clockwork automata got popular, yet
were more regarded as entertainment than as art. Over time equipped with more eﬃcient
mechanics, autonomous power sources and ﬁnally electric brains, the main concern of
mimesis in sculpture shifts from outside appearance to inner dynamics. Burnham writes
in his book Beyond Modern Sculpture about the de-objectiﬁcation of art and a refocus of
aesthetic awareness (Burnham, 1968). The art object itself and its appearance become
less signiﬁcant. What he terms systems aesthetics directs the spotlight onto the invisible,
the meaningful dynamics underneath the surface. The shaping of matter is replaced by
the organization of matter, an idea ubiquitous in artiﬁcial life. The artwork becomes
an information processing system, and the artist’s tasks are to consider its goals and
boundaries, handle its input and output. Inﬂuenced by the then new discipline of
cybernetics Burnham envisions the inﬂuence of technologies on art and predicts future
sculptures as embodiments of true artiﬁcial intelligence (Rampley, 2005).
While entities of artiﬁcial intelligence and experiments in artiﬁcial life most certainly
reach higher complexities in a purely digital domain, their embodied robotic counterparts
still provoke a more intensiﬁed encounter with the artiﬁcial. Screen-based artiﬁcial life
is easier to handle than robots with all their inaccurate and defective components, yet
it still remains in its virtual space, immaterial and always easy to shut down. Robots
and robotic art work deliberately cross this barrier, their physical manifestation in space
and time with us eliminates the need for an interface and allows true interaction. Their
autonomous and responsive presence triggers anthropomorphizing reﬂexes and reinforces
interactive behavior as the one feature of life that provokes the most emotional response
5

when applied artiﬁcially. Coding based on Brooks subsumption architecture (Brooks,
1991) enables robot behavior to emerge from a multitude of interconnected programs.
Fed with sensory information robots are able to experience and interact with their
environment in a lifelike manner that stands far from hard-coded deterministic behavior.
Yet technological constraints keep robotic artiﬁcial life so far clean and stable and free
of other life characteristics such as growth, reproduction or ﬁght for survival.

1.1.3

Motion in art

The movement of artiﬁcial beings becomes the main channel that evokes our anthropomorphic reﬂexes. Although real life motion happens all around us, motion in art still
manages to amaze us. Whereas traditional ﬁne arts stimulates more mental responses
and screen based media always keeps the participant at a certain distance, kinetic and
robotic art may invade our very own physical space and time. The performance of autonomous movement by inanimate objects follows the same physical rules as our bodies
do. At a very simple emotional level we identify movement as a sign of life.
For centuries movement in art was primarily limited to being represented as a frozen
time step in pictorial or sculptural objects. By depicting the right moment of an action, our minds are able to ﬁll in the gap and reconstruct the full event. The Italian
futurism (Marinetti, 1909) and op-art (Borgzinner, 1964) tried to reach further. Clever
techniques of drawing and choice of color cause optical illusions that can fool our minds
into perceiving movement. Film, video and digital media show us the perfect illusion
of movement by rapidly displaying static images in a row. Performance art is full of
activity and motion yet always underlines the human actors behind the results.
Sculptural kinetic art (eg, Arnason, 1966, Tomkins, 1977) was ﬁrst to liberate actual
physical motion from human control. Artists automate movement by employing magnetic, mechanical, electronic or natural forces. Driven by electric motors or the power of
wind and water inanimate objects are made to change their position and orientation in
time. A whole new layer of perception is added to the aesthetic experience of the viewer.
The art piece shows a continuous transformation of its state and therefore demands a
continuous participation of the viewer. The time component in kinetic art becomes the
nature of the object (Demers and Vorn, 1995).
Robotic art takes the machinery and driving forces behind kinetic art and puts them
up front. Instead of just presenting the resulting movement as an aesthetic experience,
the object’s components become the body and the controlling technology becomes the
brain. The focus shifts towards a merge of biology and machinery and addresses issues
on the boundary from lifelessness to lifelikeness. By making its automated behavior
unpredictable or responsive to external stimuli the art object is provided with its own
unique character. Inanimate objects suddenly gain liveliness if their deliberate actions
can be linked to a complex control. Sound or light technologies are used as channels to
communicate behavior, yet physical movement has the strongest impact on the perception of the viewer. The movement deﬁnes the character of an object and our emotional
response to it. Unpredictable sudden motions let us take a step back because we relate it to volatile and dangerous behavior. Subtle smooth motions give an elegant and
deliberate character whereas jerky movements have a certain comical quality.
6

1.1.4

Biomimetics

Continuous advances in biological sciences allow us a better understanding of life and
its functionality. Whereas research in the artiﬁcial life discipline mostly nourishes theoretical debates, the related ﬁeld of biomimetics applies the knowledge gained in a more
practical fashion in engineering. The interdisciplinary ﬁeld of biomimetics is the art and
science of designing and building processes, substances or systems that imitate nature
(eg, Ayers et al., 2002). Engineers look at nature to learn how to design systems in a
more eﬀective and power eﬃcient way. Scientists and researchers synthesize vitamins
and antibiotics based on biological processes (eg, Benyus, 1997), improve software by
coding it as neural networks (eg, Gurney, 1997) or fabricate artiﬁcial organs or prostheses (eg, Bronzino, 2006) as nature-like substitutes in medicine. The ﬁeld of biomimetic
robotics looks at the morphology and neurology of animals to achieve more eﬀective
locomotion mechanisms and control techniques for robots (eg, Bar-Cohen and Breazeal,
2003). Imitation of biological mechanisms that have proven to be highly eﬀective offers a big potential for future applications. Animals have evolved and perfected their
body and brain to cope with a challenging environment. The hopes are that by copying
the approaches of nature robotic systems will be able to enhance their capabilities and
become more robust and adaptable.

1.2
1.2.1

Concept
Unlimited search space of imaginary creatures

The evolution of biological life (Darwin, 1859) has produced billions of diﬀerent species
that went from birth to extinction in a fraction of the overall timeline of life on earth.
Guided by natural selection and ecological catastrophes nature explores the almost unlimited search space of possible creatures. Endless recombination and mutation of existing genetic material leads to a large diversity of life forms. Bones, muscles, ﬂesh,
fur, feathers as building blocks give rise to an inﬁnite universe of possibilities in form,
color and motion. But not every newfound creature is destined to survive. Every new
species and even every single new mutation has to ﬁght for survival in an ever-changing
environment. A creature is bound to fail if it cannot succeed in ﬁnding its ecological
niche immediately. Millions and millions of the most extraordinary and visionary living
beings are ripped from earth before they get a chance to adapt and develop. Natural
selection is drawing clear boundaries in the evolutionary design search space. Boundaries that shift and transform over the course of time, yet still emphasize the cold truth
of survival of the ﬁttest.
Art tries to reach beyond boundaries. Imaginary creatures live in our heads, they
surface in our stories, drawings and movies. They know how to crawl, ﬂy, swim and
spit, they are ﬁlled with an illusion of life, yet they are still mere products of our doing,
puppets in our hands. By cuttings those strings loose and letting them explore their
potential on their own, we allow them to make their own evolutionary history. Employing
the knowledge of genetic evolution we have gained from studying life’s creations we can
set up the framework for worlds inhabited by invented beings.
By choosing unfamiliar design solutions as seed it is possible to go into directions
7

nature has claimed to be dead ends. By removing all the oppressive forces like coevolutionary competition and supplying an artiﬁcial environment we give beings that
were never destined to survive biological life on earth a chance to develop. In this way
it is possible to liberate unknown species from their non-existence in nature and permit
them the experience of evolution. Not limited to our design knowledge and expectations
they are free to ﬁnd their own unique body and brain by exploring possibilities we might
never have reached. They are able to explore formerly purely hypothetical areas in the
search space of possible creatures. Gray areas of design solutions nature never was able
to accomplish.

1.2.2

Robotic stick-creatures

Spinal Rhythms creates imaginary creatures out of simple wooden stick-elements and
superimposes liveliness onto them by actuating their bodies with muscle elements. As
structural alterations of the robot’s body are limited by technical constraints and are
very time-consuming, the physical shapes and actuators that deﬁne the body become the
steady and consistent elements of a dynamic process. A deliberately simplistic design of
the creatures tries to keep the projection of emotional associations to a minimum. By
designing the robot’s body as a primitive abstraction, a connected system of bare limbs
linked by articulated joints, the spotlight lies on the action that brings those inorganic
shapes to life - the motion. It is movement that superimposes life and characteristics
onto the abstract inorganic skeleton. The movement becomes the expression of the
creatures’ individualism, the language that communicates its identity.
The movement of typical robotic systems is actuated by electrical motors. We hear
the noisy clattering of motor activation when robots perform their stiﬀ and jerky moves.
The actuators of biological life are more than simple motors, they are used as brakes
and shock absorbers or springs that store potential energy (eg, Alexander, 2003). This
multifunctionality gives organisms much more stability and robustness than hardware
systems. By equipping robots with artiﬁcial muscle actuators their performance diﬀers
from typical robotic applications, functionally and aesthetically. Shape memory alloy
(SMA) springs (eg, Gilbertson, 1994) were deliberately chosen because they contract
and exert force much like biological muscles. The elastic quality of the springs allows
smoother and more resilient movements. Their noiseless activation and stepless transformation grants the creature a much more life-like appearance in comparison to typical
robotic systems.

1.2.3

Rhythmic motion behavior

The project investigates the dynamics behind the resulting movement behavior of the
robotic creatures. A robotic body is actuated by motor control patterns and moves its
limbs according to those signals. The parameters and time settings for those motion
patterns are variable and the mechanisms of an artiﬁcial evolution are employed to
explore this search space of possible movements. A computer evolves motion patterns
in an autonomous process by iteratively mutating and evaluating them.
As much as the individual motion patterns diﬀer in their way of actuating the robot’s
body, the actual movement perceived by the viewer is still the interdependent product
8

of brain, body and environment. The brain sends the activation pattern to the muscles,
they apply forces onto the mechanics of the skeleton which are transformed into kinetic
energy that moves the whole body against environmental forces. The close coupling
between the control signals and the mechanical dynamics of the body often makes a
clear deﬁnition of the origins of the resulting behavior impossible. The body puts the
constraints on what the brain is able to do. When performing evolutionary computation on the ﬁxed robotic body, the control system has to learn to adapt itself to the
morphology it has to deal with. It gets the chance to experience its own body through a
simple trial and error process and learns to achieve better and better results with time.
The motion patterns that are created by the evolutionary computation are derived
from rhythmic locomotion behavior in nature. Locomotion from one place to another
is the most typical movement of an organism. Creatures run, crawl, hop, ﬂy and swim
to get closer to food or to run from enemies. Locomotion is such a common everyday
activity that the nervous system created special control units to send out the necessary
signals without constant supervision from the brain. The so-called central pattern generator (CPG) (eg, Stein et al., 1997) consists of sets of interconnected neurons located
in the spinal cord that produce rhythmic activation patterns for the muscles. This lowlevel control allows locomotion behavior to happen without a constant feedback from
external sensors or other brain activity. The act of locomotion is essential to a creature’s
characteristic as its control patterns are buried deep within the its nervous system.
Locomotion is a rhythmic behavior, an iteration of muscle actions that happen in periodic intervals. Several diﬀerent muscles have to work together to achieve a continuous
movement in one direction. Rhytmic muscle activities are behind the wave propagation
of muscle contractions along the body axes of a snake or the up-and-down ﬂapping mechanism moving the wings of a bird. Each creature has to ﬁnd its own rhythm that allows
its body to move in the fastest and most eﬀective way. The cycle time of the rhythm is
governed by the creature’s body size and its environment. The robots constructed for
this project have their own slow-speed rhythm as their SMA muscles do not allow fast
actuation. And as an animal changes its motion behavior when it moves from land- to
underwater-locomotion, the robotic stick-ﬁgures also depend highly on the environment
they are suspended in. Temperature alterations changes the actuation characteristics
of their muscle elements and therefore causes diﬀerent motion behavior. Repetitive actuation of a robot’s several limb modules gives the impression that the robot performs
locomotion movements extracted from its natural environment, as no real displacement
is achieved.

1.2.4

The testing environment

The evolutionary process governing Spinal Rhythms lets the robotic creatures ﬁnd their
own unique rhythmic motion behavior. When executing the evolution of the rhythmic
movements the robots hang suspended in their testing environment. Experiments on
the CPGs of animals are performed in similar setups - the animal is suspended with a
system of belts so that its movements are not disturbed by gravitational weight issues
or other perturbations (eg, Latash, 1998). The animal’s nerve system is stimulated
artiﬁcially and results in its body’s autonomous locomotion performance in free air. By
installing the abstract robotic being in a very sterile environment, the whole scene is
made to resemble a cold experimental testing facility. Unfamiliar beings are being tested
and monitored by cameras. The creatures’ bodies hang suspended from a construction,
9

their nerve connections are signal cables that link them to a computing unit. Software
runs tests on the creatures’ behaviors provoked by diﬀerent control signals fed into their
nerve system. The abstract organisms evolve their rhythmic movements in an inanimate
environment fed by a governing computer. They perform in front of lifeless eyes that
judge their presentation and determine their further life according to strict and rational
rules.

1.2.5

Artistic intentions

This dialog between two machines, one training the other to perform in a more eﬃcient
way, serves as an allegory on the future superiority of artiﬁcial intelligence that will
advance without human help. It anticipates the point in time when machines intelligence
will be able to perform self-adaptation in a completely autonomous way. From then
on artiﬁcial entities will be able to create their own superior successors. Equipped
with the ability to adapt to any environmental changes and challenges, they will mimic
the evolutionary development of biological life on earth in creating better and better
performing variations of themselves. Yet as their computational basis is not limited in
speed and power, their advances in evolution will soon exceed those of organic life.
By taking the human designer out of the loop, the artwork shows the shift from
human constraints to machine constraints. The constant ﬂow of sensory feedback from
the camera allows the robot to adapt its behavior. Yet the eyes of the controlling device
are not ﬂawless. The view of the camera is limited by its ﬁxed position in space. Its twodimensional perception does not transmit all possible information about the action that
happens in front of its lens. This ﬁltered and distorted perception of reality resembles
human imperfections.
The autonomous process of mutation and evaluation makes the robot adapt its motion patterns and lets it ﬁnd temporal solutions for the sensitive dynamics between software, hardware and environment. During this repetitive procedure the robot achieves
a certain awareness of its body. In the view of artiﬁcial life research life and consciousness emerge with increasing organizational complexity of matter. In the same way as
structure and order emerge from chaos, consciousness can be seen as the product that
emerges from the complex neuronal connections in our brains (eg, Searle, 1992). If we
believe future artiﬁcial intelligence to exist only as pure digital code, we cannot relate
to the form of consciousness they might achieve, as it exists in a world beyond ours and
underlies completely diﬀerent rules. As mentioned before for some people consciousness is the result of embodied intelligence (Rinaldo, 1998). In close interaction with
the environment a system is able to achieve awareness of its own physiology through
sensory experience. Developments in engineering allow the manipulation of matter and
energy in smaller and smaller scales and will lead to the ability to manipulate and create
molecular structures in reliable ways. By mastering these upcoming techniques artiﬁcial
intelligence could perform computation in a non-silicon environment, actively invade our
physical world and develop a consciousness closer to ours.
By borrowing the mechanisms of evolution widely employed in digital artiﬁcial life the
project departs from the typical focus in robotic arts on responsive behavior. Instead of
provoking anthropomorphism and mimesis through interactivity it represents life’s ways
of adapting to environmental instabilities. To keep the mirrored reﬂection of biological
analogues to a minimum the robot’s appearance is kept as a bare abstraction. Yet
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anthropomorphism is not completely preventable as it happens in the mind of the viewer.
The robot’s shapes and its movements might trigger associations to certain animal bodies
and animal behaviors. But as the robot’s visible movements are exceptionally slow and
performed in monotonous cyclic repetition, they gain a certain transcendent quality. As
caused by slow motion in ﬁlm and video, the perception of movement is altered and
ampliﬁed. Certain body movements are only perceptible when one stands and monitors
the robot very closely. In order to completely immerse into the artwork the viewer has
to adapt himself to the robot’s slow rhythm. The movement – as subject of the metaprogram performing the evolutionary computation – develops an aesthetic meaning of
its own through its visual perception.

1.3

Problems of evolutionary computation

By evolving the parameters that deﬁne the rhythmic patterns the robot gets the opportunity to ﬁnd the most eﬃcient motion behavior for its body. Robotic control systems
are usually evolved in simulation and may be less eﬃcient than expected due to a lack in
complexity in the simulated testing environment. In an embodied evolution the project
solves the reality gap problem (Nolﬁ and Floreano, 2001) by performing all the tests on
the hardware robot itself. Here the adaptation process deals directly with the instability of the ﬁtness landscape. Changing conditions during an evolutionary run can be
caused by interference in the power supply, noise in the electric circuit, changes in the
behavior of worn out hardware components or the environmental temperature and air
ﬂow dynamics. In the adaptation process the robot must ﬁnd a way to deal with all
those unstable conditions or possible damage to its own hardware body.
The performance of evolutionary computation is as tightly linked to the subject of
evolution as to values and functions that govern the evolutionary process. The ways
of encoding, mapping, mutation and ﬁtness evaluation have to be carefully designed
and ﬁnely tuned to allow valuable results. Finding the best setup conditions for the
embodied evolution is the topic of thie experimental research of this project.
Chapter 2 of this thesis gives an overview on the mechanisms behind biological movements, in particular focusing on the rhythmic motions of locomotion. Further it describes
diﬀerent approaches of robotics to reach performances in locomotion close to nature’s
rolemodels. Chapter 3 reviews projects in art and science that touch upon movement in
artiﬁcial life and robotics. Chapter 4 presents the practical project accompanying this
thesis - the robotic setup and the evolutionary computation of motion patterns. Chapter
5 summarizes the results and depicts possible future continuations of the project.
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Chapter 2

Background

Locomotion in nature is in many ways superior to the locomotion of human-made devices. Biomimetics now tries to copy and imitate materials, mechanisms and processes
found in biology to overcome the limitations of traditional mechatronical robotics.
Since four billion years of iterated trial-and-error processes nature tries to shape
itself towards perfection. The survival of the ﬁttest favors adaptations that show better
performances than others. A perfection that appears to be hard to beat. But the Wright
brothers (eg, Tobin, 2003) were among the ﬁrst to demonstrate that mankind is actually
able to overcome nature. It started with their analysis of bird ﬂight that became the
basis for their airplane structure. Through improvements in technology we are now able
to traverse long distances at a speed of 250 m/s and take oﬀ into outer space with about
8000 m/s. No ﬂying, running or swimming creature on earth has ever reached such
rates.
Humans have taken over when it comes to maximizing velocity, but what humanmade locomotion lacks is ﬂexibility. We have to overcome that fact by providing a perfect
artiﬁcial environment for our devices – an environment that supplies energy whenever
needed and prevents errors whenever maneuverability reaches its limits. Therefore we
build networks of roads and trails so that vehicles do not have to slow down or get stuck
in uneven terrain. We supply external control systems that feed back information to the
devices or their operators so they cannot cause accidents or enter dangerous zones. We
supply maintenance and repair services when the damage of one component causes the
whole system to fail.
All this is unnecessary for biological organisms. They gain energy through chemical
reactions, their body is able to heal by itself and their musculoskeletal system allows
more coordinated, powerful and energy-eﬃcient movement. Animals are able to move
without any support network. They maneuver over rough surfaces, climb over obstacles
and reach areas that are diﬃcult to reach. Some of them even combine several mobility
options and are able to perform locomotion in water, air and on land. Building robotic
systems with the help of principles of motion that are used in nature would open up many
new possibilities. This chapter ﬁrst gives an overview of the mechanisms of biological
locomotion and then focuses on emulations of those ideas in robotics.
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2.1
2.1.1

Biological Locomotion
Tasks of locomotion

The ability of locomotion is essential to a species’ chance of survival. Animals change
their location in order to ﬁnd food, to mate, to catch prey or escape from enemies.
Their movement techniques and physical bodies have evolved together to optimize the
performance for these tasks. The way their legs, ﬁns and wings are built, and the way
their nervous systems actuates them, is the result of millions of years of ﬁghting against
nature and for reproduction.
Every species has to adapt to its own environment and has to make compromises
to achieve its highest possible ﬁtness (eg, Alexander, 2003). For some animals reaching
high speeds is necessary to escape enemies. Turtles on the other hand have evolved
to perform very energy conserving and stable walking gaits, which may be slow but
are eﬃcient enough as the animal carries its own protection shield. For the gazelle
the capability of rapidly adjusting their movements has more importance so they can
swerve right in front of close chasers. Other animals developed escape strategies that
are more based on endurance and make them exploit their follower’s energy level by
prolonged hunts. Predators developed high acceleration rates to be able to ambush
prey even if their top speed is higher than their own. Animals that are built to sprint
as fast as possible most likely do not show good endurance levels. Finding the right
compromise between all these locomotory performance aspects is evolution’s way of
adapting a species to its own ecological niche.

2.1.2

Muscles

Besides some minor exceptions in microbiology (eg, Alexander, 2003) locomotion in biological life is powered by muscles. Muscles are linear motors which are able to contract
and expand controlled by electric stimulation (eg, Latash, 1998). Long thin muscles
ﬁbers are bundled together to fascicles and connected to the skeletal systems with tendons. When an action potential from the neuronal system reaches the muscle cell a
chemical reaction leads to a contraction movement between the muscle ﬁlaments. One
stimulus generates a single twitch contraction, several stimuli received at high frequency
sum up the twitches to continuous contraction actions of the whole muscle ﬁber. The
shortening muscle exerts forces depending on the timing and intensity of the neural
stimulation. The nonlinear dynamics of the generated force also depends on the length
and volume of the muscle and its current stress and strain factor. The muscle force increases with the length and diameter of the ﬁbers whereas it decreases with the velocity
of contraction.
The generation of linear motion is the main function of biological muscles, but they
also play additional roles in the movement of animals. They act as brakes, show damping
qualities when absorbing shocks, control the stiﬀness of joints, store potential energy like
springs or operate as struts that transmit forces. The usage of muscles is very versatile
and based on their ﬂexible physiology and precise controllability.
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2.1.3

Mechanisms of energy exchange

When muscles shorten and exert forces they do positive work against resisting forces
and set a body into motion. A moving body possesses kinetic energy that depends
on the body’s mass and velocity. Gravity exerts a downward force onto every body
which is manifested in its gravitational potential energy. During simple locomotion
performances like walking or trotting potential and kinetic energy are in a constant
exchange (eg, Dickinson et al., 2000). When a leg pushes against the ground an equal
reaction force accelerates the body into the opposite direction. The kinetic energy of
the moving body lifts the leg into the air and increases its gravitational potential energy
gradually. At a certain point the gravitational potential energy makes the body fall
forward and downward which increases its kinetic energy again.
Another major energy factor comes into play at more dynamic locomotion gaits like
running or galloping. Here the kinetic energy is higher due to a faster velocity and the
gravitational potential energy is higher because at some point during the locomotion
cycle the whole body is lifted in air. More energy adds up to a more powerful impact
when the legs hit the ground. To recover as much force as possible energy is temporarily
stored as elastic strain energy in the muscles, tendons and ligaments (eg, Alexander,
2003). Like springs and other elastic structures they are able to store energy when
stretched or compressed, energy that can be used for the propulsive force that sends the
body up into the air again.
This ongoing transformation from one form of energy into another would be lossless
if it was not for friction, drag and viscosity. Those dissipative forces make the moving
body lose energy while in interaction with its immediate environment. To compensate
for this dissipation the muscles have to do work to maintain a steady locomotion velocity
(eg, Alexander, 2003).
Sometimes muscles do work that leads to limbs pushing in orthogonal or even opposite direction of the main movement. Muscles work against each other and make the
overall body lose energy due to internal cancellations. Yet those forces contribute to the
stability of locomotion and maneuverability (eg, Dickinson et al., 2000).

2.1.4

Rhythmic motion

Although an animal’s body may appear to move in one direction at a steady speed, the
forces that cause that movement are not steady at all. Locomotion is the product of
many periodic activities, a cycle of consecutive actions is repeated over and over again.
A rhythmic contraction of muscles leads to oscillating behavior of legs, ﬁns or wings
and the undulation of bodies. Nature has evolved biological creatures that way, because
rhythmic locomotion allows much better adaptability to perturbations than continous
movements such as from rotary motors. It allows abrupt changes of movement patterns
and brings higher maneuverability in uneven terrain. The downside of this form of
locomotion is its necessity for a complex control system. The periodic behavior of
several interacting muscles must be well coordinated to produce eﬃcient locomotion.
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2.1.5

Locomotion gaits

A gait is a pattern that describes the cyclic behavior of body parts that work together
to produce locomotion. It can be recorded as a temporal sequence of body parts kinematical variables measured in time (eg, Stein and Smith, 1997). The distinct timing of
joint angles while executing a movement pattern is governed by the motor pattern that
controls the agonist and antagonist muscles around a joint. Another set of kinematic
variables would be the contraction rate of body segments measured as a function of time.
Gaits of invertebrate animals include for example the diﬀerent undulation movements
of snakes. By propagating waves of contraction along their segmental body parts, they
are able to move in a series of S-curves over the ground (eg, Alexander, 2003). Typical
gaits of legged creatures are walking, hopping, trotting, running or galloping which are
described by the phase relation between the individual limb kinematics. The frequencies of the individual body parts that are actuated are always equal, but the phase lag
between them can be diﬀerent. The walking pattern of quadrupeds is for example characterized by the fact that all the four legs hit the ground at diﬀerent times. But when
the animal is trotting its diagonally opposed legs touch the ground simultaneously. The
duty factor deﬁnes the fraction of the cycle time in which the legs touch the ground. A
high duty factor stands for slow locomotion whereas a low duty factor implies that the
body spends more time in air and therefore is faster.
Most animals have diﬀerent gaits for locomotion at diﬀerent paces. Each gait was
evolved as the most energy eﬃcient form at a speciﬁc speed. When animals gain on speed
their movement patterns do not merge into another gait. Instead the phase relation is
preserved while speeding up until a certain limit and then the change from one gait to
another happens abruptly within one stride (eg, Latash, 1998).

2.1.6

Central pattern generator

The origin of the rhythmic activity of locomotion gaits can be found in the central nervous system (CNS). The propagation of electric signals along an interconnected network
of neurons located in the brain and the spinal cord gives rise to a creature’s behavior.
Experiments on animals have made it possible to locate the source of repetitive motor
patterns in the spinal cord (Delcomyn, 1980). By simple electric stimulation of neuronal
regions in the brain stem the animal performed complex multi-limb movement patterns.
The fact that the animal’s nervous system was isolated from any sensory information
shows that the rhythm generation is an completely autonomous action. Neurons in the
brain stem send higher level control signals to subsystems of coupled oscillatory neurons in the spinal cord called the central pattern generator (CPG) (eg, Selverston et al.,
1997).
The network of pacemaker-driven oscillators generates complex patterns of rhythmic activity from simple tonic input. It is a ﬂexible dynamic system that is able to
produce various movement patterns depending on input from higher levels. Excitatory
signals from command neurons change the membrane potential of generator neurons
which starts their oscillating activity. Inhibitory command neurons are able to terminate the whole CPG activity. The generator neuron’s bursting activity is the emergent
behavior of the complex chemical reactions on their membrane surface that produce
waves of polarization and depolarization in sequence (eg, Latash, 1998). The rhythm
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generation of a CPG is a mixture of generator neurons and neuronal networks that
cause repetitive behavior to emerge from the interactions between many excitatory and
inhibitory connections. These units set the frequency of the cyclic muscle behavior.
The pattern generation that originates based on synaptic connections between several
neurons deﬁnes the actual timing and coordination of the muscle activity. By increasing
the frequency of the tonic input signals to the CPG diﬀerent command neurons are
activated and variations in speed, direction or type of gait locomotion are achieved.
Even though the production of motor patterns is independent from sensor values
it relies on mechanical and neural feedback in order to shape the locomotion patterns
according to environmental and physiological conditions (eg, Dickinson et al., 2000).
Sensory receptors in joints and muscles feed back the kinematic results of the CPG
activity and allow adjustment for more eﬃcient locomotion. External sensory input
from visual or tactile sensors allows abrupt reﬂex behavior to overcome any sort of
perturbation.

2.1.7

Locomotion behavior cycle

The dynamics of vertebrate locomotion can be described as follows: The brain activates
the CPG, the CPG produces motor patterns, the motor patterns activate the muscles,
the muscles exert forces on the skeleton, the skeleton performs work on the external
world, the external world feeds back sensory information to the CNS and the CNS inﬂuences the CPG. The resulting locomotion of a vertebrate can be seen as the emergent
behavior from the highly complex dynamics between all those steps. Continuous feedback between and within the levels of action leads to a high nonlinearity in the results.
This dynamic coupling makes it hard to monitor where control signals originate and
what they aﬀect (eg, Dickinson et al., 2000). The results of CPG activity depend a lot
on the properties of muscles and the skeletal system. The eﬀects of muscle stimulation
are linked to the muscle’s current stress and strain characteristics. The eﬀects of muscular forces upon the skeletal system depend on the position, momentum and inertial
forces acting upon the bones at that speciﬁc time. The circuitry of an animal’s neural
locomotion control can not be understood without taking its body into account. And
the animal’s biomechanical properties have evolved to meet the characteristics of its
unique motor control signals.
By monitoring the body kinematics with sensors in muscles and joints the CNS can
tune the activation signals on a cycle-by-cycle basis. The constant adjustment of the
motor pattern according to mechanical and neural feedback allows the adaptation to
changes in the internal and external environment. This allows the animal to maintain
for example a predetermined body orientation during the act of locomotion and lets
it control its posture against gravity (eg, Dickinson et al., 2000). Neural reﬂexes adjust the animal from losing its stability or let it cope with unexpected disturbances
that might occur when for example traversing uneven terrain. Reﬂexes can be seen
as preprogrammed motor actions that happen due to local feedback loops. Besides reﬂexes that originate in the CNS animal physiology has its own way of responding to
disturbances. The viscoelastic properties of muscles, tendons and tissue allow so-called
preﬂexive mechanical feedback by elastic deformation (eg, Dickinson et al., 2000). This
non-programmed reﬂex is faster as it does not depend on neural signal transportation
or speed of muscle activation.
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Besides local feedback actions that are responsible for stability and reﬂexes, locomotion is also inﬂuenced by higher control centers in the brain. Input from visual, olfactory
or auditory sensors may lead to corrections in the locomotion speed, direction or choice
of gate. The higher commands are able to overwrite the local ﬂow of signals and redeﬁne
the movement patterns.

2.2

Towards Biomimetic Locomotion in Robotics

Most robotic research projects are funded by US institutions such as DARPA (Defense
Advances Research Projects Agency), NASA (National Aeronautics and Space Administration), ONR (Oﬃce of Naval Research) or the NSF (National Science Foundation).
They envision robots that navigate on Mars by themselves, perform military tasks or
search for trapped humans after earthquakes (Paulson, 2004). Research projects worldwide pursue diﬀerent approaches to reach those goals by focusing on speciﬁc principles of
animal locomotion. Commercial and non-commercial institutions in the US and Japan
investigate polymers that show certain muscle-like characteristics. Many laboratories
focus on constructing robots that draw inspiration from the morphology and operating
mode of animals like cockroaches, crabs or tunas. Other research aims at imitating the
process of ﬁnding adequate motion control systems by simulating evolution. All those
ideas are reviewed in more detail in the following sections.

2.2.1

Artiﬁcial Muscles

Controlled motion is the key to producing robust, ﬂexible and powerful robots and
depends signiﬁcantly on the choice of actuator. Big and heavy actuators have an impact
on the shape, size, weight and strength of a robot. The response time, accuracy, force
and velocity of the actuator are major criteria for a robot’s performance and power
output. Characteristics like stiﬀness and damping quality inﬂuence the general stability
and robustness while power consumption and durability of the actuator are important
factors for the eﬃciency of a robot (eg, Bar-Cohen and Breazeal, 2003).
Mankind invented the wheel and later the rotary motor which produces powerful
and fast motion but also shows stiﬀness, high energy costs and a lack in ﬂexibility. It
imposes signiﬁcant constraints on the robot’s potential ability. Strangely the rotary joint
does not exist in nature besides some minor exceptions in microbiological organisms (eg,
Alexander, 2003). Evolution decided to base biological locomotion on linear motors –
muscles. Besides exerting force through contraction they operate as brakes and shock
absorbers and are able to store potential energy like springs. The multifunctionality of
the biological muscle seems to be the key to successful locomotion in nature. Developing
a material that emulates those desired abilities would mean a big step forward towards
stable and robust robotic locomotion. Several technologies have emerged in the last
years and some of them claim the title artiﬁcial muscles.
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Shape memory alloy
Shape memory alloys (SMA) like Nitinol, which are made from a metal combination that
includes nickel and titanium, have a special crystalline structure that allows stress- or
temperature-induced phase transformations. When trained at high temperatures around
500◦ C the material gains a thermal memory of its physical shape (eg, Gilbertson, 1994).
At room temperature the metal is in its low temperature martensitic crystalline state
which allows easy deformability by increased stress-levels. The material can stretch to
plus eight percent of its original length and maintains that shape even when the stress is
reduced. The shape memory eﬀect sets in when the metal is heated to its transformation
temperature. Then it undergoes a transformation into its high temperature austenite
crystalline state and transforms back into its pretrained shape. No stress-induced transformation is possible until the temperature is decreased, the metal cools and changes
back into its deformable state.
The shape transformation ability of Nitinol when heated shows similarities to the
contraction of biological muscles when activated by neural stimulation. The possibility
to heat the material by letting electric current run through it, makes SMA an easy-to-use
actuator for robotic projects. Its light weight, small size and smooth and silent operation
shows many advantages to traditional actuators. Though only a strain factor of about
ﬁve to eight percent can be achieved, the actual force output is quite high. When shaped
into a spring form at high temperatures, a larger relative displacement can be achieved
and additional elastic qualities are gained. One of the disadvantages of Nitinol is its
slow contraction and relaxation speed which is highly dependent on the surrounding
temperature conditions. Cool surroundings like water allow faster crystalline phase
transformations and are therefore favored in robotic applications. Another drawback is
the energy consumption that is linearly proportional to the wire’s diameter and length.
Additionally the metal has a limited cycling-life time and its performance can be aﬀected
by too extensive strain-activation in its history.

Pneumatics
Pneumatic actuators are tubes or cylinders that expand and contract through pressurized air (eg, Bar-Cohen and Breazeal, 2003). When ﬁlled with air they increase their
stiﬀness and exert a high force. They are only able to change from the on to the oﬀ
state and make it hard to control the range in between. They perform at a very high
force-to-weight ratio and show easy controllability with digital valves. Yet the need for
a large and heavy support system of pumps and regulators is their major disadvantage for robotic projects, that aim to be autonomous. Braided pneumatic actuators or
so-called air muscles, developed by McKibben in the 1950s, consist of soft stretchable
rubber tubes and mesh sleeves and oﬀer a light-weight alternative to the typical cylinder
systems (Chou and Hannaford, 1996).

Electroactive Polymers
Recent artiﬁcial muscle research focuses on several electroactive polymer (EAP) technologies (eg, Ayers et al., 2002, Bar-Cohen and Breazeal, 2003, Ashley, 2003) that
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promise a wider range of muscle-like abilities. They respond to electric stimulation
with a substantial shape and size change and large actuation strains. Additionally they
show pliability, elasticity and fracture tolerance like biological muscle tissue.
Electronic EAPs are driven by applied electric ﬁelds with relatively high voltages
and therefore need a high-security testing environment. Based on diﬀerent shaping
methods they can exhibit linear or bending motions. Their response rate is fast, their
force output high and they are able to hold the induced displacement with almost no
current. Through special pretraining the material is able to show deformation greater
than 100 percent of area expansion (Pelrine et al., 2000).
Ionic EAPs consist of two electrodes and an electrolyte in between. A low voltage applied electric ﬁeld causes a movement of ions and material deformation. Besides
conducting polymers developed by the Japanese EAMEX Corporation (Eamex Corporation, 2007) most ionic EAPs require a wet environment and show relatively low actuation
force at a slow response speed (eg, Ashley, 2003).
Though EAPs match many aspects of biological muscle behavior, their use in robotic
is still limited due to their complicated usage requirements. But ongoing investigations
in this ﬁeld promise further improvements by inventing new polymer-combinations and
ﬁnding better fabrication modes that might diminish their current disadvantages in the
future.

Piezoelectrics
Piezocrystals react to changes in the applied electric ﬁeld with deformation and relatively
high force output at a fast response rate. Though the maximum expansion it reaches is
only 0.1 percent, it shows certain elastic characteristics similar to biological muscles that
can be used for vibrating others materials at their natural resonance frequency to achieve
higher displacement. Its light weight and small size make piezoelectric actuators favored
in mesoscale insect-inspired robotics (eg, Goldfarb et al., 2002). Their disadvantage is
their need for a high-voltage activation that requires special onboard power conversion
electronics for autonomous robots.

Reciprocating Chemical Muscles
The reciprocating chemical muscle (RCM) technology was invented by Michelson et al.
(1997) as an energy and actuator system for their Entomopter. It operates with diﬀerent
fuel sources, retrieves energy through chemical reactions and converts it mainly into
motion. The obtained energy has a much higher density than stored electric energy and
would provide many advantages for autonomous self-contained robots.

2.2.2

Biomimetic Design

Copying and drawing inspiration from designs found in animal life is a major approach
towards biomimetic locomotion. Locomotion in nature is based on three major compo19

nents: the sensors, the actuators and the connecting control system. Living organisms
are able to sense their physical environment. The sensing information gets fed into the
CNS and inﬂuences the rhythmic motion behavior of the CPG. A constant monitoring
of the resulting kinematical behavior through sensors in the muscles and joints allows
ongoing tuning of the CPGs output. This enables precise control over contraction speed
and tension of the muscles and leads to smooth and elegant movements. Updates from
environmental sensors permit the animal to adjust itself towards any environmental
perturbations through reﬂexes. Many robotic projects like the RoboTuna (Anderson
and Chhabra, 2002, Barrett, 2002), the Scorpion (Kirchner et al., 2002) and the micro cricket series (Birch et al., 2000) incorporate closed-loop control systems and allow
constant movement-adaptation based on sensor feedback.
Biological phenomena like reﬂexes arise from a close coupling of sensors and actuators. Traditional robotic systems are usually controlled by a single computational center,
in the master-and-slave mode. Animals distribute control responsibilities in every part
of their body. Every leg has its own control system and is able to react to its own
sensory inputs. This method supports stable locomotion gaits by the cooperative interaction between each individual component. The whole system becomes more ﬂexible
and therefore more robust. The Scorpion robot (Kirchner et al., 2002) contains a CPG
control system that is distributed into one main unit for behavioral actions and several
local units responsible for individual leg movement. This partitioning allows faster processing speed in the individual control segments and therefore a higher response rate for
reﬂex behavior.
Though research in neurobiology constantly produces new insights into biological
mechanisms, we still do not have full insight into the modes of operation of nature. This
makes it impossible to successfully copy the complexity of nature’s neural networks. And
even if it would be possible, the mismatching characteristics of materials and designs
used in robotics would cause direct adaptations to fail. A robot’s control architecture
modeled closely after a biological example relies heavily on its body’s similarity to the
one the control system has evolved in. Small diﬀerences in response time and power
output of the actuators would cause an otherwise perfectly working control system to
malfunction.
This shows that blind copying of nature doesn’t necessarily bring the best results.
Biomimetic robotics instead learns from nature by closely observing it and then tries
to adapt nature’s solutions to the tools and materials that are readily accessible. Well
thought-of abstractions of nature’s complexity might not necessarily limit a robot’s
performance. Software analysis shows that the cricket’s many degrees of freedom don’t
all have the same impact on the animal’s resulting motion behavior. By reducing the
number of joints to the most important ones almost all the animals freedom of locomotion
can be preserved (eg, Birch et al., 2000).
Various ﬂying robots are based on the energy storage mechanism observed in insects
and birds. The spring-like behavior of muscles and exoskeleton allows storing and recovering elastic potential energy for wing-ﬂapping actions. By choosing a ﬂapping rate close
to the material’s resonance frequency even more energy can be saved. A clever copying
of designs found in nature can even lead to enhanced solutions. The Entomopter robot
(Michelson et al., 1997) uses a hawk moths wing shape to take advantage of the insects
successful aerodynamics, but ongoing development has reshaped the artiﬁcial wing to
achieve even better results than those observed in nature.
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Biomimetic robotic projects are usually highly interdisciplinary since they bring
together people from biology, mechanics and computer science. Many project such as
Ayers robotic lobster (Ayers, 2002, Witting et al., 2002) or the cockroach inspired Robot
V (Quinn et al., 2002, Kingsley et al., 2003) rely on intensive video analysis of biological
role models to obtain detailed movement characteristics. In a reverse-engineered process
the monitoring of speciﬁc joint motions allows the setup of a behavior library that will
control the robot’s locomotion. Observations of the cockroaches leg thrust production
showed that the animal’s high robustness and dynamic stability is reached by ineﬃcient
force cancellations. The forces generated by the front and rear legs oppose each other and
partly don’t contribute to the animal’s forward locomotion. Applying this knowledge to
the Sprawl robots (Kim et al., 2004, Clark et al., 2001) showed that the internal forces
are very important to stabilize the robot while maneuvering or acting against external
perturbations.
Besides their inherent qualities biological creatures possess the ability to enhance
their performance in the nature through experience. Giving robots the ability to learn
will prepare them for unpredictable events and so decrease their vulnerability. Through
reinforcement learning (Bush and Mosteller, 1955) the robots adapt – in constant interaction with a real-world environment – their set of behaviors and rules according to
positive or negative feedback.
Another design consideration that can be found in nature is that of fault-tolerance.
Nature is prepared for failure by multiple independent actuators, processors and neural communication redundancies. This allows a system to function even when single
components fail.
Fault-tolerance can be incorporated by giving robots a sense of their own actions
by monitoring the results of their control signals. Projects like the Self-Modeling Robot
(Bongard et al., 2006) are programmed to overcome sudden hardware changes by constantly experiencing their own morphology. In an iterated process the robot creates its
own self-model through comparing predicted and actual sensor values. This allows the
creation of new compensatory behaviors when individual components fail. As long as
artiﬁcial materials cannot heal or grow back, software solutions have to make up for this
handicap.

2.2.3

Evolutionary Robotics

As mentioned earlier we do not have full insight into biological mechanisms yet. The
attempt to imitate underlying principles like sensor-feedback-loops and CPG activation
might be negatively eﬀected by missing knowledge. Also the fact that robotics uses
diﬀerent materials than nature might interfere with blind copying of studied behavior.
Even though some newly discovered materials might exhibit qualities similar to biological muscles, those materials still operate on diﬀerent activation modes and produce
diﬀerent output behaviors. Even if we were able to successfully copy one animals complete control system, its employment with human-made electromechanical sensors and
actuators would produce results that are far from the animal’s behavior. An interesting
approach towards overcoming those limitations is evolutionary robotics (Nolﬁ and Floreano, 2001). Instead of focusing on similar materials and mechanisms, this rather new
ﬁeld imitates the design process of nature – evolution. Evolutionary robotics borrows
the traditional steps of artiﬁcial evolutionary systems and tries to ﬁnd the best solu21

tions for systems built from available components. It evaluates performances of robots
against chosen ﬁtness criteria, selects the best among them and replicates them through
genetic crossover while adding small changes through mutation operators. Repeating
those steps over many generations usually produces a gradually increasing performance.

The control architecture
Most evolutionary robotics projects choose the control architecture as the work space of
their evolutionary computation. The robotic hardware consists of input (sensors) and
output (actuators) devices. The control architecture that causes the behavior of the
robot is the hidden connection between those components and can easily be softwarecoded. Computing several generations of hundreds of diﬀerent software solutions is
easier to handle than including the robot hardware into the possible variations.
The coding of a robot’s emergent behavior can come in the form of deterministic
hard-coded rules or rather dynamic processes. Artiﬁcial neural networks (eg, Gurney,
1997) have proven to be adequate computation systems for the control of robots, because they provide parallel computation and allow ﬂexible alterations. They consist of a
set of neuron-like units that use their connections to receive and transmit signals. Speciﬁc neurons are responsible for ﬁltering the values of hardware-sensors into the network
while others are responsible for sending control signals to the actuator devices. The hidden neurons in-between can have several input and output connection that are deﬁned
by their speciﬁc weight values. At each computational time step every neuron sums up
its input signals considering their weight values and then activates its output signals
according to its own internal rules. The state of all neurons is updated in parallel. The
activation rules can be deﬁned by threshold parameters and cause binary, linear, sinusoidal or oscillating output values. Depending on its parameters and connection pattern
an artiﬁcial neural network can give rise to a very dynamic and nonlinear behavior.
The characteristics of an artiﬁcial neural network are deﬁned as neuron parameters and connection weights. This information can be stored as numerical data in the
genotype that represents a solution for the robotic control architecture. The task of
the evolutionary computation is to slowly adapt this array of numbers towards neural
network performances that cause better robotic behavior.

Evolutionary algorithms
The artiﬁcial evolutionary process (Holland, 1992) usually starts by creating a population of random initial genotypes and testing their performance. An algorithm then
selects those genotypes that show promising results and disregards those that fail. Reproduction algorithms create new solutions for neural network characteristics by combining two parent genotypes or by mutating certain values at random. It is possible to
dis- or reconnect neurons, change their weight of connection or even add new neuron
units to the network. The new generation gets tested again to observe their ﬁtness.
Successors of former successful solutions might fail because of sudden missing neuron
connections whereas successors of averagely performing solutions might suddenly show
surprising behavior due to the ﬁne-tuning of values. By carefully choosing the right
population size, selection pressure and mutation rate the results of the evolved con22

trol architecture usually show better results after each generation. The computational
process stops when the optimum or at least an adequate solution is found.
The desired result of evolutionary robotics can be a simple walking gait for a legged
robot or even a sequence of several behaviors to reach a certain goal. The more complex
the task is the harder it is to obtain successful ﬁtness values. Especially when the
evolution starts from a random setup of conﬁgurations and parameters. First try-outs
tend to stumble into the bootstrap problem (Nolﬁ and Floreano, 1998), which is the
situation when all individuals of one generation produce a ﬁtness value of zero. The
concept of incremental evolution deals with this situation by changing the ﬁtness criteria
slightly in certain intervals. The tasks individual solutions have to accomplish start
simple and get more complex at every step. This allows the accomplishment of successful
basic behaviors ﬁrst and then gives the opportunity to evolve them further. When
evolving walking patterns for robots the evolutionary process can be divided into ﬁnding
the optimal control architecture for one leg ﬁrst, then replicating the solution onto every
other leg and ﬁnally tweaking the connections among the individual leg controller for
coordinated movement. This approach of incremental evolution which was used for the
Rodney robot (Lewis et al., 1992), diminishes the range of possible solutions, but has
argued to accomplish more successful results in shorter time.
When the design process of the control architecture is done by evolutionary algorithms there is less need for humans to understand the resulting design. Evolution
of neuron-like computation units and the interconnectivity between them can produce
complex results that are beyond those of traditional hand-made designs. This method
is not limited by human design constraints and therefore able to detect new successful
solutions. Researchers at Sony were able to evolve a pace gait of their quadruped robot
that was more eﬀective than and almost twice as fast as former hand-designed gaits
(Hornby et al., 1999). The evolution of control systems often stumbles over solutions
that can be found in nature as well. Gomi and Ide’s evolution of the walking pattern
for an octopod produced tetrapod gait and wave gait, both locomotion behaviors that
are common biological walking techniques (Gomi and Ide, 1998).

Embodied evolution
Usually the evaluation of evolved control architecture designs is carried out in a physicalworld simulation program on the computer and only the best results are downloaded
onto the hardware robot. Testing every generation of new solutions on the actual robot
needs enormous amounts of time and wears out the robot’s hardware. Additionally
real-world testing requires a certain degree of human supervision while a computer simulation can run on its own. But software programs can only simulate the complexity
of real-world physics to a certain degree. A perfect prediction of both the robot’s internal and its environmental conditions is impossible. This often leads to the failure
of successfully evolved control solutions when they are ﬁnally tested on the physical
robot. Often the evolved solutions do not tolerate noisy sensor behavior or demand too
much from the mechanics and actuators. Simulations are not able to take every electromechanical characteristic into account and therefore do not match the constraints
of the physical hardware. Embodied evolution overcomes this reality gap by performing the evaluation of a robot’s performance directly on the real-world hardware. The
performance needs to be monitored and rated either by a human supervisor or cleverly
designed evaluation software. The locomotion controllers of the Nonaped (Zykov et al.,
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2004) the Self-Modeling Robot (Bongard et al., 2006), the RoboTuna (Anderson and
Chhabra, 2002, Barrett, 2002), the Random Morphology Robots (Dittrich et al., 1998)
and the Oct-1b (Gomi and Ide, 1998) were evolved on the physical robot. The settings
of the evolutionary process, like population size and mutation rate, need to be carefully
chosen to reduce the time span until successful solutions are found to a bearable length.

Evolution of Morphology
Most evolutionary robotics projects only adapt the software running on a robot’s processor. Co-evolution of the control architecture and the morphology of the robot opens
up a whole new search space. Physical properties of circuits, sensors, actuators and the
overall shape of the robot inﬂuence and depend on the software program controlling it.
By including those properties in the evolutionary design process it might be possible
to ﬁnd more suitable design solutions. A process developing both body and brain that
starts with few components and slowly adds up in number and scale completely resembles the rise of complexity in nature (eg, Lipson and Pollack, 2000, Hornby et al., 2001).
But the nonexistence of suitable growing materials limits the possibility of evolving these
robots in real life. The evolutionary process is limited to exist in simulation, though its
results can be constructed in hardware.
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Chapter 3

PHYSICAL MODULARITY

EMBODIED EVOLUTION

ARTIFICIAL MUSCLES

PHYSICAL ROBOT

EVOLUTION OF MORPHOLOGY

EVOLUTION OF MOTION

RHYTHMIC MOTION

SENSORS / FEEDBACK

SIMULATION

IMAGINARY CREATURE

Related projects

Spinal Rhythms

ROBOTIC ALIFE
Octofungi

Yves Amu Klein

Hysterical Machines

Bill Vorn

Strandbeest

Theo Jansen

Topobo

H. Raffle, A. Parkes & H. Ishii

DIGITAL ALIFE
Sodaplay

Ed Burton

GenePool

Jeffrey Ventrella

Evolving Virtual Creatures

Karl Sims

FramSticks

M. Komosinski, S. Ulatowski

BIOMIMETIC ROBOTS
Robot V

CWRU Biologically Inspired Robotics Lab

Sprawl

PolyPEDAL Lab & Stanford CDR and RPL

Scorpion

Fraunhofer Institut Autonome Intelligente Systeme

Robotic Lobster & Lamprey

Joseph Ayers & Marine Science Center

Crawling Jumping Soft Robot

Dept. of Robotics, Ritsumeikan Univ.

EMBODIED EVOLUTION
Rodney

M.A. Lewis, A.H. Fagg, A. Solidum & G. Bekey

RoboTuna

D. Barrett, D. Beal & M. Sachinis

Sony Quadruped

G.S. Hornby, M. Fujita, S. Takamura et. al.

Nonaped

Cornell Computational Synthesis Lab (CCSL)

Random Morphology Robot

Dittrich, Banzhaf

ONLINE ADAPTATION
Self Modeling robot

Cornell Computational Synthesis Lab (CCSL)

Self-Adapting Snake

S.H. Mahdavi & P.J. Bentley

NON FIXED MORPHOLOGY
Golem

DEMO Lab & CCSL

Genobots

DEMO Lab, Brandeis University

Figure 3.1: Overview of related projects. Connections marked in black indicate that the
project relates to the above listed categories, dark grey indicates slight and light grey
no relations. Those projects that show the most resemblence to the goals and ideas of
this thesis are additionally highlighted.
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3.1

Hardware artiﬁcial life

Today’s media and entertainment culture has accustomed us to the omnipresence of
ﬁctional life-like beings running, whistling and talking on screens. Computer animation
and movie’s special eﬀects give rise to non-biological entities performing in a digital
meta-world that we have learned to categorize as unrealistic and deceiving. Embodying
ﬁctional characters in robotic hardware suddenly makes the jump from an unreachable
presence on the computer screen to immersion into our very own physical reality. Organisms constructed out of articulated mechanical parts escape virtuality and allow a level
of interaction that is carried out in immediate spatial and temporal proximity to us.
Even though we don’t perceive robots as real living beings, their movements inevitably
make us project a level of liveliness onto their inanimate body parts.
Investigating our current understanding of artiﬁcial beings, that is tied to qualities
like autonomy and responsiveness, artists select interactive behavior as their main point
of focus. Life-likeness is achieved rather through modeling the dynamics of biological
systems than of their appearances. By employing techniques of artiﬁcial life a new
form of interactivity is reached. The behavioral actions of the robotic artworks are
the results of complex information processing systems, dynamically linking the invisible
control and the physical reality. The relationship between viewers and the artwork is
evolved individually and can lead to unexpected events escaping the determinism of
multiple-choice pathways.
This merger of technological hardware with biological processes has led to two opposite tendencies in the aesthetic appearance of robotic art. Artists like Ken Rinaldo and
Yves Amu Klein show us smooth and organic integrations of biology and technology,
whereas Louis-Phillippe Demers, Bill Vorn and Mark Pauline and the artists of Survival
Research Lab emphasize raw and violent machine aesthetics.
Kenneth Rinaldo’s The Flock (Rinaldo, 1998) and its successor Autopoiesis (Wilson,
2002) explore the interactive and emergent dynamics of ﬂock behavior. Suspended
robotic arms made from grapevine, pine and wire respond with graceful movements to
approaching visitors and each other. With the use of natural material and the rather
hidden placement of mechanic and electric components Rinaldo attempts to create a
peaceful symbiosis of the technological and the living .

Figure 3.2: Klein’s Octofungi (Klein, 1999), Vorn’s Hysterical Machine (Vorn, 2007),
Pauline’s Rabot (SRL, 2007)

Yves Amu Klein is also concerned with an organic harmonious unity of hardware
and software. He expresses this concern with a sensitive care for shape and appearance
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of his robots. Klein refers to his ongoing body of work with the title living sculpture.
While he does not grant his objects actual liveliness, he feels that the employment of
life’s principles brings a certain quality of emotional intelligence which intensiﬁes and
enriches the relationship between the viewer and the sculpture (Whitelaw, 2004).
His project Octofungi (1996) (Wilson, 2002, Klein, 1999) resembles an eight-legged
mushroom-shaped octopus and responds to stimuli in its surrounding space with reactive
movement. The actuation of its legs with muscle wires leads to a subtle and smooth
motion behavior. Light sensors detect the presence of approaching visitors and stimulate
an interactive relationship between the object and the viewers. The noiseless activation
of SMA wires and the sculptural approach of Octofungi conceal its technological inner
parts.
Louis-Phillippe Demers and Bill Vorn are not concerned with concealing the mechanical nature of their robotic art works. They use this feature instead as the aesthetic
force behind their threatening robot environments. Their fear and empathy charged
artworks are based on the human instinct of anthropomorphism and mimesis. Perceiving the robotic entities as mirrors of our own behavior, we superimpose characterizing
attributes onto the inanimate objects based on inner sensations. Demers and Vorn carefully impose simpliﬁed and theatrical human gestures of pain and violence onto their
metallic robots to evoke empathic or frightened responses from the viewers (Demers and
Vorn, 1995).
Vorn’s Hysterical Machines (2002, 2006) are eight-armed robotic systems that are
suspended from the ceiling and actuate their individual arms pneumatically. Sensors allow the robots to detect close-by viewers and trigger reactive motion behaviors according
to the amount of stimuli.
Demers’ and Vorn’s No Man’s Land (1996) and La Cour des Miracles (1997) (Vorn,
2007) are complete robotic societies residing in ﬁctitious architectural sites. Viewers
have to enter and immerse into the dark hazy spaces that were deliberately designed for
its machine population. The diﬀerent robot species use light, sound and movement to
incorporate simplistic natural behaviors full of cruelty and pain. Titled Limping Machine, Convulsive Machine, Parasites, Scavengers, Captives or Raveners, the machines
crawl helplessly on the ﬂoor, rhythmically hammer on other machines, ﬁght over a chunk
of a dead animat or hide from visitors in shady places. Their bodies are bare metallic
skeletons and acclaim movement as life’s primary form of expression.
While Demers and Vorn use machine violence to trigger dystopian associations, their
robots are always part of a strict theatrical play and never an actual threat to the
audience (Whitelaw, 2004). Survival Research Lab’s performances of their raw machine
beings instead represent the loss of control over artiﬁcial beings. Distant from the art
world of galleries they showcase violence and destruction with their large aggressive
robots constructed from re-purposed machine trash. Fights between the machines are
barely orchestrated and imply the audience’s defenselessness to sudden unpredictable
behaviors.
In early works the Survival Research Lab violently approaches the goals of biomimetic
robotics by merging dead animals’ parts with machines. Rabot is a dead rabbit’s body
harnessed to a mechanically animated metal exoskeleton that causes it to perform backwards locomotion.
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3.2

A focus on movement in robotic art

Anthropomorphism works on the level of appearance and behavior and a robot’s behavior is mainly channeled through its movements. The motion deﬁnes the character of
executed actions and ampliﬁes emotional associations caused by the robot’s presence.

Figure 3.3: Jansen’s Strandbeest (Janssen, 2007), Media Lab’s Tobopo (Raﬄe et al.,
2004)

Theo Jansen’s Strandbeests (Janssen, 2007) are a fascinating example of evolved
motion studies brought to life embodied in matter. Constructed out of hundreds of
plastic tubes the huge creatures are set into motion by the power of the wind. Before they
were built their structures were developed in the computer with the help of evolutionary
algorithms. Jansen’s original goal was not to imitate living animals, but years of studying
and computing the best structure and movement patterns brought results that can be
recognized from biology. Always based on yellow plastic tubes as basic material he
produced several Strandbeest since 1990 that are let free to race with the wind on
beaches. For wind-less environment special pneumatic actuators are included.
Jansen’s work emphasize the body’s regulation over its articulated behavior. Actuator systems, may it be electric motors, biological muscles or the power of the wind, only
induce movement where the body allows it. Evolution of morphology implies simultaneous evolution of possible mobility.
The educational toy system Topobo (Raﬄe et al., 2004) takes an playful approach
towards modularity and rhythmic motions. The assembly kit that consists out of
static building blocks and active motor units is designed as a user interface for children to actively experience physical principles like kinematics, locomotion or coordination. Biomorphic forms can easily be constructed by snapping modular parts together.
The active components consist of servomotors and electronics in a 3D printed plastic
housing. Movement sequences can be preprogrammed by activating the recording mode
and simply twisting the servo shaft and are reenacted over and over again. So-called
Queen elements can exert centralized control over other motor units and orchestrate coordinated, time delayed, weakened or accelerated body movements. The plug-and-play
approach of Topobo allows a hands-on experience of rhythmic articulation of body parts
and their impact on the overall body dynamics.
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Figure 3.4: Clockwise starting from top left: Sodaplay (Sodaplay, 2007), Ventrella’s
GenePool (Ventrella, 2005), Framsticks (Komosinski, 2003) and Sims’ Evolving Virtual
Creatures (Sims, 1994a)

3.3

Evolution of motion in simulation

By employing the techniques of Darwinian evolution the artist is able to create a world
beyond his control. The artist becomes the creator, becomes the god that initializes the
seed and then steps back from his work to let it evolve on its own. Through a careful
design of the control algorithms the artist has of course certain steering capabilities yet
the main goal of most artiﬁcial life projects is reached when the produced results are
beyond prediction. When simple artiﬁcial agents suddenly show social group behavior,
computer programs discover the advantages of parasitism or simulated physical blocks
learn how to swim on their own the artist has since long become a passive viewer. The
artist’s freedom in artiﬁcial life projects lies in designing the building blocks and raw
material for the creation of life to come. Though the fundamental laws behind the
program are borrowed from biological evolution the other aspects of artiﬁcial life – how
it looks, behaves or functions – can be unrelated to everything we have come to know
on earth.
The digital world gives the opportunity to explore imaginary creatures and their
behavior without the constraints of feasibility of construction or time requirements.
Some artiﬁcial life projects like Tom Ray’s Tierra (Ray, 1991) incorporates computer
code’s very own procedures and characteristics. Tierras virtual creatures are lines of
instructions that achieve survival if their code is smart enough to get more computing
time from the virtual processor unit than others. Computer simulations are free to
explore worlds beyond our physical laws, but in order to achieve an emotional response
a certain proximity to the world we know is needed. Most simulations give their virtual
creatures a virtual body that lives in a virtual world that is modeled after the real world.
We are able to relate much more to simulated entities if their appearance or behavior
shows a resemblance to certain animals or if we discover that they have to obey laws like
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gravity as much as we do. But the majorities of digital universes are not concerned with
the accuracy of their physical modeling and use simpliﬁed laws to give the impression of
a plausible world. The main focus lies on the exploration of possible organism designs
and their adaptation within their environment.
The wish to give imaginary creatures certain liveliness mostly leads to focusing on
one or a few characteristics due to complexity issues. The ability to move puts the
spotlight on the creatures’ body design and the activation control behind it. A number
of studies aim at the creation of interesting motion behaviors. A variety in results can
be achieved by providing elementary modules as building blocks. Simple sticks, bars or
blocks can be easily connected and brought to move by contraction or rotation. The
visible locomotion behavior emerges from the connectivity of body and control.
The two-dimensional creatures in the Java applet Sodaplay (Sodaplay, 2007), created by Ed Burton, follow the laws of physics. Their abstract structure - made out of
mass and spring modules - allows a great variety of forms. Sinusoidal contraction and
expansion of springs brings the stick creatures to life. The beauty of Sodaplay lies in
the easy usage and entertainment qualities of the interactive application that is open
to the public online. Everyone is able to construct moving beings in a plug-and-play
style by connecting elementary points and lines. By tweaking the phase and amplitude information of the spring muscle elements the movement behavior can be modiﬁed.
Sodaplay has built a large community of fans online that race their individual constructions against each other in Sodarace and even code additional software that optimizes
creations with the help of genetic algorithms (Wagner, 2007).
The creatures in Jeﬀrey Ventrellas GenePool (Ventrella, 2005) also inhabit a twodimensional world. GenePool is an artiﬁcial life simulation that works on the principles
of natural selection and sexual reproduction. A population of randomly initialized creatures is set into a world that makes them ﬁght for survival through reproduction. The
so-called swimbots consist of jointed bar modules that rotate against each other according to internal motor rules. Based on their morphology and movement control the
physically-based organisms are able to achieve locomotion and pursue their goals. Their
appearance and behavior is speciﬁed in their genes and is the key to their swimming
talent and ability to attract mates. Fitter swimbots reach more food bits and are able
to spread their genes through crossover and mutation whereas untalented swimmers die
due to energy losses. The autonomous evolution favors creatures that adapt their body
and control to achieve the most eﬃcient locomotion techniques.
Locomotion is also the key to ﬁtness and survival in Karl Sims Evolving Virtual Creatures (Sims, 1994a,b). His three-dimensional block beings are the objects of an sophisticated optimization process that evolves diﬀerent locomotion behaviors like swimming,
walking or jumping. The genetic representation of the creatures are directed graphs
of connected nodes that symbolize body parts and their inner control systems. The
graphs are growing instructions that allow recursive usage of components and include
all the necessary parameters for constructing the phenotype body made of articulated
rigid blocks. The nervous system consists of a network of processing units that perform
diverse functions like sum, product, threshold, min, max, abs, interpolate, sin, cos, sigmoid or osc. The dataﬂow on weighted connections links input units like joint angle or
contact sensors over the hidden processing nodes to the output eﬀectors that control the
rotation around joints. Crossover and mutation rules like the addition of new nodes allow the rise of complexity from the modular system. The neural units within body parts
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build local control systems that allow coordinated movement through the connection to
adjacent elements. This distributed nervous system is synchronized by a set of global
neurons that are not associated with a speciﬁc part. The virtual creatures perform their
arising locomotion behavior in a physical-world simulation that incorporates articulated
body dynamics, collision detection, gravity, friction and optional viscosity eﬀects. Their
ﬁtness is evaluated by measuring achieved distance after a certain time. Evolutionary
algorithms then select successful performers as the parents for the next generation and
the iterated process leads to increasingly eﬀective locomotion behaviors. The rhythmic
walking or swimming movements are the result of the complex interactions between the
body dynamics and its simulated environment. Co-evolution of body and brain allows
a variety of several diﬀerent locomotion strategies to appear.
Whereas Sims presents us only a selection of his ﬁttest behaviors, the software
Framsticks (Komosinski, 2003) oﬀers users full engagement in the processes of computational evolution. The artiﬁcial life program places modular stick creatures in a
three-dimensional physical-world simulation. Joint articulation is achieved by the organisms neural control network that connects input sensors to neuron-like computation
units. Evolutionary algorithms govern the co-adaptation of body and brain in the simulated environment. Users are provided with a variety of analysis and support tools.
They can modify settings that govern the evolutionary process, like the choice of genetic
encoding type, the reproduction rules, the selection criteria or the ﬁtness requests. These
functionalities make Framsticks a useful tool in research and education when studying
dynamics or the eﬃciency of diﬀerent evolutionary strategies.

3.4

Biomimetic robots

Whereas the ability of locomotion is just one portion of the ambition to create live from
inanimate matter, it deﬁnitely gets the most attention from robotic researchers at the
moment. Being able to successfully maneuver in a real life environment seems to be
the ﬁrst step to creating fully autonomous and intelligent robots. Robotic laboratories
worldwide draw inspiration from animals considered to be most eﬃcient in their performance of locomotion. Cockroaches, crickets or lobsters are the role models of choice,
which incorporate stability and robustness against perturbations – a quality traditional
robotic systems lack. The cockroaches’ ability to traverse uneven terrains at velocities
of up to 50 body-lengths per second while climbing obstacles without excessively slowing
down makes it an ideal guide for hexapedal robot design.

Figure 3.5: CWRU’s Robot V (Biorobotics Lab, 2006), PolyPEDAL Lab’s iSprawl
(RISE, 2004)
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At the Biologically Inspired Robotics Lab the results from cockroach locomotion
studies guide the design of legged robots. The video analysis of leg joint movements
of the running insects were transferred into dynamic computer simulations, that condensed the animal’s up to seven degrees of freedom per leg to a manageable number.
Robot V (Quinn et al., 2002, Kingsley et al., 2003) and its ancestors are about 75 cm
long hexapods closely modeled after a cockroach’s morphology. Each of its 24 joints are
controlled by an opposing set of air muscle actuators that allow controlled joint motion
in both directions. By varying the air pressure in the antagonistic muscle pair diﬀerent
compliance and stiﬀness factors can be achieved. This gives the robot hardware the necessary ﬂexibility to provide compensation for instabilities caused by the control system
or external perturbations.
A certain elasticity in the hardware components are the key to the Sprawl robot series
(Clark et al., 2001, Kim et al., 2004) built at the PolyPEDAL Lab. It adopts several
characteristics of the cockroach’s body into the design process. Studies show that the
typical tripod locomotion gait of a running cockroach only changes slightly when dealing
with perturbations like uneven terrain. There is no need for a movement alteration
based on neural sensor feedback as the visco-elasticity of the mechanic system responds
to perturbations immediately. The high elastic properties of the animal’s muscles and
exoskeleton are mimicked in the Sprawl robot by including a compliant passive hip
joint and using shape deposition manufacturing for the body and leg fabrication. The
prototyping method allows layers of polymers with diﬀerent material properties to be
formed as needed. While soft and highly elastic materials are used for the ﬂexible
joints, stiﬀer materials are employed for the structural leg components. The compliance
and damping qualities of the material enables the robot to perform stable dynamic
locomotion of velocities of over 15 body lengths per second (2.3 m/s).
The Sprawl robots are good examples of sophisticated hardware design supporting the development of biomimetic locomotion. New prototyping methods bring many
advantages for robotics. Being able to employ components that reach elasticity characteristics closer to biological counterparts reduces the need for complex control signals to
imitate these properties in software.

Figure 3.6: Fraunhofer Institute’s Scorpion (Kirchner et al., 2002), Ayers’ Loster (Ayers,
2006), Koharo (Shiotsu et al., 2005)
Researchers at the Fraunhofer Institut’s department Autonome Intelligente Systeme
also used compliant materials in the leg design of their Scorpion robot (Kirchner et al.,
2002) to weaken the stress that acts upon the mechanical structure. Additionally the
lowest leg parts include a elastic materials that acts as damping component when the leg
hits the ground. Each leg unit’s three joints are actuated by a local oscillator network
that – governed by the global control – performs rhythmic motion patterns modeled after
real scorpions walking. Joint angle sensors and motor current readers allow additional
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local movement alterations based on feedback. The reﬂex control consists of a ﬁxed set
of actions that overwrite the signals from the oscillating network when certain sensors
values report perturbations. The overwriting happens for a short predeﬁned amount of
time. When the current values for a motor are for example increasing while no angular
displacement is reported, the reﬂex system assumes that something is blocking the way
of the leg. This triggers the reﬂex action of moving the leg backward and upward for a
while and then forward with high speed to overcome the obstacle. This combination of
a CPG and reﬂex-behavior allows more successful robot locomotion in uneven terrains.
The underwater robots developed by biologist Joseph Ayers are based on a lobster
and a lamprey (Ayers, 2002, Witting et al., 2002). The focus lies on remodeling the
underlying control signals behind the animal’s locomotion behavior. Employing actuators that match their biological counterparts eases the conversion of the neural control
architecture from organics to mechanics. The SMA Nitinol was chosen as an adequate
actuator despite its high power consumptions and heat dissipation cutbacks. Using Nitinol underwater with additional thermal insulation improves the metals relaxation speed.
The activation signals take a precautious relaxation time span into account to enhance
the metals durability by keeping it from overheating or overloading.
The Koharo project (Shiotsu et al., 2005) also employs shape memory alloys as
muscle elements for their alternative locomotion approach. Their Soft Robots do not
represent imitations of biological creatures. Owning spherical bodies consisting of three
orthogonally intersecting shells they use the power of deformation to achieve movement.
Gravitational potential energy is produced by deforming the robot’s body from a stable
to an unstable shape and leads to tilting motion. Periodic contractions of the robot’s 18
regularly distributed muscle elements lead to a repeated deformation process. Continuous activations patterns allow rolling and hill crawling locomotion. A similar yet smaller
Soft Robot uses the SMA spring quality to store elastic potential energy and to make
the robot jump a distance twice its diameter when releasing the cnergy fast enough.

3.5

Embodied evolution of locomotion gaits

Figure 3.7: CCSL’s Nonaped (CCSL, 2007), Random Morphology Robot (Dittrich et al.,
1998)

Designing a robot’s locomotion gait depends on several factors. The rhythmic motor
signals activating each individual joint can be deﬁned by the overall time length of the
motion loop, the time span of activation, the degree of activation, optional start and
stop positions and perhaps the velocity of resulting displacement. The more joints and
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the more legs the more coordination in the control system is required. All the possible
combinations of diﬀerent parameter settings create an experimental search space that is
impossible to explore by hand-tuning.
Around 1990 the ﬁrst experiments were undertaken to evolve walking patterns for
legged robots based on simple models existing in computer simulations. In 1992 researchers performed the ﬁrst ﬁtness evaluations on actual physical robots (Lewis et al.,
1992). The control architecture was deﬁned by the synaptic weights of simple neuronal
oscillator networks. In an incremental evolutionary process they ﬁrst used a simulation
to adapt a single leg controller and then evolved the network connections between the
individual leg controllers by evaluating the performances on the hardware robot.
Even though testing new movements on a physical robot is more accurate than computer simulation, it lengthens the time span of testing excessively. Careful design of
the parameters of the evolutionary process enables a decrease of the overall duration
of embodied evaluations. The motion criteria for the undulatory body motions of the
RoboTuna (Anderson and Chhabra, 2002, Barrett, 2002) were tuned with genetic algorithms and tested on the robot in the water tank. A gradual lowering of the mutation
rate allowed a wider range of possible solutions at the start and ﬁne-tuning without
losing too many characteristics at the end.
In addition to lengthening the duration of the evolutionary process, embodied evaluation also demands constant attention by a human supervisor. In 1999 researchers at
Sony developed pace and trot gaits for their quadruped dog-like robot (Hornby et al.,
1999) in a completely autonomous embodied evolutionary process. Preprogrammed procedures helped the robot to stand up and position itself at the start location. Built-in
infrared sensors and a camera for fast color detection enabled a self-employed ﬁtness
evaluation through infrared measuring of traversed distances. The robot’s locomotion
gait was deﬁned by 20 parameters specifying general body position and orientation, leg
swing speed, trajectories and oscillation factors. Evolving these parameters with genetic algorithms led to a stable pace gait almost twice as fast as former human-made
solutions.
For the physical evolution of the walking patterns of CCSL’s Nonaped (Zykov et al.,
2004), the robot is placed in a cage and monitored by a webcam from above. The camera
determines the ﬁtness of the individual control patterns by measuring the displacement
of the robot’s colored front foot during each test run.
Another evaluation approach used the sensor value of a computer mouse, that was
tied to a robot, to measure performances. The Random Morphology project (Dittrich
et al., 1998) addresses the possibility of evolving control systems for robotic hardware
that lacks any descriptive model of itself, either because the design is too complex or
because the structure has been built in a random process. The lack of a model usually
makes it hard to derive the optimal control architecture because of a missing understanding of all the interdependencies between each of the structures components. Applying
evolutionary algorithms to create an automatic learning and adaptation process eliminates the need for a complex hand-designed control system. The Random Morphology
Robot consisted of 6 randomly arranged servo-motors linked together by thin metal
joints in arbitrary connections. The goal was to ﬁnd a control program consisting of
mathematical operations, delay functions and angle positions that was able to move
the structure fast in one direction. The evaluation of each control program was carried
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out on the physical structure while the displacement of the computer mouse was read
as the success of the movement. Selection and reproduction of ﬁtter control programs
led to successful results that showed that evolutionary algorithms can handle random
morphology.

3.6

Recovery through online adaptation

Figure 3.8: CCSL’s Resilient Robot (CCSL, 2007), Bentley and Mahdavi’s Self-adapting
Snake (Mahdavi and Bentley, 2006)

Higher biological organisms perform movement actions and predict their consequence
based on an internal model of themselves. They know if damage occurred to their bodies
and adapt to damage in further motion activities. Traditional robotic system may
contain a hand-designed mathematical model of their dynamic capabilities on which
they base their actions. A project conducted at the Cornell Computational Synthesis
Lab created a robotic system that was able to experience its own morphology from
scratch and to update its self-model after unexpected damage (Bongard et al., 2006).
Tests were undertaken with a robot containing eight degrees of freedom and based on
the feedback information from build-in joint angle and tilt sensors.
The process that helps the robot ﬁnd its own self-model is based on an algorithmic
evolution. As a ﬁrst step the physical robot performs a random motor action and
monitors its sensor data at the same time. Then it tries to map the sensor data to
the performed actions and synthesizes 15 possible self-models that could have caused
the observed sensation-actuation relationship. Afterwards the robot performs another
motor action that is likely to interfere with most of the predicted models. Now the
model-synthesis step is repeated with more available information based on the new
action-sensor sequence. The discrepancy between the predicted sensor values and the
actual observed values creates the inverted ﬁtness value. Iterating the modeling-andtesting process for several cycles produces a model that represents more accurately
the robot’s dynamic abilities. This ﬁnal model is used to create a forward locomotion
behavior for the physical robot.
When damage occurs to the morphology of the physical robot the system acknowledges diﬀerences between the observed and the predicted behavior and restarts the
model-ﬁnding process. Instead of starting from scratch it uses its own previously inferred
model as a starting point and applies length changes to the limbs or takes individual
components away. After several cycles of testing and remodeling the system is able to
discover the point of error and creates a new best locomotion behavior to compensate
35

for the physical damage.
The Self-adapting Snake project (Mahdavi and Bentley, 2006) follows similar damage
recovery ideas, but also focuses on the adaptability of locomotion control to diﬀerent
environmental conditions. Traditional locomotion control architectures can never be
ﬂawless since they are unable to predict every possible hardware characteristic or every
possible unknown environment. Unanticipated problems can always occur due to the
complex interdependencies between the robot and its surroundings. Instead of planning
locomotion strategies ahead, robots should learn to adapt themselves while embodied
in a new environment and to cope with whatever problems might come along.
The snake-like robot’s body consists of four segmental units each actuated by three
SMA wires. The small diameter of the wire permits almost instantaneous cooling after
the contraction movement. The activation pattern for the muscles is coded into a bit
string that represents on and oﬀ states and includes looping commands. Evolutionary
algorithms initialize random start patterns and perform crossover and mutation functions on the string genotypes. The success of patterns is determined by how far they
make the snake robot traverse forward. As the measuring procedure is conducted by
hand, the experiment demands continuous human attention.
After the snake’s motion has evolved to a rather steady ﬁtness value, an analysis
process selects two muscles wires that were most often activated and therefore crucial
for the evolved motion pattern. The two wires are blocked by the software in order to
simulate damage. The evolution is then continued until the robot is able to recover from
the loss by evolving a new motion strategy. Damaging two additional wires leads to the
same successful recovery behavior.
It is interesting to note that the resulting locomotion strategies of the snake robot
don’t resemble typical biological snake undulation movements. The researchers assume
that the evolutionary algorithms exploit the imperfections of the hardware design and
the slight behavior diﬀerences in the individual SMA wires. The asymmetrical movements prove to be more eﬀective for the particular characteristics of the robot.

3.7

Evolving robot morphology

Figure 3.9: CCSL’s and DEMOLab’s Golem (DEMO, 2007) and DEMOLab’s Genobots
(Hornby et al., 2001)

Typical evolutionary robotics deals with predeﬁned hardware bodies that learn to
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adapt their movement behavior. By including the possibility of component damage in
the adaptation process, the morphology of the robot becomes a variable factor as well.
Yet complete freedom in body design can only be achieved in simulation. New fabrication methods and ﬁxed sets of modular components allow ﬁrst attempts at hardware
evolution.
The Golem (Genetically Organized Lifelike Electromechanics) project (Lipson and
Pollack, 2000) is based on the claim that not only the behavior of robots should be
subject of evolutionary design, but also the bodies and their fabrication. The project
combines evolutionary computation applied to the design of simple electromechanical
systems with autonomous physical construction using rapid prototyping technologies.
Bars, linear actuators and artiﬁcial neurons are the elementary building blocks of
dynamical three-dimensional structures. The evolutionary design process connects bars
to each other through ball-and-socket joints and allows rigid or ﬂexible forms to emerge.
Synaptic weights and threshold parameters deﬁne the behavior of randomly connected
artiﬁcial neuron networks that control the actuators. The lack of constraints for connections between neurons and bars allows the emergence of several diﬀerent movement
strategies.
A simulation program constructs a population of randomly assembled robots and
determines their ﬁtness by testing their forward locomotion ability in a simple physical
environment. Genetic algorithms select ﬁtter machines and create new generations by
adding, modifying or removing some of their building blocks. As the building code does
not diﬀer between physical and neural entities, body and brain evolve simultaneously.
After 300 to 600 generations of artiﬁcial evolution some of the robots are selected for
fabrication. The conversion into physical objects is done by a 3D-printer that generates
the entire structure layer by layer. The functionality of ball-joints and accommodation
for motor units are taken into account in the production process. After attaching the
stepper motors, the necessary electronics and downloading the simulated neural control
software to the microprocessor, the robots are ready to perform their evolved locomotion
patterns. Technological advances that would allow the rapid prototyping of electronic
circuits and actuators would greatly enhance the possibilities of a design and fabrication
process without human supervision.
One of the main criticisms of evolutionary robotics is that it is not possible yet
to reach high levels of complexity. The results from the Golem project are simplistic
structures assembled out of a handful of bar elements. Human-made robotic systems
on the other hand are complex units composed out of innumerable components each
especially designed to perform a certain task. The Genobots project (Hornby et al.,
2001) developed at the DEMO Lab employs L-systems to overcome the discrepancy. The
L-system applies a set of rewriting rules iteratively in parallel to a string of symbols.
This allows the emergence of complexity from a set of simple rules. Using this method
for constructing robotic structures allows the creation of simple yet stable components
that can be re-used more often in the whole structure. In that way higher eﬃciency can
be reached than in the much broader search space of direct-encoded genotype mappings.
The building blocks for the Genobots are simple bars connected together by ﬁxed
or actuated joints that can be moved in an angle of 60 degrees. The symbols represent
commands to add bars, to add joints, to rotate connections or to push and pop the
current position. Frequency and phase oﬀset of the actuators are also parameters of the
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form ﬁnding process and ensure the co-development of morphology and control architecture. The evolutionary run starts by generating random sets of rewriting rules. After
iteratively applying the rules morphology and control for each robotic system are derived from the ﬁnal string of commands. Evaluation occurs in a physical simulation that
tests the forward locomotion abilities of the robots. Fitter solutions create oﬀspring by
mutating and recombining their rule sets. A variety of 2-dimensional and 3-dimensional
creatures is the result and includes diﬀerent locomotion strategies such as crawling,
rolling, walking or inching. Some of the successful examples are later assembled as
physical robots.
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Chapter 4

Presentation of Work
4.1

The Setup

Articulated bare wooden skeletons form the basis of this evolutionary computation. The
simplistic abstract bodies are constructed from ﬂat thin wooden sticks connected at
joints with small hinge elements. The appearance of the limb elements has deliberately
been kept simple to avoid emotional associations caused by the looks. The intend is to
shift the focus to the action that is meant to superimpose life and character onto the
inorganic skeleton - the movement. The activation of the robotic limbs is carried out by
springs made from shape memory alloy (SMA). The metal shows muscle-like behavior by
contracting and exerting force when heated to a certain temperature. The elasticity and
noiselessness of activation give the resulting movements qualities that robotics’ typical
electrical motors never can supply.
The wooden skeletons inhabit a cold testing environment where they hang suspended
from the ceiling to limit environmental perturbations. Electrical cables act as nervous
system and connect the creature’s muscle elements to a governing computing unit. The
controlling software monitors the behavior of the robot with a camera and steers the
evolutionary adaptation process by feeding signals into the creature’s nervous system.
The software emulates a CPG and activates the artiﬁcial muscles in a repetitive manner.
The resulting rhythmic behavior represents locomotion movements that originate from
autonomous control units within the nervous system. The patterns emerge without constant supervision from the brain and without sensory information from the environment.
The instinctive behavior becomes the systems very own language of expressing its body.
By evolving the parameters that deﬁne the rhythmic patterns the creatures get
the opportunity to ﬁnd the most eﬃcient motion behavior for their body. Movement
dynamics is generated in the interplay of control signals, physiological characteristics and
environmental conditions. The complexity of the interdependencies makes it hard to ﬁnd
optimal movement strategies from scratch. The embodied evolutionary process allows
the creatures to adapt their behavior to their own morphology and to the surroundings
while monitoring the robot’s body dynamics. In an iterated process the structure is
made to perform speciﬁc motion patterns and the resulting movements are captured
by the camera and evaluated by the software according to their eﬃciency. Based on
the outcome of the evaluation the motion patterns are discarded or mutated to create
new patterns. The ongoing loop of performance, analysis and tuning leads to an slowly
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increasing ﬁtness value. The robot learns to deal with its own physiology by rating its
exhibited behavior.

4.2

Goals of evolutionary computation

4.2.1

Adaptation to unstable ﬁtness landscape

When performing evolutionary computation to ﬁnd a control system for a robot, the
process is usually entirely carried out in a computer program. A simpliﬁed model of the
robot performs tests in a physical-world simulation that tries to incorporate as much reallife dynamics as possible. Yet it is never possible to transfer all the ﬁne characteristics
of the hardware components into the software, as it is never possible to anticipate all the
environmental conditions that might occur. This is the reason why simulation-evolved
behaviors usually fail when ﬁnally transferred to the real physical robot. Embodied
evolution solves the reality gap problem by not relying on a simulation and performing
all the tests on the hardware robot itself.
The dynamics of real life is made up of the complex behavior of innumerable small
processes acting and reacting to each other. A robot’s performance can be inﬂuenced
by problems like interferences in the power supply, noise in the electric circuit, insignificant changes in the behavior of worn-out hardware components or the environmental
temperature and air ﬂow dynamics. All these conditions can change over the course of
one evolutionary run and therefore cause an unstable ﬁtness landscape. This implies
that a ﬁxed set of control parameters might not always cause the same behavior.
While evolving the movement parameters for the wooden skeletons several factors
can aﬀect the resulting behavior of the structure. The environmental temperature has
an impact on the performance of the muscle elements, since SMA works on the basis
of temperature changes. Electric current heats the springs to induce contraction and
their immediate environment is afterwards responsible for cooling them down to allow
expansion. A cooled environment enables faster relaxation times, which means that the
muscle can be activated in a shorter time cycle. If the room temperature would be rising
during the evolutionary process, the evaluation program would favor motion patterns
with longer and longer rhythm loops instead. The performance of the muscle elements
also depends on their usage history. Overheating or too extensive strain-activation
can cause considerable losses in the springs’ contraction and expansion possibilities.
Additionally the springs have a ﬁnite life-span and can wear out if activated too often.
The initial tension of a spring element, when connected to the structure, is an important
factor for the force the spring is able to exert. If the spring’s strain characteristic becomes
worn out from too much usage, so does its performance.
The muscle elements are attached to the robot’s skeleton with staple hooks. Intensive strain forces or high temperatures of the metal springs can cause damage to the
attachment. In analogy with biological tendon snaps the muscle elements can become
unusable when their physical connection to the limb elements is disrupted. Also the
rest of the robot’s physical hardware can experience damage. Too large forces acting
upon the structure could lead to fractures of the limb elements or loosen their joint
connections.
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A very crucial determinant of the robot’s overall body dynamics is the position of
the suspension attachment. It aﬀects all possible movements since it deﬁnes the body’s
orientation and its center of weight. Gravity exerts a big force on the whole structure. It
inﬂuences a joint’s range of possible rotation by supporting downward and counteracting
upward movements. Gravity can act alone as the restoring bias force for a joint with
heavy loads after the attached limb has been pulled upwards by a muscle element. If for
some reason the basic structure of the robot is altered during one evolutionary run, so
does its center of weight and orientation, which can lead to entirely new body dynamics.
To reach their transformation temperature the SMA springs need to be fed with an
electric current of 2 ampere. Parallel activation of several springs therefore demands a
multiple of that 2 ampere. Power supplies oﬀer only a limited amount of current and if
too many springs are activated at the same time, they have to share the available current
which might not be enough to heat up to the necessary temperature. The motion control
has to adapt to the limited current supply and plan the timing of the individual spring
activations accordingly. The available power in an environment is a subject of variance
since it is used for multiple purposes and can exhibit ﬂuctuating characteristics.
Of course it might be possible to try to keep all these conditions stable: by immediate
repair when damage occurs, exchange of springs when they show worn-out behavior and
close control over temperature and supplied power. But the main goal of this project is
to give the robot the ability to adapt itself to whatever interferences might come along.
Instead of training for a ﬁxed set of conditions, the inclusion of possible alteration during
the evolution invokes autonomous adaptation and damage repair in close interaction with
the changing environment.

4.2.2

Autonomous embodied evolution

Performing the evaluation of motion patterns on the physical robot requires a large
amount of time due to the long relaxation-time of the SMA springs. Depending on
the environmental temperature and the attached loads, the cooling time of a muscle
element can last up to two minutes after being heated. Although it is not necessary to
let a spring return to its lowest possible temperature, large temperate diﬀerences allow
higher displacement values.
The cycle times that are initiated and mutated by the evolutionary algorithms may
lie between 30 seconds and 3 minutes. The repetitive activation of all the muscles
must be performed more than once to give the structure the opportunity to customize
its body dynamics to the rhythmic behavior. The individual spring activation has to
be carried out for a pre-run of at least 3 cycles to exhibit consistent contraction and
extension rates. Before the necessary pre-run the range of rotation for the individual
actuated joints can show wide ﬂuctuations because of the starting conditions of the
springs. This training activation before the actual evaluation period lengthens the total
run-time of one motion pattern considerably. Depending on its cycle time the testing of
an individual pattern can last up to 10 minutes, the evaluation of a whole population
of 10 patterns approximately one and a half hours. To be able to produce interesting
results due to evolutionary adaptation the whole process has to run through at least 100
or 200 diﬀerent patterns.
To avoid the need of constant human supervision the controlling software has to
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be able to perform several tasks autonomously. The algorithms that guide the evolutionary computation hold the whole procedure together. The software has to initialize
the process by generating random motion patterns, it has to evaluate the patterns and
continuously execute selection, reproduction and replacement algorithms to stimulate
the adaptation process. During the workﬂow the software is in charge of communicating with the hardware microcontroller that activates and deactivates the current ﬂow
through the springs. The software downloads the individual motion pattern parameters
to the microcontroller and starts and stops the execution of the patterns.
The evaluation of the performed rhythmic behavior is a subtask that has to be
carried out by the software as well. Evolving locomotion behavior without being able to
measure actual traversed distances, raises the question of how to evaluate the ﬁtness of
individual motion control patterns. Since the robotic structure hangs suspended and is
not able to exert forces on any other object than the surrounding air, its behavior has to
be based on its very own body dynamics. The software program is able to read from a
camera that monitors the robotic structure in front of a neutral background. One cycle
of a motion pattern is represented by a saved sequence of images that is used as the
source for the ﬁtness-analysis operation.

4.2.3

Fitness Evaluation

Since the ﬁtness value is the steering factor of the artiﬁcial evolution, the image analysis
process needs to be fairly sophisticated to successfully distinguish between eﬃcient and
ineﬃcient motion behavior. The image sequences can be use to read oﬀ results about
position and dimension of the robot by deﬁning the body parts against the neutral
background color. Monitoring values like the highest, lowest, most left or most right
point reached becomes useful when speciﬁc movement goals are deﬁned. The images can
also be examined on the motion detection value, which is deﬁned by the pixel diﬀerences
between two consecutive images. Comparing the detected motion against an average
value gives insight into the continuity of the movements. Abrupt movements are pointed
out by high diﬀerences in detected motion during the whole cycle time.
The dynamic behavior of the structure can be read oﬀ from the images according
to those criteria. In addition to the numbers from the image analysis the cycle time of
the pattern and its energy consumption are also taken into account when determining
the ﬁnal ﬁtness of a motion pattern. The result has to be a compromise between all
evaluation factors and is deﬁned as the sum of the diﬀerent criteria multiplied by their
unique weight values. By changing the weight values the evolution can be steered
into diﬀerent directions. High weight values for a function that return the structures
average lowest point might lead to robotic movements trying to reach upwards. High
weight values for the inverse of the pattern’s cycle time might aim at producing shorter
and shorter motion loops. Favoring energy eﬃcient patterns might cause avoidance of
simultaneous activation of antagonist muscle elements, but might also lead to rather
stagnant movements.
The interdependencies between the diﬀerent criteria make the tuning of the ﬁtness
evaluation a complex task. Longer cycle times allow more movement as the springs get
more time to cool down. Too low energy consumption might lead to stagnation due to
lack of muscle activation, but high energy consumption might cause stagnation as well
due to the spring’s constant high strain condition.
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4.3
4.3.1

The robot
Body

The skeleton of the robots is constructed from straight wooden sticks with a cross-section
of 6 x 15 mm. The length of the individual limb segments ranges from 18 to 32 cm.
Shorter wooden pieces of about 23 mm are used for incorporating several degrees of
freedom at one joint. Several of the limbs carry small wooden extensions to enable the
attachment of spring elements.
Small lightweight plastic hinges with a thin metal pin - usually considered for model
airplanes - are used for the construction of ﬂexible joints. One hinge permits rotational
movement around one degree of freedom. Three hinges allow pitch, yaw and roll movements of one joint. To avoid too complex joint actions and overloading of the structure
with too many muscle elements, most joints are equipped with either 1 or 2 degrees of
freedom.

Figure 4.1: Joint with 2 degrees of freedom. Nitinol springs.

Several limbs are connected together to form a skeletal body. Most limbs are attached
to each other with articulated joints, some connections are made to be rigid. The
design of the wooden skeletons is not meant to mimic any existing animals. The simple
constructions, consisting of only 9-12 limbs, were added together in a rather spontaneous
procedure. Yet the bodies display typical features like symmetries and similarities that
allow associations with biological bodies. Even though the body structure of the robots
is only deﬁned by their suspension attachment - which gives them an up- and a downside
- our mind identiﬁes body parts. Being reminded of known life forms we superimpose
heads, wings or tails onto what we see. Multiple usages of similar elements and long
appendages evoke associations with legs. This associative process is even more active,
when the wooden creature is moving.

4.3.2

Muscles

The characteristic behavior of a spring element is deﬁned by the spring constant. The
spring constant describes the spring’s willingness to deform when a force is applied to
it and is therefore a measure of stiﬀness and strength. The speciﬁc feature of springs
made from SMA is that their spring constant changes with the metal’s temperature. A
higher stiﬀness factor when heated up makes the spring exert more force and causes the
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Figure 4.2: Two robots, in loose and strained mode (with and without spring modules)

contraction movement. While cooling down the spring constant slowly decreases and
makes the element stretchable again.
The spring elements employed in this project are made from 750 μm Nitinol-wire
and have a coil diameter of 6 mm. Heating them with 2 A makes them reach their
austenite state at 45-55◦ C. When heated they can contract to 29 mm, when cooled
they can be extended to about 14 cm.
The spring constant which is measured in Newton/meter can be determined by
employing Hooke’s law F = -kΔx which states that the force F exerted by the spring
equals the negative product of the spring constant k times the distance Δx by which
the spring is elongated. If an object is attached to the end of a spring, its mass is pulled
down by the force of gravity and exerts a force onto the spring. The spring stretches
until the upward spring force exerted onto the mass equals the downward force F = mg.
The easy deformability of the Nitinol spring when under no load makes equilibrium
length measurements inaccurate. Hooke’s law can instead be used to determine the
spring constant by comparing the diﬀerences of elongation while under diﬀerent loads.
In a simple setup a hanging Nitinol spring was loaded ﬁrst with 150 g and then 300
g weights. Measurements of the springs strain were undertaken while in heated and
in cooled state. Under 150 g of weight the cold spring stretched to a total of 50 mm,
doubling the weight led to a stretching of 65 mm. The additional force leads to an
additional displacement of 15 mm. By using k = (mg) / x the stiﬀness of a Nitinol
spring in its cool state is deﬁned as 98 N/m. The same measurements were conducted
while the spring was fed with a 2 A current. The weight of 150 g caused a spring length
of 35 mm, doubling the weight led to a stretching of 44 mm. The shorter displacement
shows the spring’s higher stiﬀness of 163 N/m when in the heated state. It should be
noted that the measured values do not claim a high degree of accuracy and stand in
slight contradiction to results obtained in more professional setups (Taft and McAvoy,
2006).
The transformation from lower to higher stiﬀness of the spring is not linearly proportional to the increasing temperature. Testing shows that almost no contraction occurs
during the ﬁrst half of the heating process, which is then followed by strong force generation until it slows down when the spring reaches its new equilibrium state. When
cooling down again the transformation temperatures - at which the metal returns to
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Figure 4.3: Testing of spring behavior under load. Joint activation test setup.

its deformable state - are diﬀerent to the transformation temperatures while heating
up. This hysteresis eﬀect adds to the complex nonlinear dynamics of SMA. The hysteresis curve (see Figure 4.4) shows that cyclic behavior of Nitinol by plotting possible
displacement against the temperature of the metal.

Figure 4.4: Hysteresis curve (Gilbertson, 1994)

The rhythmic dynamics of Nitinol springs was tested in a setup that allowed two
opposing springs to cause rotational movement around a joint connecting two limbs. A
series of diﬀerent rhythmic activation patterns were tested varying in cycle time, heating
time and gradient pulse width modulation. The activation patterns were run for at least
5 cycles to stabilize the spring’s contraction-expansion rhythm. After the pre-run period
the joint’s maximum angles – caused by the alternate contraction of the muscle elements
– were noted down.
The results aﬃrm that higher displacement can be achieved with higher cycle times,
due to the longer relaxation and cooling time span. Variable heating times at a ﬁxed
interval indicate that the maximum eﬃciency of displacement can be achieved when
heating the springs each for about one tenth of the complete cycle time. Below this
timespan the springs don’t reach their highest possible force, and above it, the too short
cooling times keep the springs in a constantly slightly contracted state.
Increasing and decreasing current ﬂow by including a pulse width controlled signal
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allows softer transition dynamics. Especially the end of heating periods can show abrupt
movement changes when the current ﬂow is deactivated. A decreasing slope of current
can ease out sudden motions.
Varying the equilibrium tension of the opposing springs shows that less tension
causes less rotational movement. But too high tension setups lead to less movement as
well, due to the high opposing forces and the necessity for long heating periods. While
the activation time increases when the spring is under more stress, its relaxation time
shortens.
The employment of Nitinol springs as muscle elements in robotic structures relies
on the lever principle. By forming a connection between two limbs the contraction of
the spring applies forces that - multiplied by the distance from the joint - leads to the
torque and further the angular acceleration around the joint axis. The limbs moment
of inertia - deﬁned by its mass and dimensions - describes the limbs willingness to
change its rotational speed. The dynamics of a joint activated by a contracting spring
is dependent on all the forces acting on the joint, and can be altered by changing the
attachment position of the springs, altering the initial tension in the springs or modifying
shape and weight of the connected elements.
Implementation of these dependencies in a limb-module simulation allows the tryout
of diﬀerent setups. Running the same activation patterns on a physical prototype and
a matched simulation shows certain similarities in dynamics. Yet the slightly unpredictable and non-perfect behavior of physical elements like springs or hinges causes a
large gap between the monitored results.

4.3.3

Electronics

The activation of the muscle elements is carried out by the physical computing platform
Arduino (Banzi and Cuartielles, 2007). Equipped with the microprocessor Atmel8 the
platform is able to digitally control 13 output pins. As the Arduino is not able to
provide the necessary 2 A of current, its output pins are used for controlling Darlington
transistors (BD677A) that operate as switches and connect the Nitinol springs to an
additional power supply (see Figure 4.5). Small LEDs are placed in between the output
pins and the transistors to visually indicate activation. Power resistors with a resistance
of 0.56 Ω are connected in series with the muscle elements to regulate the voltage drop
across the springs. As they have to pass large amounts of current special wire-wound
resistors were chosen, that are cast in self-extinguishing material and are able to bear
up to 3 W of power. The electronic circuitry is installed on a regular breadboard. The
Arduino module is connected to a computer with an USB cable which also supplies
power to the platform.

4.3.4

Control

The rhythmic activation of the muscle elements is based on the idea of CPG networks.
Several diﬀerent muscles work in unison to perform a body’s locomotion movements
and they all follow the same rhythm. A main oscillating unit deﬁnes the speed of the
repetitive actions and passes this information on to the individual muscle control units
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Figure 4.5: The electronic circuit for activating the Nitinol springs.

(see Figure 4.6). Visualized as an artiﬁcial neural network each muscle control consists
of a phase-unit and a threshold logic unit (TLU). Since locomotion gaits are deﬁned by
the phase diﬀerences between limb activation the clock’s main frequency is ﬁrst altered
by the muscles’ oﬀset-parameter. The TLU is then responsible to change the oscillating
signal into on and oﬀ states, based on its threshold value. Its output is set to on if its
input is above the threshold or else set to oﬀ. Higher thresholds result in shorter, lower
thresholds in longer activation times.
Typical CPG networks feature inhibitory connections between the control units of
antagonistic muscles. This interconnectivity makes it possible to avoid simultaneous
activation of muscles that work against each other. As the Nitinol springs in the robotic
structures are not deliberately placed as opposing muscle pairs, inhibitory connection
were not considered in the robot’s control architecture. It is left up to the evolutionary
process to discover if some of the muscles elements counteract each other.
Implementations of artiﬁcial neural networks in software are powerful computation
systems for modeling dynamic processes. But since the control architecture for the
robot’s rhythmic behavior is not eﬀected by sensory feedback and therefore doesn’t
change dynamically, the activation patterns for the Nitinol muscles are deﬁned as a
ﬁxed set of variables. Each motion pattern is assigned a main cycle time and a set of 3
variables for each muscle element (see Figure 4.7). The phase, heat and slope parameters
are each deﬁned as integer values ranging from 0 to 99. The phase indicates at which
step of the cycle the muscle’s activation starts. The heat parameter speciﬁes how long
the activation lasts by interpreting the value as a percentage of the whole cycle time.
The slope parameter deﬁnes the length of the PWM controlled fading in and out of the
activation.
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Figure 4.6: Abstract control schema

Figure 4.7: Abstract control schema. Phase indicates the activation start, heat speciﬁes
the activation duration and slope deﬁnes the PWM controlled fading in and out of the
activation period.

The processor running the Arduino platform is able to receive data via the USB
cable. Variables deﬁning an individual motion pattern can be downloaded onto the
Atmel8 microprocessor. Additionally the execution of the pattern on the microcontroller
can be started and stopped by the controlling software on the computer. Besides those
commands the microcontroller is able to execute the activation patterns completely
independently.
Due to the low capacity of the microprocessor all the computation is carried out with
integers instead of ﬂoats. A combination of two counters, that are updated every millisecond, set the time component of the cycle. In a loop the program compares the cycle
time with the muscle elements individual parameters and activates the corresponding
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output pins accordingly. The pulse time of the PWM option is set to 30 ms.

4.4

Software and File Handling

The software that carries out the evolutionary adaptation process is coded in the Javabased open source programming environment processing (Fry and Reas, 2007). Additional libraries allow the communication and data exchange with the Arduino platform
and the camera device.
To allow ﬂexible handling of several evolutionary runs the main processed data is
saved in XML ﬁles. Distinguished only by the naming of the run the software is able to
start, pause or continue diﬀerent experiments by simply reading and writing to external
XML ﬁles.
A main log ﬁle contains an overview of all motion patterns processed so far. It
speciﬁes the patterns identiﬁcation name, informs about its birth date and refers to the
pattern’s main XML ﬁle. The log ﬁle allows quick data handling as it points out which
of the processed patterns are still alive and active in the ongoing evolution. In case of
an interrupted run due to voluntary or involuntary reasons the software only needs to
load the information of those patterns still required.
The main characteristics for a motion pattern are written down in each pattern’s
XML ﬁle. The overall cycle time and the heating, phase and slope parameters for
every individual muscle element are stored as integer values. If the pattern has been
evaluated its XML ﬁle contains the ﬁtness information obtained by the image analysis
process. All conducted evaluations are listed and this permits the software to check if the
pattern needs re-evaluation due to its long lifetime. Even though only the main ﬁtness
value is of use in the actual evolution, the XML ﬁle stores detailed numeric results of the
image analysis for subsequent display and analytic purposes after the actual evolutionary
process.

4.5

Evolutionary algorithms

The embodied evolutionary process that slowly adapts a robot’s motion pattern can
be visualized as a cyclic ﬂow of data between several components. The software, that
connects the individual parts, starts the iterated procedure by selecting a parent patterns out of a pool of motion patterns. The cloned and modiﬁed oﬀspring pattern is
downloaded onto the Arduino platform and its execution causes the activation of the
robot’s muscle elements. The dynamic motion behavior, that is the product of the activation pattern, the robot’s hardware and environmental conditions, is monitored by the
camera. The software captures images from the camera and analyzes them according to
speciﬁc ﬁtness criteria. The resulting ﬁtness is then assigned to the pattern and used in
the decision whether the pattern is successful enough to replace a weaker member of the
pattern population. After the survival selection, the software routine restarts to handle
a new motion pattern.
When a new motion pattern is downloaded onto the microcontroller and the signal
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Figure 4.8: Data ﬂow

for its execution is sent, the software itself goes into a waiting stage. The length of
the inactivity is deﬁned by the pattern’s cycle time. After at least 3 cycles of pattern
activation have passed the software starts to monitor the next cycle of movement by
periodically capturing images from the camera. The interval between the images is set
to one tenth or one twelth of the cycle time. After the cycle is completed the pattern
activation is terminated and the robot enters its cooling stage. During this period the
software processes the stored image sequence and performs the evolutionary computation
procedures.
The following pages will shed more light on the details of the evolutionary algorithms that drive the adaptation process. The dynamics of evolutionary computation
are very dependent on the deﬁnition of population size, selection methods and reproduction mechanisms. Variations of those values and procedures can alter the results
fundamentally.

4.5.1

Population size and initialization

When performing evolutionary computation, the search through possible solutions to a
problem is usually carried out in simulation. High processing power allows speeding up
the evaluation of an individual solution to a minimum amount of time and therefore
makes the choice of population size a minor problem. Representing the parent material
for future oﬀspring, the population size stands for the diversity of found solutions. If
a diﬃcult search problem has a complex and multi-peaked ﬁtness landscape (Wright,
1932), population sizes are usually set between 100 to 1000 (De Jong, 2001). The large
numbers make it possible to explore the search space from several start positions and
the high variance in the population prevents an early halt at local sub-optima.
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Figure 4.9: Parallel activity of robot and software.

Evaluations carried out in the real world demand considerably more time. The timesensitive character of the SMA metals and the need for pre-run activities before the
actual evaluation process add up to even higher time demands than in typical embodied
evolutionary projects. With possible cycle times of up to 2-3 minutes, the evaluation
of a single motion pattern can take up to 10 minutes. To meet these demands the
population size has been set to a number of 10. The loss of possible diversity due to
the low number can be countered by a careful choice of selection and mutation methods
which are explained later.
Every evolutionary run starts with the initialization of its start population. 10 individual motion patterns are generated and their parameters are set randomly. To
avoid out-of-reach values the starting conditions are generated by a Gaussian distribution around chosen numbers. The Gaussian mutation operator G(m,d) produces values
around a mean m with a standard deviation of d. The bell shaped distribution of results
exhibits a tight variance around the average, but also permits solution far oﬀ the center.

cycle time = G(mean cycle time, 20)
phasei = random(0, 99)
heati
= G(mean heat, 5)
slopei = G(0, 10)
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The settings for the random selection allow many solutions between ±20 seconds of
the chosen mean cycle time to emerge with occasional examples above and below those
values. The standard deviation from the chosen mean heating value is set to 5. The
slope values are set to start at a mean of 0 with a standard deviation of 20, while the
phase information is initialized with a evenly distributed random function between 0
and 99. All values are constrained to the possible range by the operators. The mean
values of cycle time and heating duration for the random initialization of patterns were
deﬁned individually for every evolutionary run, yet mostly kept close to cycles of 60
seconds and a heating duration of 15 %.

4.5.2

Parent selection and reproduction

Evolutionary algorithms produce oﬀspring from a parental population of possible problem solutions. The actual amount of oﬀspring deﬁnes the time spent at each generational
jump. The so-called incremental or steady state evolution (Syswerda, 1989, Whitley,
1989), that has been chosen here, is characterized by an oﬀspring population size of 1.
Every new successful pattern is immediately included in the parent population. To ensure that this doesn’t lead to an early reduction of diversity, a non deterministic parent
selection method is chosen.
Stochastic selection methods introduce a certain amount of randomness into the
selection process. Each individual of the population is assigned a ﬁxed probability
of being chosen as a parent. A ﬁtness-proportional probability distribution uses the
numeric ﬁtness values as source. The selection probability shifts the focus from the low
ﬁtness individuals to those with the highest values. Yet poorly performing solutions still
can serve as parent material and this ensures a certain amount of noise and memory –
if the ﬁtness landscape changes – in the otherwise soon homogeneous population. But
the wide range in ﬁtness values - especially in the early stages, due to the random
initialization - can cause a rather elitist probability distribution and nevertheless lead to
loss of diversity. Therefore a rank-proportional probability distribution has been chosen
for the selection method of this project. All the members of the current population get
ranked according to descending ﬁtness values and are then assigned a probability value
that has the inverted value of their rank. Dividing the value by the sum of the probability
values of all the population members psum leads to each patterns individual probability
of being selected. The pattern with the highest ﬁtness has a probability of 10/psum ,
whereas the lowest ranked pattern has only a chance of 1/psum . This method assures
that probability diﬀerence between the ﬁrst and the last ranked population member
remains constant even though their ﬁtness value diﬀerences might ﬂuctuate.
Asexual reproduction has been favored over sexual reproduction since the long durations of evolutionary runs inhibited the testing of several diﬀerent crossover operators.
Simple recombinations of two patterns tended to destruct the patterns individual dynamics when reassembling the phase parameters. Reproduction solely based on asexual
operators is carried out by cloning a parent pattern and mutating its parameters. The
software chooses one parent among the population by using the rank-proportional selection mechanism. The mutation operator that is responsible for exploiting the search
space is deﬁned by the global values mutation rate and mutation degree.
The mutation rate determines the number of parameters that are actually altered.
The patterns main cycle time and each spring’s three parameters all have the same prob52

ability of being chosen for mutation. Their current states are then altered by adding
random values employing a Gaussian function around the mean of 0. The mutation degree value speciﬁes to what extent the parameters are altered by controlling the Gaussian
standard deviation value. The standard deviation for the mutation of the cycle time is
set to 20 ∗ mutation degree, the standard deviation for the mutation of the phase, heat
and slope parameters is set to 10 ∗ mutation degree. Values can increase or decrease
but are constrained to the possible range by the operators. The Gaussian distribution
allows large variations for the exploratory character of early generations while it also
permits the ﬁne tuning of parameters at the end of evolutionary runs.

4.5.3

Fitness evaluation and survival selection

The ﬁtness value that determines the future of every motion pattern is the sum of several
weighted ﬁtness functions.

f itness = w1 ∗motion value+w2 ∗motion continuity+w3 ∗energy usage+w4 ∗cycle time
The motion value indicates the degree of the pattern’s visible physical movements by
applying a motion detection operator. While a new pattern is executed on the robot a
sequence of 12 images is captured by the camera. The motion detection analysis is based
on the comparison of pixel values on two successive time step images. The brightness
for each pixel of the captured images is set to the highest amount of its 8-bit RGB
values. The function calculates the deviation for each pixel by comparing its brightness
with the brightness in the following image. By comparing the deviation to the chosen
threshold value of 40 moving pixels are distinguished from static ones. Noise in the
resulting diﬀerence image is avoided by making the state of a pixel dependent on its
neighboring movement activity. If less than 4 of its 8 neighbor pixels are categorized
as moving a former moving pixels becomes static. By performing the motion detection
operation the software produces 11 diﬀerence images for the 12 monitored time steps
(see Figure 4.10). The motion value of a pattern is retrieved by summing up the amount
of moving pixels in all the diﬀerence images. As the pictures are captured in a 320 times
240 px resolution, the highest possible motion value lies at 320 ∗ 240 ∗ 11 = 844800.
The motion continuity value judges each time steps activity in comparison to the
whole cycle’s average motion. This allows identifying smooth and continuous movements from abrupt and jerky ones. The average motion value is derived by dividing
the main motion value through 11. Each time step’s individual motion value, which
is the sum of moving pixels in its diﬀerence image, is then compared to the average
motion value. The resulting deviations for every time step – which are interpretated in
percentage of the average motion value – are summed up to the motion continuity value.
Low values indicate that the robot remains in a steady rate of change while high values
represent sudden extravagant movements followed by long periods of inactivity. A negatively weighted continuity value in the ﬁtness evaluation makes it possible to steer the
evolution towards uninterrupted movements, while a positive weighted inclusion favors
more broken and jerky actions.
The ﬁtness function that determines the energy usage of each pattern simply adds
up the heating time in seconds for each individual spring element during one activation
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Figure 4.10: The 12 captured images and the 11 processed diﬀerence images of pattern
90 of the evolutionary run 19 frog.

cycle. The summed-up value, multiplied by the demanded 2 A, represents the hypothetical quantity of electrical charge the pattern needs for activation. Maximum current
limits of available power supplies are not taken into account here. A negatively weighted
inclusion of energy usage in the ﬁtness evaluation would favor patterns that achieve high
ﬁtness while employing less energy.
n


energy usage = cycle time ∗

i=1

slopei
heati
∗ (1 −
)
100
100

The option to include the cycle time in the ﬁtness evaluation allows additional inﬂuence on the time character of evolved patterns. The energy usage value already
incorporates the cycle time since solutions with ﬁxed activation patterns compensate
more energy the longer their duration time is. Yet a focus on this ﬁtness value permits steering the evolutionary search towards either faster or slower motion patterns
independent from the amount of energy they are drawing.
The weight values for the individual ﬁtness components were hand-chosen for the
diﬀerent evolutionary runs.
As an unstable ﬁtness landscape is admitted as a steering factor in the evolutionary
run, changing hardware and environmental conditions falsify formerly recorded ﬁtness
results in time. This problem is solved by permitting patterns only a limited lifespan.
By constantly checking the pattern’s date of its last evaluation against the current
generation, the pattern’s age is detected and marked as too old if it exceeds a threshold
of 35. In that case the pattern has to undergo another evaluation procedure and receives
new ﬁtness values.
After the evaluation process the steady state evolution adds the new pattern to the
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parent population. Oﬀspring and parents compete with each other for survival as the
population size has to be reduced to its ﬁxed value of 10. As stochastic methods were
used for the parental selection, the survival selection was chosen to be deterministic. In
a simple truncation action the pattern with the weakest ﬁtness value is extracted from
the ranked population.
The evolutionary run continues autonomously until it is terminated by the human
supervisor based subjective reasons.

4.6
4.6.1

Results
Evolutionary run 03wings

One of the ﬁrst evolutionary runs was conducted to ﬁnd the activation pattern for only
two spring elements. The chosen muscles are antagonistically attached to the robotic
body. By pulling against each other they operate the wing-ﬂapping mechanism of the
robot. By focusing the evolutionary computation on only those two springs clearer
results can be achieved in a shorter time. The direct counteraction between the two elements also visualizes the complex dynamics of SMA metals. The nonlinear temperature
and force-generation relationship of the metal complicate the pattern ﬁnding process.

Figure 4.11: The pair of active antagonistic wing-muscles.

The motion pattern was evolved with population size 10, mutation rate 0.6 and
mutation degree 1.0 until generation 147 over a duration of 18 hours. The cycle time
was initialised with a Gaussian mean value of 60 seconds, and the heating duration for
every spring was initialized with a Gaussian mean value of 12%. The ﬁtness weight
parameters were set to motion value 0.1, motion continuity 0, energy usage -1.0 and
cycle time -1.0.
Figure 4.12 shows the gradually increasing ﬁtness during the process. The local
ﬁtness documents the average ﬁtness values of the active population at every step in
time. The marked best ﬁtness results form a shattered straight line, that receives an
upward push every time a new best performance occurs. As this run didn’t include an
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Figure 4.12: Best and average ﬁtness values over the course of the evolutionary run
03 wings.

age limit for the patterns’ lifetime, no re-evaluation of patterns corrupts the upward
trend in ﬁtness values.

Figure 4.13: The average energy consumption for every spring in the evolutionary run
03 wings.

The random initialization sets the heating times of the springs around a mean value
of 10 percent of the cycle time. As evolution progresses the average values of the two
springs show diﬀerent tendencies. Figure 4.13 shows that the evaluation process quickly
discovers that longer heating periods for spring 1 result in better performances. Whereas
spring 2 only shows a slight increase to about 14 percent during the 147 generations,
spring 1’s heating variable increases to around 35 percent. This result conﬁrms that the
actuation of spring 1 is aﬀected by the rather strong gravitational downward pull of the
connected limb elements. The heavy load demands longer heating times to produce the
necessary force, yet also enables stretching deformation sooner than with less load.
Figure 4.15 documents that the cycle time - plotted as a function over time - doesn’t
necessarily show a trend towards increasing or decreasing values. This might be due
to the low inﬂuence of the cycle time in the ﬁtness evaluation process. The main cycle
times of the longer surviving patterns are located in the area between 60 and 80 seconds.
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Figure 4.14: The average phase diﬀerence between the two springs in the evolutionary
run 03 wings.

During the course of 147 generations the best ﬁtness increasesfrom values around
500 to a top of 4051, which it reaches with pattern 120. Interesting to note is that,
whereas all best performances exhibit non-parallel powering, which is evident in the
average phase diﬀerences (see Figure 4.14), pattern 120 activates both springs at the
same time (see Figure 4.16). The relatively long heating period for spring 1 is paired
with the heating of spring 2 during half of its activation time. The partitioning of current
between the muscles is unknown, so it remains to wonder if despite the control signals
the actual activation might not have occurred at the same time.
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Figure 4.15: Pattern lifetime, ﬁtness, cycle time, motion value, energy consumption and
motion continuity analysis for the evolutionary run 03 wings.
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Figure 4.16: Selection of patterns with the highest performance values over the course
of the evolutionary run 03 wings.
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4.6.2

Evolutionary run 09hips

This evolutionary run was conducted on only the two hip-joint muscles. The motion
patterns were evolved with population size 10, mutation rate 0.5 and mutation degree
1.0 until generation 112 over a duration of 13 hours. The cycle time was initialised with
a Gaussian mean value of 60 seconds, and the heating duration for every spring was
initialized with a Gaussian mean value of 15%. The ﬁtness weight parameters were set
to motion value 0.1, motion continuity -1.0, energy usage -1.0 and cycle time -1.0.

Figure 4.17: Best and average ﬁtness values over the course of the evolutionary run
09 hips.

Figure 4.18: The average energy consumption for every spring in the evolutionary run
09 hips.

Around generation 50 one of the two hip muscles suﬀers damage in the electric
connection and therefore can’t be actuated any more. The injury is very evident in
the development of the evolutionary run. Figure 4.17 shows that the best and local
average ﬁtness values drop signiﬁcantly after the damage occurs. The distance between
the curve’s downward movement and the occurrence of the damage is bound to the
pattern’s life-limit. The age-check value of 35 explains the almost steady values in best
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Figure 4.19: Pattern lifetime, ﬁtness, cycle time, motion value, energy consumption and
motion continuity analysis for the evolutionary run 09 hips.

and average ﬁtness between generations 50 and 80. During those generations the new
reproduced motion patterns are unable to achieve good enough results to be included in
the current population. The pattern lifetime graph in Figure 4.19 indicates this perfectly
with the series of birth-and-immediate-deaths after the incident. After the patterns in
the population are reevaluated due to their high age, their results are worse and the
ﬁtness values for the best and average performances decrease rapidly. The end of the
run shows a slight increase in ﬁtness again as the evolution tries to cope with the loss
of one of the two springs.
Yet as the inﬂuence of the energy consumption on the ﬁtness value is very weak,
the evolution doesn’t discover which of the two springs is malfunctioning. Figure 4.18
shows that the damage doesn’t aﬀect the average heating time of both springs. Starting
from an initial heating time around 15 percent the evolution of the patterns increases
the values to about 25 percent. The cycle time of the patterns increases from the initial
average around 60 to 100 seconds (see Figure 4.19), which supports the evident factor
that longer heating and relaxation times produce higher contraction rates of the springs.
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Figure 4.20: Selection of patterns with the highest performance values over the course
of the evolutionary run 09 hips. Each pattern’s ﬁtness results are listed in consecutive
order.
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4.6.3

Evolutionary run 12hips

This evolutionary run was also conducted on only the two hip-joint muscles. The motion
patterns were evolved with population size 10, mutation rate 0.5 and mutation degree
1.0 until generation 287. The cycle time was initialised with a Gaussian mean value of
60 seconds, and the heating duration for every spring was initialized with a Gaussian
mean value of 20%. The ﬁtness weight parameters were set to motion value 0.15, motion
continuity 0.0, energy usage -9.0 and cycle time 0.0.

Figure 4.21: Best and average ﬁtness values over the course of the evolutionary run
12 hips.

Figure 4.22: The average energy consumption for every spring in the evolutionary run
12 hips.

The results of this run are very much determined by the fact that both of the two
springs were deactivated due to malfunctioning connections. Spring 1 became inactive
around generation 50, and spring 2 after generation 100. This explains the decreasing
tendencies in the ﬁtness graph (Figure 4.21). Figure 4.22 shows that the evolution
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Figure 4.23: Pattern lifetime, ﬁtness, cycle time, motion value, energy consumption and
motion continuity analysis for the evolutionary run 12 hips.

managed to steadily reduce the heating times for the individual springs shortly after
their malfunctioning occurred. This behavior is caused by the negative inﬂuence of
the energy usage value in the ﬁtness evaluation. As the energy usage is determined by
heating duration and cycle time, the average cycle time slowly decreases after generation
100 until it hits a minimum around generation 200 (see Figure 4.23).
In reducing cycle time and heating times the evolutionary computation copes with
the loss of both spring modules. By slowly minimizing those values, the sudden loss
in ﬁtness performance is rectiﬁed and leads to ﬁtness performances values around zero.
This clear coping method is due to the very high inﬂuence of energy usage in the ﬁtness
calculations. A smaller ﬁtness weight for energy usage might have caused delays in the
reduction strategy.
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Figure 4.24: Selection of patterns with the highest performance values over the course
of the evolutionary run 12 hips. Each pattern’s ﬁtness results are listed in consecutive
order.
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4.6.4

Evolutionary run 16hipswings

This evolutionary run focuses on the pattern development for four springs: the opposing
wing muscles and the two hip-joint muscles (see Figure 4.29). The motion patterns
were evolved with population size 10, mutation rate 0.5 and mutation degree 1.0 until
generation 241 over a duration of 22 hours. The cycle time was initialised with a
Gaussian mean value of 60 seconds, and the heating duration for every spring was
initialized with a Gaussian mean value of 20%. The ﬁtness weight parameters were set
to motion value 0.15, motion continuity 0.0, energy usage -9.0 and cycle time 0.0.

Figure 4.25: Best and average ﬁtness values over the course of the evolutionary run
16 hips+wings.

Figure 4.26: The average energy consumption for every spring in the evolutionary run
16 hips+wings.
The starting development of the ﬁtness shows a steady rise in performance values
until it hits a local optima with pattern 91. This solution (see Figure 4.28) activates the
opposing wing muscles alternately which enables the ﬂapping mechanisms of the winglike limb elements. The average energy graph in Figure 4.26 displays that the evolution
quickly discovers the importance of elongated heating of spring 2. From generation 40
onwards the heating of spring 2 is kept quite steadily at values around 30%.
The hip muscles of pattern 91 are powered alternately at about the same heating
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Figure 4.27: Pattern lifetime, ﬁtness, cycle time, motion value, energy consumption and
motion continuity analysis for the evolutionary run 16 hips+wings.

duration. The dynamics of the heating values for the hip muscles shows rather ﬂuctuating behavior during most of the evolutionary run. But beginning around generation
175 both values clearly diverge: whereas the heating values of spring 4 rise to about
30%, the values for spring 3 decrease towards a minimum of almost 0%. The orientation
of the suspended robotic structure causes the hip joint that is actuated by spring 3 to
perform movements almost parallel to the view of the camera. Even though movement
happens in the three dimensional space, the camera is unable to recognize it as such.
Driven by the high negative weight value for energy usage the ﬁtness evaluation tries to
favor solutions that waste less energy. By decreasing the heating values for spring 3, the
evolution ﬁnds a possibility to reduce the energy without losing too much in perceived
motion value.
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Figure 4.28: Selection of patterns with the highest performance values over the course
of the evolutionary run 16 hips+wings. Each pattern’s ﬁtness results are listed in consecutive order.
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Figure 4.29: The six springs on the robotic creature. Springs 1 and 2 are referred to as
wing-muscles, springs 3 and 4 as hip-muscles and springs 5 and 6 as ankle-muscles.

4.6.5

Evolutionary run 18frog

This evolutionary run actuated all the six muscle elements of the robotic creature: two
opposing wing-muscles, two hip-muscles and two ankle-muscles (see Figure 4.29). The
motion patterns were evolved with population size 10, mutation rate 0.3 and mutation
degree 1.0 until generation 416 over a duration of 46 hours. The cycle time was initialised
with a Gaussian mean value of 50 seconds, and the heating duration for every spring
was initialized with a Gaussian mean value of 10%. The ﬁtness weight parameters were
set to motion value 0.15, motion continuity 0.0, energy usage -1.0 and cycle time -2.0.

Figure 4.30: Best and average ﬁtness values over the course of the evolutionary run
18 frog.

Figure 4.26 displays that the heating duration for all the springs starts from their
initialization around values of 10%. Quickly afterwards the values of the diﬀerent springs
diverge. As in the previous runs, the evolution increases the heating duration of spring
2 to allow the wing-ﬂapping mechanism to achieve higher motion values. The average
heating values for both ankle-muscles, spring 5 and 6, bounce between 3 and 7% until
they simultaneously hit a minimum of 0% around generation 240. Even though the
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Figure 4.31: The average energy consumption for every spring in the evolutionary run
18 frog.

energy usage doesn’t play such an important role in the ﬁtness evaluation of this run,
the evolution seems to acknowledge that the ankle-muscles are unable to produce high
motion values and therefore reduces their heating duration.
The activation of hip-muscle 3 produces clearly visible movements perpendicular to
the camera view angle, whereas movements of hip-muscle 4 almost happen in parallel
with the camera view angle. This causes the average heating values for spring 3 to lie –
besides minor exceptions – above the values for spring 4 during almost the entire course
of the evolution (see Figure 4.26).
The relatively long duration of this evolutionary run (416 generations in about 46
hours) does not show noticeable diﬀerences to the results of runs conducted in half the
time. The ﬁtness values rise early to values around 450 and then ﬂuctuate slightly above
or below this value for the rest of the evolution (see Figure 4.25). Only when looking
at the graphs for the patterns’ cycle time and motion value (see Figure 4.27) slight
trends can be recognized. The cycle time of the patterns rises from 50 seconds at the
initialization to about 90 seconds during the last generations. The motion value plotted
as a graph of time also indicates a rising tendency. Even though both values shift over
the course of the evolution, the ﬁtness curve does not react to those changes. Both
developments cancel each other out since the positive ﬁtness weight of motion value
adds, and the negative ﬁtness weight of the cycle time subtracts from the summed-up
ﬁtness value.
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Figure 4.32: Pattern lifetime, ﬁtness, cycle time, motion value, energy consumption and
motion continuity analysis for the evolutionary run 18 frog.
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Figure 4.33: Selection of patterns with the highest performance values over the course
of the evolutionary run 18 frog. Each pattern’s ﬁtness results are listed in consecutive
order.
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4.6.6

Evolutionary run 19frog

This evolutionary run actuated all the six muscle elements of the robotic creature: two
opposing wing-muscles, two hip-muscles and two ankle-muscles (see Figure 4.29). The
motion patterns were evolved with population size 10, mutation rate 0.3 and mutation
degree 0.8 until generation 183 over a duration of 29 hours. The cycle time was initialised
with a Gaussian mean value of 50 seconds, and the heating duration for every spring
was initialized with a Gaussian mean value of 10%. The ﬁtness weight parameters were
set to motion value 0.15, motion continuity -2.0, energy usage 0.0 and cycle time -1.0.

Figure 4.34: Best and average ﬁtness values over the course of the evolutionary run
19 frog.

Figure 4.35: The average energy consumption for every spring in the evolutionary run
19 frog.

This run was conducted as a test to include the motion continuity into the ﬁtness
evaluation process, yet failed as no trend in the movement continuity dynamics was
recognized (see graph in Figure 4.36). This failure is most likely be answered for by the
motion continuity’s rather small-sized ﬁtness weight value of -2.0. A trend that is very
obvious in this evolutionary run, is the rising cycle time value from its initialization
around 50 seconds to as high as 130 seconds around generation 180. The negatively
valued ﬁtness weight of -1.0 for the cycle time does not seem to prevent this steady rise.
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Figure 4.36: Pattern lifetime, ﬁtness, cycle time, motion value, energy consumption and
motion continuity analysis for the evolutionary run 19 frog.

The average energy consumption rises from its initialization value around 10% to about
15% during the evolutionary run. With a ﬁtness weight of 0.0 the usage of energy is not
regarded in the performance evaluation. Figure 4.35 veriﬁes this by displaying several
rising yet not one decreasing heating value for the individual springs.
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Figure 4.37: Selection of patterns with the highest performance values over the course
of the evolutionary run 19 frog. Each pattern’s ﬁtness results are listed in consecutive
order.
75

4.6.7

Evolutionary run 101squid

This evolutionary run conducted on the 10 spring elements of the second robotic creature. The motion patterns were evolved with population size 10, mutation rate 0.3 and
mutation degree 0.8 until generation 183 over a duration of 29 hours. The cycle time
was initialised with a Gaussian mean value of 50 seconds, and the heating duration for
every spring was initialized with a Gaussian mean value of 10%. The ﬁtness weight
parameters were set to motion value 0.1, motion continuity 0.0, energy usage 0.0 and
cycle time 0.0.

Figure 4.38: Best and average ﬁtness values over the course of the evolutionary run
101 squid.

Figure 4.38 displays that the evolution ﬁnd its best performing motion pattern
shortly before generation 50 and after this pattern’s lifetime stepwise decreases without
being able to recover again. This decline in ﬁtness values can only be explained by
possible hardware damage around generation 50. As the motion value is the only inﬂuential value in the this ﬁtness evaluation, the evolution can’t compensate for the loss of
active springs. Whether reduction of heating values nor declining cycle times eﬀect the
performance critic. The graph depicting the patterns ﬁtness values is a scaled replica of
the motion pattern graph (see Figure 4.39).
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Figure 4.39: Pattern lifetime, ﬁtness, cycle time, motion value, energy consumption and
motion continuity analysis for the evolutionary run 101 squid.
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Figure 4.40: Selection of patterns with the highest performance values over the course
of the evolutionary run 101 squid. Each pattern’s ﬁtness results are listed in consecutive
order.
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4.7

Discussion

After conducting several evolutionary runs on two diﬀerent robotic creatures, it becomes
obvious that the evaluation process is not sophisticated enough to successfully inﬂuence
the development of the motion patterns. The two-dimensional perception of the monitoring video camera and a mere focus on motion detection doesn’t allow identiﬁcation
of individual joint movements. The overall motion of the whole creature is summed together and this makes it impossible to distinguish if the resulting motion originates from
active or passive relocation. Movements of single limb elements change the whole robot’s
center of weight and therefore cause balancing movements of the whole suspended structure. As changes in form cause dynamic changes in orientation, compensating rotation
movements cause a high motion detection value in the image analysis process. This
trend is visible in the evolution’s preference for muscle elements that are located at the
center instead of at the boundaries of the limb-network. Actuated joints that move
their own and additional adjacent limbs, can cause more movement than joints that are
located at the lower end of limb-combinations. The hip-muscles of the robotic structure
are able to move the whole leg-element, whereas the ankle-muscles only aﬀect the lowest
component.
The ﬂuctuations in hardware dynamics and environmental conditions that were
meant to supply the unstable ﬁtness landscape were mainly caused by defective electronic connections. The Nitinol springs were connected with wires to the electric current
supply. To keep the whole system easily demountable and exchangeable the wires were
soldered to staples which – formed as hooks – were loosely attached to the springs. Even
though the metal connection was constantly given, the conductivity of the diﬀerent materials in series seemed to suﬀer. Several springs tended to become inactive during long
24-hour-runs and could be reactivated by slightly shifting the hooks on the springs. This
instability was not intended yet served as good steering material for the evolutionary
computation. If the ﬁtness weight values of the evaluation function were set accordingly,
the evolution was able to detect which springs were inactive and to compensate for this
errors.
Despite some minor occasions, where the soldering connection between staple and
wire broke, the hardware body of the robots was considerably stable. Fluctuations in
the environmental conditions, like changes in temperature or the energy supply were not
striking enough to noticeably inﬂuence the developments. Slight temperature changes
might have occurred during the day-and-night shift, yet didn’t cause any obvious eﬀects.
The long duration of the evolutionary runs and the relatively unstable ﬁtness landscape made it impossible to successfully compare the steering factor of diﬀerent ﬁtness
weights or diﬀerent evolutionary strategies. The defectiveness of the springs’ electric
connections became the main inﬂuence in the evolution’s development. As it was impossible to replicate the same conditions for another evolutionary run with slightly
diﬀerent parameters, it was impossible to judge the chosen setup criteria. Less timeintensive processes might have given the opportunity to try out diﬀerent reproduction
mechanisms or selection methods. The eﬀects of diﬀerent ﬁtness weight values could
have been tested more accurately. But the need for the evolutions to run over periods of
more than 15 to 25 hours diminished those attempts considerably. It might have been
possible to compare diﬀerent strategies, if the control software would have been designed
to evolve two separate populations simultaneously. This would have allowed to slightly
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alter the two population’s reproduction and evaluation methods while it would at the
same time have ascertained that the robot’s hardware conditions were similar in both
runs.
Depending on the weight of the diﬀerent ﬁtness criteria, the evolution transformed
the motion patterns into solutions that appeared to be the most successful ones. Those
solutions were not necessarily the same a human designer would have chosen. The twodimensional view of the camera excluded for example movements that acted in parallel
direction with the viewing angle of the lens. This made the evolution disregard the
importance of certain joint movements. If the inﬂuence of the energy usage was high
enough in the ﬁtness evaluation, the evolution was partially able to discover this waste
of energy and reduce the speciﬁc spring heating times. Yet this eﬀect was only possible
if the number of active springs was kept low.
Mostly driven by the randomness in the mutation function the parameters of the
patterns ﬂuctuated during the run. If patterns for more than 4 springs were evolved,
the evolution usually wasn’t able to successfully distinguish the impacts of the individual springs. The more springs were employed the more complex the cause-and-action
relationship of activation and movement became and the less obvious trends could be
recognized in pattern design. This missing talent of coping with higher complexity can
maybe be explained with the too small population size, the too high mutation rates
and the too short evolutionary runs. If it would be possible to run the evolution over
1000 generations, then ﬁne-tuning in smaller steps would possibly enable the discovery
of more successful solutions. Yet the long time-requirements for the evaluation of this
particular robotic creatures and the instabilities of the ﬁtness landscape do not enable
evolutionary runs over so many generations. The instabilities in the ﬁtness landscape
and the corresponding responses of the evolutionary steering give the impression that
the environmental and hardware conditions change too fast while the evolution has no
chance to catch up.
When comparing the ﬁtness result dynamics of the several tests, it can be derived
that the evolution was almost always able to ﬁnd a local sub-optima only after about
50 generations. This quite good start-up behavior is achieved by the diversity in the
randomly initiated start population. Quickly selecting more successful patterns the
evolution focuses on their ﬁne-tuning and gains better ﬁtness results in small steps. After
this ﬁrst steady increase in the average performances the development rather seems to
freeze. First hardware damages lead to the loss of possible movability and the necessary
re-evaluation of patterns leads to a drop in the best ﬁtness values. The dynamic behavior
of most evolutionary runs after generation 50 can be seen as a fractured up-and-down
development. Even though the Gaussian mutation function allows large diversity in the
reproduced patterns, this element of randomness doesn’t input enough variability in the
evolutionary run. The most successful development was seen in the evolutionary run
12 hips that suﬀered the damage of both of its spring elements. The highly weighted
inﬂuence of the wasted energy made the evolution choose a clear strategy on how to
cope with the hardware loss.
Even though most evolutions didn’t necessarily produce highly representable results
in terms of evolutionary strategies, they still succeeded in creating diﬀerent rhythmic
motion behaviors. In the real-time exhibition setup the movements of the robotic creatures emphasize more the slowness and noiselessness of the SMA springs, whereas speeding up the recorded movements digitally underlines the individual characteristics of the
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repetitive rhythmic actions. Displaying cycle times of 60 seconds as a 3 seconds loop,
transforms the former abstract limb actuations into associative ﬂapping, hopping or
walking behaviors. The time lapse videos allow to recognize the ﬁne distinctions between the individual patterns much better and create much higher mimesis eﬀects in
the mind of the viewer. The creatures suddenly become animals performing locomotion
techniques in free air and draw associative character traits like jerkiness or jumpiness.

Figure 4.41: Pictures of the exhibition setup.

The mentioned evolutionary runs were ﬁrst conducted in a private setup and then
as part of an exhibition piece within a degree show. The setup of the project in the
exhibition space consisted of two working robotic creatures hanging suspended from
the ceiling. One of the robots demonstrated a before evolved motion pattern while the
other one was part of the live ongoing evolutionary process. A video camera faced the
selected robot that was hanging in front of an illuminated wall and transmitted data to
a computing unit placed underneath it. To avoid interferences in the ﬁtness evaluation,
the area underneath the camera’s viewing angle was locked from visitors. It was still
possible to stand close by the robotic structure, yet the viewers were not able to actually
touch them or step in front of the camera image. The wall behind the robotic structure
was lit up by a set of lamps and drew the focus – in the otherwise rather dark room
– onto the performing robot. The computer displayed an explanatory screen showing
the progression of the evolutionary process. The software informed the viewer about
the current state of the evolutionary run – if the pattern was currently reproduced,
pre-run, recorded or analyzed – and further displayed the motion patterns individual
characteristics in form of gait graphs, image sequences and analysis values.
When entering the separate room, the visitors were given two alternatives on how to
approach the art work. One drew the focus on the visual aesthetics of the slowly moving
skeletons, whereas the other emphasizes the invisible process of the ongoing evolutionary
computation. The two approaches can be connected to the two extremes that led to
Burnham’s distinction of systems aesthetics: objectiﬁcation versus de-objectiﬁcation of
art. The hypnotizing rhythmic movements of the robots draw the visitor into a slowmotion world, where simple emotional responses replace curiosity. In this sense the
work can be related to kinetic art sculptures that give inanimate elements a whole new
layer of perception. The viewer is asked to pay continuous attention to the continuous
transformation that happens in front of him. He can only acknowledge the art work’s
essence if he is willing to spend a certain amount of time observing it. In it’s quality
as kinetic art object the work proﬁts from the noiseless and elastic activation of the
wooden skeletons. As the slow and minimal motions demand the visitor’s concentrated
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attention the noiselessness provokes uncanny sensations. Mimesis produces associations
to animal behavior and transforms the wooden object into a living creature.
Acknowledgment of the evolutionary computation that is conducted during the exhibition time gives the visitors the opportunity to perceive the art piece as more than
visible objects. The hidden processes that control the moving robotic creatures are
visualized on the computer screen and mentioned in the accompanying work description. The long time durations of the evolutionary runs make it impossible for visitors
to witness actual developments in the dynamics of the changing motion patterns. The
art piece presents the visitors a temporal window into a long lasting process. Only if
following the displayed information on the screen for more than 10 minutes, the visitor
is able to consciously experience the handling of one motion pattern through all its step
of reproduction, execution and analysis. This shifts the awareness on the underlying
dynamics behind the robot-camera-computer setup.
As the project employs the techniques of artiﬁcial evolution in an embodied setup, it
tries to bridge between artiﬁcial life art in the digital domain and in robotics. The evolution of movements and motion patterns has been the subject of projects like Strandbeests
(Janssen, 2007) or Evolving Virtual Creatures (Sims, 1994a), yet the actual evolutionary
process has always been conducted in physical-world simulation programs. Embodied
evolutions are yet rarely carried out in artiﬁcial life art and are more common in the
evolutionary robotics discipline. Even though actual reproduction and mutation techniques are only applied to the control software of the moving robots, the robotic body
and all its constraints and instabilities become the main carrier of the evolutionary focus. The defectiveness of the electric connections and the impossibility to perform in a
consistent manner introduce involuntary damage and noise into the world of else ﬂawless
computation. The simple evolutionary process becomes the victim of real-life messiness.
It suﬀers primarily from the limited monitoring qualities of the camera device and the
too-simple methods behind the image analysis procedure. The pure information about
the robot’s movements is ﬁltered and distorted by the eye of the camera. This imperfection leads to behaviors that can be perceived as cheating, when the evolution presents
solutions that might satisfy the program’s ﬁtness evaluation yet not the human inspector. Here the system reaches a certain degree of autonomy from the human intentions
that guided the design of the evolutionary framework. Departing from its foreseen path
the system escapes into its own world of logic.
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Chapter 5

Conclusions
The art work Spinal Rhythms investigates the qualities and dynamics of physical movement performed by inanimate shapes. Abstract wooden stick ﬁgures are actuated by
elastic shape memory alloy springs. The slow and noiseless movements of the skeletons
diﬀer from robotic’s typical hardware characteristics and demand concentrated attention from the viewer. At a simple emotional level the movements are identiﬁed as a sign
of liveliness.
The visible movements are also the subject of an evolutionary computation process
that controls the robotic performance. Motor patterns and their eﬀects are governed by
the robotic body’s possibilities and constraints. The system investigates the sensitive
dynamics between software, hardware and environment by repetitively mutating and
evaluating the actuation signals for the robotic muscles. The autonomous process uses
image analysis to grade the performance of motion patterns according to a ﬁxed set of
ﬁtness functions. It attempts to ﬁnd activation patterns that produce more movement
while consuming less energy. The fault-prone hardware-body of the robot and changing
environmental conditions create an unstable ﬁtness landscape that demands continuous
adaptation of the patterns. Trained in an autonomous loop without human supervision
the robot is granted a certain awareness of its own body.
A series of evolutionary runs have been conducted and partially show successful
development towards higher ﬁtness performances. Yet the long time-requirements for
conducting the tests largely inhibit experimental investigations on diﬀerent evolutionary
strategies. More carefully designed selection and reproduction mechanisms and better
tuned setup parameters might have improved the obtained results.
The project combines the three major trends on how to achieve better and more
eﬃcient locomotion in robotics: artiﬁcial muscles, biomimetic design and evolutionary
computation.
The employed shape memory alloy springs provide interesting qualities that resemble the multifunctionality of biological muscles. The springs are primarily used as linear
motors, but their elasticity also qualiﬁes them as brakes, shock absorbers or storers of
potential energy. Their stepless and noiseless transformation ability adds aesthetic qualities to the robotic performance that are unusual for typical electric motor actuators.
Yet their high energy consumption and low actuation speed puts constraints on their usage in robotics. Nonetheless represent shape memory alloy metals an omnipresent trend
towards more organic and more hidden technologies. Ongoing research on electroactive
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polymers shows promising results in this direction and might lead to more successful
artiﬁcial muscle emulations.
By designing the motion patterns in the style of central pattern generators, the
project incorporates the trend of biomimetics to copy structures and processes from
nature. The process is kept simple since the motion control occurs without any sensory
or internal feedback. This attempt to reduce complexity allows the focus onto the
few characterizing parameters that deﬁne a motion pattern. Yet the results testify the
evolution’s increasing loss of control when it has to deal with large search spaces. Runs
conducted on patterns consisting only of a few muscle elements show noticeable rising
trends whereas patterns with many muscle elements diverge into unclear and random
behavior. It becomes clear that true intelligent behavior can only result from a codevelopment of body and control. Growth mechanisms and higher modularity would
allow stepwise improvements in an incremental evolution, yet technological constraints
still limit the implementation of those ideas in a hardware domain.
Spinal Rhythms tries to merge the here-and-now eﬀect of hardware robotics with
the artiﬁcial life evolution strategies employed in digital simulations. But obvious nonautonomy and the restrictions in spacial dislocation of the robots indicate the compromise that has to be made when attempting to recreate life’s characteristics in robotic
art. Hardware constraints demand a simpliﬁcation of incorporated characteristics and a
choice between interactive behavior and evolutionary dynamics. Combinations of both
mostly cost a tradeoﬀ in the degree of interactivity or the capabilities of the artiﬁcial
evolution. The time component of Spinal Rhythms’ evolution required to disregard human interaction in the presented art work since it would have corrupted the evaluation
process and so caused disturbances in the long run.

5.1

Contributions

This thesis proposes the use of evolutionary algorithms to deal with the instabilities
in the behavior of SMA springs. The metal’s dependency on environmental temperature conditions and its tendency to slowly wear-out after long-lasting activations cause
variability in its behavior dynamics. In order to reach maximum displacement and maximum force generation the heating and relaxation timespans for rhythmic activations of
SMA have to be set accurately. This research documents the procedure of embodied
evolution to adapt these values according to changing hardware and environmental conditions. Embodied evolution is favored over a digital simulation due to the sensitive and
not always predictable dynamics of SMA behavior.
The project presents a solution on how to bridge the gap between digital and robotic
artiﬁcial life art. It introduces the shaping power of evolutionary systems – widely
employed in digital artiﬁcial life – into a real-world setup full of complex dynamics and
unpredictable conditions. The crucial diﬀerences between digital and analog worlds –
constituted in the messiness and unpredictability of real life – are emphasized instead
of being inhibited. Ever changing conditions that force constant adaptation are the
basis for hardware artiﬁcial life. Escaping the determinism of the digital domain, the
complexity of real life serves as nourishment for a true step towards the emergence of
awareness in machine intelligence.
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5.2

Future Research

The project Spinal Rhythms represents interesting tendencies in the development of
artiﬁcial life art, robotics and biomimetics. In its interdisciplinarity it draws from the
ongoing accomplishments in a variety of disciplines and therefore proposes many possible
future advancements of the current setup.
Further development of the projects’ core ideas would demand a more intensive study
of possible evolutionary strategies. Diﬀerent selection methods, crossover or mutation
operators should be tested and compared to allow a reasonable choice. Performing a
multitude of runs with diﬀerent parameter setting for ﬁtness weights or mutation degrees
should allow better recognition of the driving forces behind evolutionary developments.
A possible reduction in evolution-duration might be achieved with the setup of the
robots in an cooled environment.
In its attempt to illustrate the constraints of machines the evaluation operation,
that is based on the monitoring behavior of a video camera, succeeds by introducing
downsizing and distortion of information into the else ﬂawless computation process. It
serves the purpose of the artistic interpretation on machine imperfections, yet counteracts the achievements of the evolutionary computation. Results much truer to the
body-control-dynamics would be accomplished if the needed evaluation feedback would
originate from the robotic body itself. This could be achieved by employing stretch
sensors into the hardware design. As stretch sensors inside of biological muscles the
electric components would be able to constantly report the current physical condition
of the corresponding muscle. As an alternative or an addition rotation sensors could be
included in the mechanical joint design of the robotic structure. The inclusion of both
sensors would demand a more sophisticated hardware design since they add additional
weight and additional wire connections to the rather light-weight robots. Yet the more
accurate monitoring possibilities would simplify the evolutionary computation process.
Instead of taking the whole body’s motion as feedback, each muscles’ activation pattern could be evolved independently by relating only to the values obtained from its
connected sensors. Evolution would produce successful results faster and that would
make it possible to closer investigate the dynamics of diﬀerent phase-relations in a gait’s
patterns. Presentations of the work in an exhibition setup would allow to hide the governing computation unit and emphasize on the performing robot itself. Since no longer
restricted by the camera view, the robot could be approached by visitors from every
angle without causing disturbances in the evaluation process.
Improvements in the mechanical design of limbs and joints would allow wider rotation degrees and therefore more overall movement dynamics. A revision of the robots’
mechanical design would also allow the introduction of modularity into the system. A
certain modularity is now achieved by the variable placement of the tension-giving SMA
and metal springs. Yet the robotic structure itself is given from the start. By constructing individual limb modules that can easily be connected and disconnected from
each other, the main morphology of the robot can become subject of the evolutionary
development as well. The possibility to reconﬁgure the structure of the robot during the
evolutionary adaption process, enables the performance of a truer incremental evolution.
A real co-development of body and control software could be achieved by the addition
of new limb modules.
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Instead of constructing the robotic bodies out of wood and metal and just granting
the muscle elements elasticity, the whole structure could be manufactured out of compliant materials. The possible use of shape decomposition methods would add additional
variability in the construction process. In becoming more soft and ﬂexible the robots
would underline the merge of biology and technology.
In its focus on biomimetic ideas SMA metals serve now as adequate muscle emulations for the project. Success in the development of eﬃcient and easy-to-handle
EAP products might provide a future alternative. Those polymers promise a greater
force-potential and could free the robotic sculptures from their untouchable position
in suspension. Equipped with muscles that generate enough force to lift the whole
robot against opposing forces, true locomotion and displacement on the ground could
be achieved.
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