Ch. 7.2 Kennedy, Melhuish and Adamatzky FINAL 11/06/00

Chapter 7.2 Biologically Inspired Robots

Brett Kennedy
Jet Propulsion Laboratory, Caltech, M.S. 82-105
4800 Oak Grove Dr., Pasadena, CA 90740, 818- 354-6444
bkennedy @helios.jpl.nasa.gov
and
Chris Mehuish and Andrew Adamatzky
Intdligent Autonomous Systems Lab, University of the West of England,
Frenchay Campus, Coldharbour Lane, Bristol BS16 1QY, United Kingdom
{ chrismdhuish, andrew.adamatzky } @uwe.ac.uk

7.2.1  INTRODUCTION.....ciiiiiiiiiieeiiieesiteeesiteeesteeessteeesseeesseeessseeessseeessseeessseesssseesssseesnsseeans 1
7.2.2 BIOLOGICALLY INSPIRED MECHANISVMISAND ROBOTS. .......c.cooiiieeiiieeiieeesiree e 2
7.2.3 ASPECTSOF ROBOTIC DESIGN......ccciiiiiiiiiiiiie ittt 2
7.23.1 Actuation: Designing RODOtS With MUSCIES ..........uceiiiiiiiiiiii e 3
7.23.2 Plant: The Effects of EAP on Dynamic System ReSPONSE.........covivveeiiieeiiieeeiieeennee 5
7.2.3.3 Sensors: The Information for Feedback Control.............coovveviiieiiieniiiie e 7
7.2.34 Low-Leve Control: Making Active Polymers Do what You Want............ccccceeeeeenn. 8
7.2.4 ACTIVE POLYMER ACTUATORSIN A TRADITIONAL ROBOTIC SYSTEM ................. 11
7.2.5 USNG RAPID PROTOTYPING METHODS FOR INTEGRATED DESGN.................... 12
7.2.6 EVOLUTIONARY DESIGN ALGORITHMS (GENETIC ALGORITHM DESGN)............ 14
7.2.7 EAP ACTUATORSIN HIGHLY INTEGRATED MICRO-ROBOTSDESGN.................... 18
7.27.1  Control of Micro-RODOL GrOUPS......ccovvieiiiieiiiiesiee ettt 18
7.2.7.2  Unconventional Locomotion Controllers for Micro-Robots.............ccccvevvciieeeecinneen. 19
7.27.3 Micro-EAP ‘Integrated’ Robot: A Case Study of a Phototactic System..................... 27
7.2.8 SOLVING THE POWER PROBLEM — TOWARD ENERGETIC AUTONOMY................. 29
7.2.9 THE FUTURE OF ACTIVE POLYMER ACTUATORSAND ROBOTS.........cccceeeriveesnnnen. 30
7.2.10 REFERENCES........coctti ittt ettt st tee et e et e e nnae e snae e s nnneeenaeeenneeas 31

7.21 INTRODUCTION

In a very red way, EAP and its related active polymer technologies such as McKibben
actuators (and SMA to some extent) represent a sea change in humanity’s technology. Since the
beginning of the indudria age, our technology has been, by and large, a hard technology. The
ladbd “hard” is literdly true from the dandpoint of maerids and systems. Structures tend to
bresk rather than bend and systems tend to fal rather than degrade gracefully. Systems and
dructures tend to be divided physicaly and conceptudly into discrete dements. EAP and its
brethren, however, are undeniably “soft”. Moreover, they are soft in terms of sysem control as
much asin materid properties.

As gpplied to robotics, the promise of EAP and “muscle-like’ actuators lies on two mgor
fronts. Firs, as the moniker “muscle-like’ suggests, these actuators will make possble robotic
sysems that more closaly resemble biologicd sysems This resemblance extends not only to the
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physica sructure of the system, but dso to the dynamics, control, programming, and, ultimately,
use of these sysems. As humans have much more varied gods than does Nature itsdf, the
biologicd sysems should aso inspire designs that expand the use of muscle actuators beyond
the applications to be found in Nature. Second, muscle actuator technology joins MEMS as a
tool for the redization of so-cdled smart structures. One can easily concelve of robots for which
dructure, actuation, and sensng are o tightly interwoven as to be one system. With the progress
in computing power, such smart structures could be the bass for robots tat are flexible, both in
form and function.

7.2.2 BIOLOGICALLY INSPIRED MECHANISMS AND ROBOTS

When we firg contemplate the application of muscle actuators to robotics, our inginctive
reaction is to visudize the creation of direct andogs of the crestures around us, home security is
handled by a robotic dog, deep sea exploration is performed by robotic dolphins, and so on.
Indeed, a humaniform robot is probably the most easly concelved form of robotics in popular
thought. Such bio-mimicry (biomimetics) may have a place in some dtudations, notably
entertainment robotics, but good scientists and engineers must be somewhat more careful in the
goplication of Naure's desgns. Three important points must be remembered when looking a
Nature for ingtruction. One, Nature's technology is not yet our technology, nor its materias our
materids, though muscle actuators have brought us closer. Two, Nature has a very different set
of success criteria for its designs than we do for ours. Its creations have different jobs, different
environments, and different cogt functions to optimize. Third, Nature is not perfect. Though
Dawin's pargphrased principa of “survivd of the fittetx” has borne itsdf out over the last
century and a hdf, that “fittes” design is derived directly from an exising desgn and is only
measured againg other designs that have adready been built. Human invention is only limited by
our own vison and can be optimized relaive to dl potentid designs. Those cavedts dated,
Nature remains an admirable teacher.

7.2.3 ASPECTSOF ROBOTIC DESIGN

The desgn of robotic sysems is paticulaly chdlenging due to the breadth of
engineering expertise required. In generd, a robot may be represented schematically as shown in
Figure 1. In brief, the “Outsde Control” box refers to any off-board tele-operator, whether it is a
computer or a human. Robots can be crested without this component or the following
“Communications’ component, which represents whatever means the robot, has to pass and
receive informetion. Communications can be as smple as a tether cable or as complex as
NASA’'s Deep Space Network of large dish radio transmitters. Presiding over the control of the
robot is “High-Levd Control”, which takes in objectives from the outsde (if any) as wdl as
internd objectives, compares those to the information provided by the sensors (“Sensors’), and
then issues objectives to “Low-Levd Control”. Examples of high-level objectives are
navigationd imperatives, or data collection routines, or manipulation directives. The needs of
these objectives are trandated by high-level control into specific needs for individua actuators,
primarily related to motion (postion, speed, etc...). Low-level control represents the hardware
and <oftware directly responsible for producing the excitaion sgnd (usudly some form of
energy from the “Power” source) to the system actuators (“Actuators’). Agan, information from
the sensors is compared to the desired god, and the appropriate stimulus is fed to the actuators.
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The actuators, in turn, act on the “Pant”, which is a cachdl name for the system, whose
dynamics and datics the controllers seek to modify. In generd, the “Plant” refers to the
mechanical components of a robot. However, it could just as easly refer to a chemicd solution, a
magnetic fidd, or any other of a myriad of other physcd sysems. These components will be
discussad in greater detall in the following sections.

7.2.3.1 Actuation: Designing Robots with Muscles

While the concept of EAP as muscle has been discussed in the abgtract, it is useful to
look what a “musclé’ might mean to a design engineer. In essence, a muscle is a linear
displacement actuator. The closest andogs in generd use would be pneumatic or hydraulic
cylinders. These actuators are the indisputeble champions of high force applications (think
Caerpillar  equipment). The only other common solutions involve trandating rotationd
displacement from a motor into linear motion through the use of cables and pulleys. However, if
high force is not needed and smplicity is a requirement, muscle actuators may be an gppropriate
subdtitute. In fact, they offer severa advantages over traditiona actuation methods.

FIGURE 1. Schemdtic diagram of a generic control system showing informetion flow

As implied, the low moving-pat count plays a dgnificant role. Outdoing even the
amplidty of a two-piece hydraulic actuator (pison and cylinder), one-piece muscle actuators
have no surfaces that dide relative to one another. This attribute should @rrespond to an increase
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in reiability by reducing the potentid for wear and binding. When measured againg rotary-to-
linear technologies, this aspect achieves a greater sSgnificance. Not only is wear reduced, but
force loss due to friction (mechanica efficiency) is aso reduced. Depending on actud desgn,
there need not be any mechanicd loss in a muscle actuator system, while mechanica loss is
inherent in any actuator tha relies on some type of trangmission, as a rotary-to-linear actuator
musg.

More interestingly, and with a grester impact on the overdl shape of the product, the
displacement of the actuator does not have to occur dong the same line of action as the part
being actuated due to the flexible nature of the materid. In other words, the main body of the
actuator can be located around a corner from the part on which it acts (Figure 2). To jump ahead
in the discusson, this characteridtic can be seen in the muscles of the human forearm acting to
control the flexion and extenson of the fingers. That example aso shows that when it becomes
necessyy to trandate liner motion to rotary (muscle contraction to joint rotation), the
mechanism need only be the attachment of the muscle to a lever arm about the joint. And, again,
the actuator need not form astraight line from anchor to lever arm pivot.

Offset Actuator e

FIGURE 2 A schematic view of an am driven by a pair of actuators emulaing the operation of
muscles.

One mgor difference between mogt common actuators and muscle-like actuators is that
muscles have a preferred direction of actuation (i.e, contraction). Therefore, like in animds,
joints in muscle-powered robots must have an antagonistic arrangement of actuators. This
arangement is shown in Fgures 3. Smply, if a muscle (the agonist) moves a part, something
(the antagonist), usudly another muscle or a spring, must move that part back. In specia cases,
the force on the pat imparted by gravity can dso be used. Usng a soring as the antagonist
provides the smplest solution because only one atuator is needed. However, a spring-antagonist
can be undesrable for power and mass considerations. The added demands are due to the fact
that the actuator must work againgt the spring in addition to exerting the necessxry on the
environment. That extra force generation may require a larger actuator than otherwise necessary,
with the attendant increase in power use. Of course, any restorative force inherent to the actuator
can mitigate the design impact of the ring.
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The musde-antagonist requires the added complexity and mass of an entire actuator.
However, the power requirements are lower due to the fact that only one of the actuators is
activated a a time, providing only the force necessary to impart on the environment. Other
advantages dso come out of a musde-muscle arrangement, and they will be discussed in the
following section.

FIGURE 3. Schematic view of the aticulaion of an am usng a par of muscles
in an antagonigtic arrangement.

7.2.3.2 Plant: The Effects of EAP on Dynamic System Response

Perhaps the least obvious influence of muscle actuators on systems design is how they
affect the nature of dynamic control. In the Introduction, the syslem controls for active polymers
were referred to as being potentidly “soft”. This assartion is based both on the actuator's
mechanicd materia properties as wedl as the response of the maerids to ther particular
actuation gimulus. Unlike the manner tha dynamicdly “diff” actuators ae trested, muscle
actuators properties encourage their being treated as part of the Structure.

Active polymers present an interesting materiad due to their combination of low spring
rate relative to metds and their passve viscous (speed dependant) damping. In generd, a
controllable system must have some level of damping. Due to the low inherent damping of metd
gructures, dassc sysems will normdly include a shock absorber to damp out unwanted motion
or vibration imparted by the environment (think of your car). In the case of polymers, the shock
absorber is bult directly into the actuator (another reduction in part count!). In addition, the low
goring rate dlows the actuator to dretch in response to outsde influences, storing energy that
would have been otherwise imparted to the dtructure. In essence, active polymers can be thought
of as a method of driving the whedls of your hypotheticad car and providing the suspenson as
well, dl in one package. If a computer is driving this car dong a defined direction, it will have to
react less often and less dramaticdly to the effect of potholes to keep the car going draight. This
benefit in turn means that the computer doesn't have to think as fast (processor speed) or expend
as much energy. If the example were instead a walking robot, its body would tend to move dong
adraight line despite the fact that its feet periodicaly sstumbled on obstacles.

The springiness of polymers may provide another benefit. Animas have been shown to
dore energy in therr actuation sysems during certain phases of their motion, only to release it
condructively in a later phase. In this way, energy that would have to be otherwise disspated can
be stored and then used to the benefit of the system, resulting in a greater overdl efficiency. This
concept is particularly well illustrated by the energy states of any running animdl.
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The materids from which polymer-based muscle actuators are made have another major
mechanica difference from those of traditiona technologies. They are inherently less dense than
the generdly metdlic dructures of what is commonly used. That aspect gives promise of
radicaly lighter designs, leading to less inertia, which plays a dsgnificant role in the action of the
control sysem. If the overal system is lighter, less energy is needed to change speed ad
direction, not to mention the decrease internd forces and dresses due to relatively smaler
actuation forces.

Potentidly one of the mogt innovative arees for system dynamics is the taloring of
sysdem dgiffness with the antagonistic muscle arangemert. The previous section indicated that
activating only one actuator a a time could minimize power consumption. However, there are
some sgnificant advantages to having both muscles active a the same time. Some polymers
have demondrated a correation between excitation dgnd and actuator giffness. This would
imply that the muscle actuators could be used as variable springs.

FIGURE 4: Schematic view of an arm in arest pogtion.

The schemdic in Fgure 5 provides an idedizaion of the antagonistic arangement is
shown in Figure 4.

KT K2
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FIGURE 5: A mass with opposing springs representing the case of antagonistic muscle
arrangement.
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The upper view in Fgure 5 represents the syssem a equilibrium without any outsde
force. Each actuator is symbolized by a tensgon spring dement with siffness K. The lower view
represents the same system that has been displaced Dx due to an outside force F.

A force balance for the first case yields:

0=K X, - KX,
A force balance for the second case yields:
o-Kl-(xl+ Dx) - KZ-(XZ— Dx} -F
Rearranging:
O=(Kl-xl— Kz-xz) + (K1+ KZ)-DX— F
Given that the syster was at equilibrium before force was applied,

E
K1+K2

Dx=

This equation supports the common sense notion that the differ the actuators, the more
difficult it is for an outdde force to disturb the sysem a given disgplacement. To illugrate the
importance of this concept, think of the human arm. In its diffened date, it provides an effective
battering ram for a footbdl player's “cold-am shiver”. However, with antagonigic pars of
muscles relaxed, the am can clean ddicate crysd glasses with a cloth. The concept of variable
gystem dtiffness can aso be cast as a type of force control, which will be explored in the section
on low-leve contral.

7.2.3.3 Sensors: The Information for Feedback Control

As is implied by the term “feedback control”, sendng is extremey important to
controlled systems. However, effective direct sendng may be more difficult for muscle-like
actuators due to ther more flexible morphologies. Most methods in common use ae not
goplicable. Traditionad motors and pistons are very convenient to monitor with encoders or
potentiometers (to name two of the most common) because their areas and modes of motion are
diginctly defined. For ingance, rotary motors will have a shaft of some type to which a rotary
encoder can be mounted. The amount of bend or extent of contraction/expanson in an active
polymer is difficult to determine except for specid cases. An example of such a case would be a
contracting actuator that had a single line of action. It could be trested in the same way as a
piston, the displacement determined with alinear encoder or potentiometer.

One possble direct measurement method would be the incorporation of strain gauges
within the actuator. The effectiveness of such a sysem would be highly dependant on the
materid properties and the fixturing of the actuator because the drain in the vicinity of gauge
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must be a good indication of the strain throughout the actuator. Any large discontinuities in strain
would create unacceptable errors in measurement.

The sensng for feedback control of active polymers may have to be taken from
secondary sources that are more eesly monitored accuratdly. This technique would require
examining the entire actuated system for points that are amenable to current sensng methods. A
case in point would be our hypothetica rotationa joint from Figure 4. Rather than looking a the
contraction of the actuators, the rotation of the joint could be measured with an encoder or
potentiometer. Such a sysem of indirect measurement may prove a problem the less
mechanicaly coupled the point of measurement is to the actuator. Lags in the response of the
measured output from the actuator input may result in an unstable system.

When the desred feedback is force rather than displacement or its derivatives, the
problem of output monitoring becomes somewhat less problematic. If norma methods of
implementing force control are employed, the system need only strain gauges in the structure or
load cdls a the anchor points of the actuators. However, the antagonistic muscle arrangement
mentioned above offers another path. Assuming that actuator giffness is wel corrdated to
excitation sgnd, a paticular contact force profile could be maintained without any feedback. In
fact, if polymer technology alows talloring of diffness response, it may be possble to create
non-Hookian spring force responses, including congtant force regardless of displacement.

error | excitation . output

setpoint +
A

sensory
feedback

FIGURE 6: Schematic diagram of control system

7.2.3.4 LowLeved Control: Making Active Polymers Do what You Want

As the prdiminay characterization experiments have shown (See Chepter 4.1),
electroactive polymers tend to demondrate a nortlinear corrdation between input and output.
This condition causes complication in the techniques that can be used to accurately control these
actuators. While no sysem that exists beyond the most primitive of experiments can be sad to
be drictly linear, those mechanisms that use @mmon actuators can usudly be gpproximated as a
liner sysem. As a system moves away from linearity, classc control methods dart to bresk
down, and the system becomes inaccurate or unstable
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A short primer on dassic control may be useful a this point. Conddering a system
composed of only the actuator and using smple negative feedback control, the block diagram
will look like Figure 6. Assuming that the system is being controlled for displacement, the set-
point is the desred postion, the excitation might be the voltage level applied to the actuator, the
output is the true displacement, and the sensory feedback is the measured displacement. The
error, on which the control law operates, is, not surprisngly, the difference between the set-point
and the measured output. The Plant and Sensing have dready been discussed, though it should
be noted that this diagram differs from Figure 6 in that the Plant and Actuator blocks have been
combined because the example system is limited to control of the actuator itsdf. The Control
Law block represents the mathematica equation that relates the error to the excitation sgnd.
Mogt commonly, (over 90% of ingdled indudgtria control sysems) the equation used is the
Proportiona Integra Derivative equation. As the name suggedts, the excdtation sgnd is the sum
of the multiple of the error, a multiple of the derivative of the error, and a multiple of the integra
of the error.

u(t) = K, &0 + K, gp(oet + K,

The “tuning” of this controller conssts of determining vaues for the “gains’ Kp, K, and
Kq tha saidy dability and peformance requirements. Although the PID control law is usudly
implemented as a software routine, it can actudly be built as an andog circuit. For a much more
complete and useful description of the PID controller, as well as most aspects of linear control,
look to The Art of Control Engineering by Dutton et al.

As mentioned, however, active polymer actuators cannot be expected to be close to
linear, and therefore the system cannot be expected to respond in a linear fashion even if a linear
control law is implemented. Gains that work through one part of the sysem input envelope will
cause inaccuracy or ingability in another part. The next logical step, then, is to bresk the system
response into regions that are themsdves somewhat close to linear, and to linearize those
regions. In practice, points in the input are chosen that correspond to expected operating points,
and then the equation is linearized about those points. Formaly spesking, a Taylor expanson is
applied to the system response equation, and the linear terms of the expanson are used as the
gpproximated system response for the region around the expansion point. In generd, as the input
moves further form the point of the expanson, the gpproximation will introduce larger errors
into the sysem. The dze of those erors versus the sysem design requirements will dictate the
number of linearized regions necessary. For each of the regions a didtinct set of gains is gpplied.
The software monitoring the control of the system then switches between sets of gains depending
on what region the systlem is currently operating within. This process is sometimes referred to as
“gain scheduling’. An example of the graph of a linearized response can be seen in Figure 7. It
shows the equation y(u)=U linearized about u=5 and u=10.

The method of linearization described assumes that a sufficent mathematicd mode
exigds to create a function. However, the genera idea behind the creation of a piece-wise linear
applies to datisticdl modds as well. Ingead of linearizing an equation, a linear fit can be created
for regions of data, creeting the same sort of gpproximated system moddl.
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The type of nontlinearity dready discussed includes only continuoudy differentidble
models. However, many of the most troublesome nontlinearities fdl under the heading of
discontinuous. These complications include, saturation, deadzone, polarity (absolute vaue),
quantization, switching, hysteress backlash, and friction. As there is no generd closed-form
solution to the dynamic equations governing systems with discontinuous norlinearities, there is
no general gpproach to creating a control law for such systems. However, there are a few tools in
the controls toolbox. One of the most common is “diding contral”. In essence, diding control
uses a bang-bang (on-off) input, which is governed by a law that seeks to gabilize a function of
the tracking error. This function is chosen to be linear in respect to the tracking error. A complete
description of this method is beyond the scope of this book. However, a treetment of the subject
can befound in Applied Nonlinear Control by Sotine and Li.

1o0a

a0l —

600 |-
y()
1(u)

12(u)

400

00—

FIGURE 7: Example of linearization of the response of a system.

There is another interesting point to the control of active polymers. Just as they tend to
damp disturbance forces, they should dso damp input sgnds Inherent input Sgnal damping will
protect a system from itself to some degree. Smple controllers tend to increase actuation input to
saturation over a very short period of time, producing an interndly driven shock to the system.
Cregting a controller that is more sophisticated as to how it applies actuation is more difficult and
requires more powerful processors to implement. If the system automdicdly limits the rae in
change of the input, system components will never see a sdf-produced shock load condition.

10
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724 ACTIVEPOLYMER ACTUATORSIN A TRADITIONAL ROBOTIC SYSTEM

A biologicdly ingpired hexapod named LEMUR (Legged Excurson M echanicd Utility
Robot) has been developed at the Jet Propulsion Laboratory as a step toward an ortorbit or extra-
terrestridl maintenance robot. Despite its insectile appearance, it was concelved more as a Sx-
legged primate (as the name suggests). Chief among its attributes is the ability to use its legs and
feet as ams and hands. The current configuration, shown in Fgure 8, is capable of waking on
gx legs or manipulating with two while gabilizing with the remaning four. The sections of the
limbs beow the kneefdbow have been designed to convert from feet to tools, as wel as
incorporating a quick-release mechanism alowing easy swapping of tool types.

Desgning LEMUR usng only standard eectromechanicd eements was quite tricky. As
LEMUR isamdl (its body is only the sze of a shoe box) for a robot with its level of articulation
(20 independent joints with 2 actuated tools), incorporating a sufficient number of motors and
drivetrains proved a chdlenge. In addition, the dedire for a kinematicaly sphericd shoulder joint
for the front legs required a rdativdy complicated mechanism. Moreover, sysem demands
required that the mobility syslem and Structure comprise only about 50% of the overdl 5kg mass
budget. While the design problems were eventually solved, a robot in the same class as LEMUR
could ggnificantly benefit from usng capable active polymer actuators in its desgn for many of
the reasons discussed in the preceding sections.

FIGURE 8: LEMUR can useitsfront limbs for mobility and manipulation

Immediatdy obvious ae the bendfits of desgning biologicdly anadogous limbs
biologicdly andogous actuators. Two advantages are particularly applicable to LEMUR. Fird is
the potentid for a decreased mobility sysem mass. Given lighter actuators with less drivetran
dructure, the overal sysem should be lighter as well. The second advantage is the smplification
of the joint designs. As LEMUR's design doesn't use cable drives with remote actuators, the
motors must be housed within the legs This arangement causes two problems. One is the
placement of relatively massve components (the actuators) out on the end of links increesng
the rotationd inertia of the sysem. Second is the difficulty of smply packaging the actuators.
Mechanisms and parts become complicated and therefor less robust, heavier, and more expensve

11
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(in generd). In contrast, we can look at the desgn of the sphericd shoulder with muscle
actuators. Rather than three distinct axes and actuators, one bdl joint could be actuated using
svead atificda muscles The exact number of muscles would depend on the particular
agonist/antagonist scheme implemented. An example of such an arrangement can be seen in the
Figure 9, which shows a human am built by Blake Hannaford's lab a the Universty of
Washington. It should be noted that the Washington lab is concerned with replicating a human
arm. A limb designed for aLEMUR-class vehicle would probably be much smpler.

FIGURE 9. A high degree of freedom shoulder crested using artificid muscles
(Courtesy of B. Hannaford, University of Washington)

The modified LEMUR just described could provide a template for a first step in active
polymer robots because it only subgtitutes muscles into the overal controlled system, leaving the
computing and software architecture largdy unaffected. This subditution is not trivid, of course.
Other than the mechanica design aspects, alowances must be made for a different feedback
system than is currently implemented (rotational encoders on the motor shafts), the actuator drive
eectronics must be radicaly modified, and a control method that takes the dynamics of the
muscles into account must be devised. That sad, an actuator subgtitution agpproach would
provide a jumping-off point that woud build on known techniques in software and computing.
There are, of course, more radica gpproaches to design and control, which will be covered in the
following sections.

7.25 USNG RAPID PROTOTYPING METHODSFOR INTEGRATED DESIGN

Building robust robotsis difficult — as any roboticist will tell you. However, in keeping
with the design and manufacture of most artifacts most robot development follows a
development cycle, which includes looping around the ‘trid and error’ phase. A great dedl of
timeis often spent in cycling around this particular loop. Two techniques may be useful in the
future to reduce the development time; rapid prototyping and artificid evolution. The embryonic

12
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technology of 3D printing may, in the future, dlow usto ‘print’ out robot formsin EAP ‘ink’,
which have been developed by artificid evolution in a smulated world. The following section
takes a closer look at these idess.

The geps involved in a rapid design and prototyping design loop have been dready been
touched on, but it may be useful to explore the tools that make fabrication possble in more
depth. Probably the most important tool is a concept known as Shape Deposition M anufacturing
(SDM), which is being explored as it pertans to robotics by the Dexterous Manipulation
Laboratory at Stanford (directed by Mark Cutkosky). To borrow from a paper from the lab, SDM
“is a technology in which mechanisms are smultaneoudy fabricated and assembled... [T]he
basc SDM cycle condsts of dternate deposition and shaping... of layers of pat materid and
sacrificdd support materid” (Balley et al., 2000). The exact method of the depostion and
shaping depends on the scade and agpplication. In the case of the work being done by the DML,
robots are fabricated by dternately molding polymeric parts then machining them with a CNC
mill. Interspersed with these procedures is the incorporation of sensors and actuators. A finished
pat and its dements are shown in Figure 10. To date, SDM sequences are often ad hoc.
However, a formdized methodology is under development by the Stanford Rapid Prototyping
Lab in conjunction with the DML. This gpproach is explained in Michad Binnard in Design by
Composition for Rapid Prototyping (1999).

‘ 7. Support Material

%‘!‘\ 6. Part Material

, 3, Pneumatic System
" 4. Part Material

3. Pressure Sensor
2. Part Material

B)

FIGURE 10: @) acompleted leg fabricated usng SDM techniques b) sequence of materid layers
and components (Bailey et al., 2000 with permission)

1. Support Matarial

However, severd other part-forming technologies can be sed in SDM processes, as well. Some
of these are Sereolithography (SLA), sdective laser antering (SLS), photolithography, and the
aforementioned 3D printing. Of these, SLA and SLS have dready been proven to be capable of
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building articulated sructures down to a sub-inch scae (Mavroidis 2000). In the future, 3D
printing may be useful for EAP robotics if it can be made to creste heterogeneous materid
layers. With that advance, we could imagine laying down EAP or other active polymer at the
same time as the polymeric sructure. While current 3D printing lays down reaively thick beads
of materid, it may be possble to adapt ink jet printing to perform the same processes down to
the micro-inch scde In addition to the SDM techniques for mechanicd dements, related
techniques are applied in a concept cadled Molded Interconnect Devices (MID) for the
manufacture of dectrical circuits embedded in Sructures. In particular molding coupled with
photolithography (or photoimaging) is used to creste traces within polymer materials. Of course,
a smdl enough scdes, the fabrication looks much like that for typicd IC chips If dready
established practices from SDM and MID and/or IC manufacture are combined with the promise
of active polymers, atruly integrated robotic system could be created.

7.2.6 EVOLUTIONARY DESIGN ALGORITHMS (GENETIC ALGORITHM DESIGN)

Once a robot is seen as a whole and each subsection as a variable that affects the response
of the sysem, the impulse is to twesk those variables and smulate the response. One can
imagine a desgn loop in which components are Specified in the genotype of atificia creatures,
the robot form and function is encoded, and the population of robots is then evolved over time
through the implementation of pseudo-Darwinian sdection for fitness. This sdlection process is
sometimes referred to as genetic dgorithm desgn. The best designed robots could be
implemented in hardware and continue their evolution in the red world where they receive
dringent testing and assessment. Some of them may return back to the smulated world and join
their virtud fdlows Wonderful examples of such evolution supervised by humans can be found
in the work of Hasdacher and Tilden (1995) concerning their physica populations of
experimenta  machines. Here the intringac mechanics of robot evolution is based on the
employment of minimalist eectronics, reusability of components and utilisstion of solar energy
(BEAM, 1999). However, this process takes an inordinate amount of time due to the fact that
fitness is measured by performance over time, and one is compdled to ask if there are techniques
available that might speed the process. Is there any theoreticd, or rather computer based, method
that could offer us relidble techniques for fast evolution and easy prototyping of minimdist
robotic devices? If rapid prototyping techniques such as stereolithography were used to produce
real-world versons of the robots, the overdl scheme of robot evolution would look like: (1) seed
a primordid culture of robot components, (2) evolve population of robots, (3) sdect the best
performers, (4) fabricate the robots using repid prototyping techniques, (5) verify robots
performance in red world, (6) sdect best designs and inject their virtua copies back to the
virtua robots population, (7) go to the step (2).

Parts of such a design cycle have been explored by severd researchers. Those working
purely in hardware world are represented by Hasegawa and the gibbor-like robot Brachiator. It
is built of saverd links, joints and pneumatic pistons. Brachiator moves from one branch of a
tree to another by swinging its body as a pendulum (Hasegawa et al, 1999), as most monkeys do.
The actuators of this “monkey” are controlled by artificid neurd networks that learn and evolve
themsdves. In this case, no smulation is performed. The controller attempts to nake a particular
move using particular actuation profiles. A series of profiles are compared for effectiveness, and
the best is retained and built on. Also in this vein of research is the recongtruction of an extinct
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svimming animd Anomalocaris, as described in Usami et al. (1998). The recongtructed
crestures svim by the waving motions of ‘fins. Each cresture is crested by smple rules, where
every rule gives rise to the action of a paticular unit of the creatures body. Some genetic-
ingoired re-combinations of rule drings (the atificid ‘genes) are employed to increase the
morphologicd diverdty tha is directly linked to locomotion activity. By employing atificd
evolution the better svimmers are selected.

Rather than emulating the design and function of exising animas, some researchers have
darted from the basic building blocks that nature itself uses In the context of a smplistic design
drategy a novel robotic cresture must include endo- or exo-skeleton, muscles, sensors and
primitive neuror-like control decison eements. It is quite convenient to consider the skeleton
built from iff cylinders or ‘gsicks connected by joints. The muscles can be atached to the
dicks as well as sensors and neurons. The most primitive virtud crestures with the minimdist
desgn form a “clone’ of Swimbots, svimmers that inhabit Ventrdlds atificid ponds (Ventrdla,
1998,1999). In this section, we will discuss in depth the creation of another congtruct, the virtua
dick-based creatures, Framsticks or Ulatowski-Komocinski machines These are atificid
creatures built from three basc components: rigid gicks, flexible muscles and primitive neurons
(Ulatowski and Komocinski, 1998-2000).

Let us look briefly at the framgticks design. The body of a framstick is built from ticks.
A dick is subdivided into a finite number of control points, which are affected by severa forces
gravity, friction, eadtic reaction, reaction with ground and many more. If framgicks collide with
each other then some gicks may be destroyed. In addition to sticks the creatures dso have
muscles, neurons and receptors. They may dso exhibit some kind of metabolism. Usng
goecidised endings of the dicks, framgticks can assmilate energy from ther environment and
even ingest their dead felows A framgick darts its life with certain amount of energy. It dies
when energy leve is zero. The creatures disspate their energy when idle; they dso spend energy
on gatic and dynamic muscular activity.

There are two types of muscles that join the sicks bending muscles and rotating muscles.
The muscles consume energy and are controlled by neurons. A framdtick gets information about
the environment via three types of receptors that can be attached to the sticks G-receptor, T-
receptor and S-receptor.

The G-receptor receptor is an anadogue of an otolith, which can be found, in one form or
another, in dl red creatures from Protozoa to humans. The receptor sgnds if the postion of the
dick it is attached to is not perfectly horizontd. The T-receptor a receptor of pressure. The
receptor generates condtant negative vaue when it is free. Its vaue becomes close to null when it
touches an object; it can go to a podtive scae when pressure increases. The S-receptor is a
receptor of a andl. It smels equaly well presence of food and other framsticks, however the
receptor does not discriminate between different stimuli. The receptors of smel and pressure are
aufficient to guide a cregture in its world. Theoreticdly we can avoid usng the G-receptors,
however, these receptors are quite useful when swimming creatures are concerned.

Framgtick neurons are quite primitive. They are attached to gicks and take inputs from
other neurons or receptors. They can bear sdf-inhibiting and sdf-exciting terminds as well. The
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neurons send ther efferent terminas to the muscles. Being connected to rotation or bending
muscles the neurons control rotation or bending of a gick reldive to its neighbouring sticks. An
excitation function of neurons is based on a weighted sum of input signas. Neuron reactivity can
be tuned (via modification of genotype entries) by indicating how fast neuron updates its ate
toward weighted sum of its inputs and how long the current date persds. It is possble to
achieve ostillatory mode combining the values of neuron reactivity.

The frangicks have smple hence powerful genetic sysem, which is indantiated in a
Separate program module. We could adso mentioned that modifying framstick genotype one can
change each dgick's properties (eg. rotation, twist, curvedness, length, weight, friction, muscle
strength), topology of neura network and functions of receptors.

Gendtic evolution is highly controllable One can st up globd intendties of mutations,
parameters of genes reparation (which is a bit technicad yet useful), features of crossover,
mutation probabilities for genes coupled to dl pats of framstick body, eg. detaled mutation
probabilities for neurons, muscles, and receptors. Mating preferences between the creatures are
implicitly expressed via smilarities of genotypes. User can dso specify capacity of framstick
world, or a maxima sze of the population, rules for deeting genotypes (fithess-based selection,
random deleting, or dimination of only worst types).

A sdection of creatures is based on four basc characterigics duration of life, velocity of
movement, spanned distance, Sze of a creaure. A fitness of any particular genotype (read
individud) is cdculated as a sum of weighted vaues of four sdection characteristics. Sometimes
energetic efficiency can adso be employed to evauate the fitness.

Two types of evolution process are implemented in Fransti cks: directed evolution
(sdection) and "spontaneous' evolution. During draightforward sdection one can  specify
parameters, which are used to evolve a best cresture. That is we explicitly define optimisation
criteria. Thus, for example, if we wish to produce the fadest lightweight crawlers we weight
veocity paameter podtively and structure Sze parameter negativey. Eventudly we will get
andl and fast credures. In a course of "spontaneous’ evolution we may not define any explicit
parameters of selection but just generd rules of the evolution, such as outcomes of the collisons
between the creatures, utilisation of dead crestures, ageing rate, specific of muscular work and so
on. Nether of these parameters guides evolution: the only creatures with longest life benefit. A
few examples of spontaneoudy evolved creatures are shown in Figure 11.

Let us look a a couple of examples of experiments made with the hdp of Fr ansti cks
software. Assume at first, we decided to breed some nonttrivid swimming cresture. In the
atificid world we set up the water level above zero and put one-stick creature with no neurons,
no receptors and no muscles in this bath. We adjusted smulation parameters to select creatures
by both velocity and sructure sze. After severad thousand generations of the creatures, during
which we intervened in evolution and subjectively chose ‘the bet’ examples. The find result
was a cregture condsts of 20 gticks, 6 neurons, a couple of muscles and one G-receptor,
reponsble for a "snse of eguilibrium’. We cdl him Back-swimmer because he swims
backwards. two branches of joint sticks form some kind of "legs' which move and ‘grabs weter
dlowing the creature to move. As you can see in sngpshot (Figure 11) of an atificid aguarium
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with Back-swimmers, severd gicks of a creature float on the surface of the water thus keeping
the rest of creature's body in medium layers of the water.

One lab tha is atempting to use dl the steps of the suggested design cycle is the
DEMO lab a Brandels University. The GOLEM project reported by Lipson and Pollack (2000)
has resulted in physcad modds of robots designed through the use of genetic dgorithms in
gmulaion. The gructure dictated by the adgorithm was directly fabricated from a thermoplastic
usng a rapid prototyping technique known as 3D printing, and then the actuators were
incorporated by hand. In essence, these robots represent a red-world ingantiation of the
framgticks, subgtituting eectromagnetic actuators for theoreticd muscles. The exciting next step
for active polymer researchers would be to lay down the plastic muscles (and perhaps conductive
plagic wires) a the same time as the plagtic dructure, dlowing one-stop robot design and
fabrication. This concept will be explored more in section 7.2.5.3.

FIGURE 11. Examples of cregsiures evolved in the populations of framgticks in the
dry and fla world. The images are teken from Fransti cks officdd web dte

(http://www. frans. poznan. pl /) withkind permisson of M. Komocinski.
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7.2.7 EAPACTUATORSIN HIGHLY INTEGRATED MICRO-ROBOTSDESGN

The traditiond mode of a robot with discrete components may be joined by a new moded
in which the lines between controller, plant and feedback are less rigidly drawn. This new
paradigm results in a much more tightly integrated system, which is enabled by up-and-coming
technologies such as active polymers, rapid prototyping, and new dmulation and desgn
dgorithms. The combinaion of these technologies promises important advances towards the
engineering ided's of faster, cheaper, and more effective design cycles.

Although these techniques can be used to creste systems of any physicd size, they are
paticularly important, possbly indispenssble, tools for the design and manufacture of tiny
robots. These micro robots will have the advantages of being amdl (by definition), lightweight,
and easly produced, therefore making them candidates for mass manufacture. As a somewhat
whimscd example, condder a sysem of sub-inch robots equipped with a ‘sicky’ cilium or two
composed of EAP that would enable them to move across smdl ‘celings and ‘wdls indde a
dructure which is difficult for humans to access — perhaps the escdators in a subway. They may
be able to power themsdves usng light, heat, ambient chemidtry etc. or perhgps be built with a
gndl onboard, gel-based battery sysem. With some judicious tinkering they are given two
basc behaviors, a phototactic behavior in the presence of light and a default random wak in its
absence. If these robots are ‘injected’ into the machinery, which is then opticaly seded, the
robots would then carry out a random walk and spread out through the machine. In doing so they
may come across smdl items of grit and dirt, which could become attached to their bodies. After
some gppropriate time an intense light is shone into the machine from some ‘exit’ portd. The
robots would then switch to their phototactic behavior and move toward the light source. In
doing s0 the robots would bring out the smal items of grit and dirt atached to themselves.
Perhaps the robots would then be thrown away or even washed and re-used! This gpproach dso
has the advantage that broken robots themselves could be removed by their peers — but designers
would aso have to ensure that the robots didn’t smply gum up the works!

7.2.7.1 Control of Micro-Robot Groups

Of course, the problem of controlling and coordinating the behaviour of very smadl robots
must be consdered. For the purposes of discusson let us focus on robots with volumes in the
range of a cubic millimetre to a cubic centimetre. All we can expect to be adle to build in this
domain over the next few years are redly quite dumb and smple robots, with rudimentary
sendng, communication, locomotion and computation abilities. These robots will  experience
condderable limitations. As with al autonomous systems, not only will power provison be
problemdtic, the very capacity of a sngle tiny robot to achieve anything or even to survive for
any length of time will be in doubt; an individud is limited and winerable and so it is likdy that
only collective actions will succeed. On the face of it the prospects look blesk for an engineer
required to build such a sysem. However, sudies of evolved naurd systems, particularly the
socia insects, provide us with an exisence proof thet collections of rdaively 'Smple, mostly
reactive, creatures can achieve remarkable feats that are beyond the capacity of an individud;
such organization is underpinned by decentrdized mechanisms for decison making as wel as
for the control and coordination of task-achieving behavior. Although such dudies engender
optimism we should be cautious about the use of the word 'Smple sometimes gpplied to animas
such as ants. The Towly' ant is a wonderful biologicad machine, which has been evolving for over
100 million years, a machine, which is capable, for example, of impressve feats of locomation,
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power efficiency, navigation and drength. This form of decentrdized system, which employs
ample units, which appear to collectively solve problems traditiondly tackled by a sngle smart
individud, has sometimes been referred to as swarm intelligence. The task of control and co-
ordination of a group or micro-robots might be encapsulated thus ‘how do we get a lot of dumb
robots to collectively do something smart?

A number of researchers have contributed toward the definitions of swarm inteligence in
the context of a didributed sysem with a large number of autonomous robots. Beni and Wang
[1991] expressed the idea as “ the essence of the .... problem is to design a system that, while
composed of unintelligent units, is capable as a group, to perform tasks requiring intelligence --
the so called Svarm Intelligence” . Theraulaz et al [1990] define a swarm as “ a set of (mobile)
agents which are liable to communicate directly of indirectly (by acting on their local
environment) with each other and which collectively carry out a distributed problem solving” .
Such a swvarm will exhibit functiond sdf-organization [Aron et al 1990] as a consequence of the
collective st of internad dynamics and interaction with the environment. Deneubourg & Goss
[1989] nestly sum up the problem ‘The key ... lies in remembering that at each moment the
members of an animal group decide, act and interact, both amongst each other and with the
environment, permanently changing the state of the group. Just as sociobiology, with its
population genetics and games theory, shows the importance of dynamics and individual
interactions in the evolution of social behavior we propose the analysis of these interactions as
the straightest path to understanding the short term collective behavior of animal (read robot)
groups.”

The autonomous robots we currently build are mosly rudimentary, often unreiable,
incgpable of sdf-repair and problematic with respect to power budgets. Againgt this background
we gpeculate that the condruction of smdl robots in the future will necessaily have to
incorporate advances in materid science - induding the incorporation of artificia ‘biologica
materid’ such as muscle actuators, sensors, atificid metabolism as wdl as a firm understanding
of principles underpinning the control and coordination strategies of socia insects.

The minimadigt gpproach has dso been undertaken in other domains and the interested
reeder is directed to the following pepers, kineds, taxis and target following [Holland &
Melhuish C. 1996a,1996b], secondary swarming [Holland O. & Mehuish C. 1996a, 1997a,
Mehuish 19990], formation of 'work gangs [Holland & Mehuish C. 1997a, Mdhuish et al
1998a, Mdhuish et al 1999], collective behavior trangtion [Holland & Mehuish 1997a, 1997h].
A brief overview isgiven in [Mdhuish 1999].

7.2.7.2 Unconventional L ocomotion Controllersfor Micro-Robots

When taking about sub-inch scde robots one would obvioudy turn to biologicd andogs.
There are living prototypes of micro-robots who do not have centralized control, but who sense,
decide, and act digtributively. The Protists offer us ciliates and amoeboids examples.

The phylum Ciliophora, or ciliates, includes unicdlular organisms, bodies of which are covered
with cilia. One could refer to Paramecium caudatum as a typica example; see eg. Mekonian,
Anderson and Schnepf, 1991). Each cilium, attached to a membrane of a protist, sweeps with a
power sroke in the direction opposite to intended direction of organism movement (Figure 12,
A). The dlia are usudly aranged in rows, this arangement forms a longitudina axis of besting
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(Figure 12, B). Cilia beat coherertly in waves and prope the individud forward. A physicd
integration of strokes of many cilia propd the protist in the direction opposte to the direction of
beating.

Perhaps the control may be implemented by ather information trandfer via sub-
membrane network of microtubules or coordinated contractions of the membrane travelling
aong the protist's body. In any case, we can speculate about direct andogies between wave of
cilia bedting, caused by excitation waves of the latice, and waves of co-bedting of dlia in
protigts, that move from front to rear parts of the organism. Working prototype of an atificid
cilite would be ided. We are building it in the near future. However, in this chapter we will try
to explore some idea of employing an excitable medium in the form of a molecular aray of
sensors and actuators to provide the controller for a micro-robot by exploiting decentrdized
computation.

FIGURE 12: Ciliar mechanics in Paramecium caudatum. (A) Cilium bedting, (B)
Arrangements of cilia

Whether we look a the conventiond models such as sense-modd-process-act or the
behaviour-based architecture (Brooks, 1986), which stresses the tight coupling between sensors
and actuators, three key desgn areas need to be addressed; sensing, actuation, and decison
making. Implementation of sensory input devices is a nontrivid task. However, future research
may show that such implementation can be ether solved usng conventiona techniques and
devices or the use of future smat materids, which conflate eements of sensng, actuation and
'processing. Here we make a reference to ‘unconventional’ cortrollers. Conventiond controllers
might be congdered to employ explicit control agorithms such as in digitd computers and is
often associated with an explicit symbol processng approach. In contrast unconventiona
controllers might employ implicit forms of computation as in the case of wave computation in
which the 'result’ of locad micro-processes is some macroscopic phenomenon, which can be used,
for example, as an indicator of some qudity or quantity of state. A controller for robot navigation
can be designed using severa techniques, which are briefly discussed below.

20



Ch. 7.2 Kennedy, Melhuish and Adamatzky FINAL 11/06/00

We can, of course, couple sensory eements with motor units. This gives quite a wide
range of complex robot behavior. These ideas are demondrated by Bratenberg (Bratenberg
1984). By expeditious coupling of input with output, Braitenberg shows how interesting and
seemingly directed behaviors (which he playfully refers to as love, fear, aggresson etc) such as
dtraction and repulson dong with nontlinear dependencies can result from dmple input-output
mappings.

An example of such an gpproach is the ‘solarbot’ shown in Figure 13. The solarbot
consss of two wheds (made from smal mobile phone vibrator motors) each coupled to a
separate capacitor. Each of the capacitors is connected to a photocel ‘wing’ on opposite side of
the body from the whed. The robot can accomplish phototaxis by firg soring the energy
generated by each photocdl on ‘wing’ in its associated cepacitor and then releasing the stored
energy to each whed when sufficient power had been accumulated. In this way, the sde of the
robot which was nearer the light source would give its cross-couple motor more energy than the
‘darker’ sde thus making the opposite whed turn more. By judicious use of time congants to
control the charge and release times the robot could then make its way toward a light source in a
seriesof arcs.

FIGURE 13: Solarbot made a IAS Laboratory at the University of the West of England

One might dso be adle to aoply this smple ‘Bratenberg Vehide gyle controller by
judicious employment of linking input to output. One approach might be based on the dynamics
of exdtation in nonlinear media. This is a so-called wave based computing (Adamatzky, 2000).
Two types of nonlinear media, ether discrete or continuous, are of particular interest: reaction:
diffuson media and excitable media Both of these types of media support waves, ether phase
waves or diffuson waves, in their evolution. The waves are generated by some externd simuli
and travel through the medium. The waves interact with each other and form didinctive
concentration profiles or disspative dructures as a consequence of thar interactions. To
implement computation in active wave media we could represent data by the digtribution of
dementary excitations or concentration profiles. The waves collide one with another, i.e they
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implement ‘computation’ since the consequent disspative dructure or didributions of a
precipitate can represent the 'results of the computation (Adamatzky and Mehuish, 1999).

Let us discuss the wave based computing in an aray of clium-like actuators. Consider
the idea of a micro-robot constructed as mobile aray, which is required to demondrate
phototaxis. Let us first fabricate a two-dimensond molecular aray in such a manner that every
molecule of the aray is associated with its eight closest neighboring molecules. After that we
couple every dement of the array with its own propulsve actuator as shown in Figure 13. We
could perhaps choose molecules that are light sendtive, i.e. they are excited by photons. Let us
assume, for smplicity, that the only molecules a the edges of the array are light sendtive. When
such edge molecules are excited they tranamit excitation (energy) to the internd molecules of the
aray. The excitation can be passed between one interna molecule to another internd molecule.
Let us redrict the podition of the actuators such that they can take up one of eight orientations. If
the actuator podtions itsdf away from the direction from which excitation arives, then the
actuator could produce a local propulsve force. The combined propulsve force of the array of
actuators provides an overdl propulsive vector toward external light source.

FIGURE 14: A sketch of excitable molecular array with incorporated actuators.
Molecules are hexagond. Cilia are shown explicitly.

All molecules of the array update their states in pardld; therefore we have pardld aray
of processng eements coupled with pardle aray of actuators. In our modd every molecule of
the aray connects with eight neighbouring molecules. Every molecule is excited if a number of
its excited neighbours, amongst these eight neighbours, lies in the interva [q,,0,], where g, lies
in the range from 1 to 8 and q, lies in the range from g, to 8. This inteva based
parameteristion give us potentidly 36 excitation rules. These rules determine various regimes of
excitation dynamics on the molecular latice from chaotic dynamics to spird waves to sdf-
locdised excitetions.

Smulations have been conducted which employed a controller composed of an array of

coupled sensors and actuators as described in the previous section. In computer experiments we
place a robot a random in a virtua two-dimensond space with a light source. It was found that

22



Ch. 7.2 Kennedy, Melhuish and Adamatzky FINAL 11/06/00

the robot demongtrated photactic behavior; typically the robot starts to wonder around, performs
weird motions and then begins to move toward light source dong some nortlinear trgjectory.
This behavior of the robot moving through the two-dimensiond space toward a light source can
be explaned by the following chan of events in the excitable medium of the controller. The
edges molecules of the controller array are excited by the photons and peatterns of excitation
move inward the aray. The movement of the excitation patterns modifies the local orientetions
of the actuators, attached to the internal molecules of the array. Locd propulsve forces are
generated by each actuator. The interaction between the loca forces generated by each actuator
and the environment implicitly creste a form of 'vector integratiion’ which then causes the
rotation and trandation motion in the robot. For each of 36 types of molecule sengtivity (due to
the parameterization intervals of ¢,and g,) we have recorded the robot trgectories and the
gpace-time dynamic of excitaion paterns. From observation of the form of trgectory we

partitioned the parameter space into three main groups. Graceful, Firouette and Cycloidd (Figure
15 and 16).

Graceful Pirouette Cycloidal

FIGURE 15: Example of robot trgjectories for three main groups of robot locomotive
behavior. The robot garts itsjourney at the left bottom corner of rectangular arena. The
garting point is connected to the destination point (source of light) by a straight-line
segment. The robot trgjectories are curve lines.

To check whether these ideas work in red world experiments we ingtdled a mode of the
excitable lattice controller in a mobile robot. The robot is aout 23 cm diameter and shown in
Figure I7. The excitable controller is smulated on the board processors, which is programmed in
C. ldedly, every molecule of the controller must have its own actuator; as well as every edge
molecule should be able to react on light. Unfortunately, the engineering redization of such st
up would be very complicated and cogtly. Therefore we employed a redistic and pragmatic
goproach of employing a 'large robot with two driving wheds and three light sensors (left front,
right front and a rear sensor). The left and right sensors are coupled with left and right parts of
the front edge of the molecular array. The rear sensor is coupled with the rear edge of the
molecular array (Figure 17).

The modd dlowed the edge molecules to be excited with a probability proportiona to

the values on ther corresponding macro-sensors. Orientation of global vector is transformed to
the rotation angles of the robot (via spin speed of the motors) in a draightforward way. The

23



Ch. 7.2 Kennedy, Melhuish and Adamatzky FINAL 11/06/00

following dgorithm of robot behavior is implemented: evolve molecular aray, cdculate loca
vectors, calcuate globa vector, rotate robot, move robot a fixed distance, if light source is not
reached go to first step, otherwise stop experiment.

Our robot performed insde a huge arena, which has an area 1760 times more than that of
the robot. We placed a line of lights outsde the arena. The behavior of the robot is recorded via a
video camera, which is mounted 6 meters above the arena. At the beginning of every trid we put
the robot near the edge of arena opposte to the light source. The robot is turned off when it
reaches the light source. The highlighted trgjectory of the robot is shown in Figure 17.

Excitation pattern ~ Configuration of loca forces

FIGURE 16: Exdtdion dynamics respondble for graceful (A), pirouette (B) and
cycloidd (C) motions.
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In the figure we noted that even light from a nearby corridor (two light spots a the top
pat of the arena) contributed to the noisy environment of the red world experiments. As we can
see on the series of sngpshots below the robot did not choose the right directions immediatdly. At
the beginning the robot moved toward the incidental light spot. Then it ‘redized that this spot is
not a source of light with maximd intengty. So, it implemented a U-turn and headed toward the
light target. While gpproaching the target the robot changed its trgectory because of the second
goot of light. However it recovered from this 'mistakeé quite soon and eventualy hit the light
target.

Lett Sensor nght Sensor

| .o

I et >

Back Sensor

FIGURE 17: Conventiona robot with ciliate-based controller. (A) Coupling of light
sensors with smulated excitable lattice in real robot. (B) Trajectory of the robot, which
searches for the source of light. The robot sartsits journey at the far right part of the
arena. Thelight source is positioned on the [ ft.

Chemicds, as wdl as light, may serve as both a navigation driver and an actuator
dimulus. A good example is the behavior of species of Amoeba. Amoebae move due to the
effective separation of its cytoplasm into a sol and gd during the formation of it pseudopodium.
When some parts of amoeba cytoplasm are transformed into sol, endoplasm garts to flow to this
area. Resultantly, a membrane expands and the pseudopodium is extended forward. When sol-
like cytoplasm reaches the end of the pseudopodium it is transformed into gd. This recurrent
converting of sol into gel and back dlows the organism to move purpossfully. Two mechanisms,
in generd, may determine amoebds motility: changes in intracdlular pressure (Yana et al,
1995) and microtubule dependent development of pseudopodia (Ueda and Ogihara, 1994). The
intracdlular pressure is possble generated by contracting actomyosn resded in the cortica
layer, whereas formation. Microtubules seem to be responsble for directionad abilization of
pseudopodia, which enables amoeba to undertake reorientation steps (Ueda and Ogihara, 1994).

As mentioned, the senang-actuating of amoebae is usualy associated with chemotactic
behavior. When an amoeba, let us tak about Physarum polycephalum at this age, moves it
usudly has one linear pseudopodium, which is expanding during organism motion. If some
atractive chemicds are presented in the substratum, then the linear pseudopodium is split into
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severd laterd pseudopodia, which explore a space around the main linear tip. One of the laterd
pseudopodia, usudly postioned a the dte of subdrate with reatively higher concentration of
chemicds, is dabilized and becomes responsble for liner motion. Thus a sdection of
concentration maximum is implemented by red amoeboids, see an example in the Figure 18.
Quite dmilar idess are dready employed in the dgorithm for shortest path computation by
Physarum polycephalum in (Nakagaki, Yamada and Toth, 2000). However, in this ingtalment
sdection of leading pseudopodia is achieved not by its relative podtion a the Ste with higher
concentration of chemicas but by the disance of the tip of the pseudopodium from the amoeba

body's ‘ center’.

Perhaps the most obvious example of ‘directed” behavior in amoeba is that of chemo-
taxis. However, it is interesting to enquire if we could aso control the behavior of amoeboids by
electro-activation? Quite possbly, it seems. There ae examples of eectrica sengtivity of both
real (Korohoda et al., 2000) and atificid amoeboids (Ishida et al., 2000; Hirai et al, 2000). It is
reported that Amoeba proteus shows drong postive gavanotaxis. When put on the subdrate
influenced by a direct current field (Korohoda et al., 2000) the amoeba moves toward the
cathode.

— Tl
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FIGURE 18: Chemotactic solution of adecision problem by amoeba. Concentration of
atracting chemicd, eg. glucose, is higher a the Ste B than a the Ste A.

A beautiful example of atificid amoeboid like creature is offered in (Ishida et al., 2000).
The liquid mobile robot, with no Sructure at dl and easily changesble shapes, are redized there
based on the paradigm of artificiad amoeba developed earlier by Yokoi and Kakazu (1992). In the
experiments the liquid metd robot is represented by mercury drops while its environment is a
subgtrate with an array of electrodes, connected to external controller (Figure 19).
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Figure 19: Liquid mobile robot. (Ishida et dl, 2000); with kind permission of authors.

It is demondrated in the experiments that by varying potentia pattern of the eectrode
aray one can easly guide the mercury drop, cause splitting of the drop into several daughter
drops, their fuson and different types of motion (Figure 19). Gavano-motile polymers (Osada et
a., 1992) and crystds (Hira et al., 2000), may be promising nontmetd subdrates for atificia
amoeboids.

7.2.7.3 Micro-EAP ‘Integrated’ Robot: A Case Study of a Phototactic System

So, how might we go about creating micro-robots usng EAP hybrid materias combined
with some of the ideas of excitable media discussed above? It's interesting and fun to speculate
how EAP could be combined with other smart materids to creste micro-robot devices capable of
phototaxis. Let’s give our imagination some exercise.

Fird, let us look a the condruction of a swimming ‘pad’ which could exploit an
undulating motion of a plane polymer sheet. Suppose that a polymer materid is made which has
the characterigtics of being able to propagate some wave of excitation — perhaps some ionic
concentration. Figures 20a and b illudrate the idea. Light is dlowed to enter the polymer a the
end of the grip only (perhaps the rest of the polymer surfaces is covered in some light reflecting
covering). The photonic energy dters the molecular date of polymer substrate, which, in turn
dters the dae of its neighboring molecules. In this way, given some gppropricte refractory
period for the molecules in the dtered energy dtate, a wave of excitation could pass adong the
subgtrate. If the excitation layer could then be bonded to an actuation layer then it might be
possible for an actuation wave to travel through the actuation layer (see Figure 20c). In this way
the bonded laminate could ripple and execute some form of swimming behavior since the sheet
of EAP is bent under the influence of dectricd current soreading dong the conductive shest;
repetitive generation of excitation waves, travdling dong the pad cause undulaing movement of
the pad.... the pad swims therefore.

If the above arrangement in Figure 20c was duplicated, and the two units bonded back to
back, we have the potentid for differentiad locomotion. Like the ‘solarbot’” mentioned above,
light on one sde of the robot will excite its actuator layer more on its sSde than the other, which
biases motion toward the light.
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Perhaps we could take this one stage further and bond atificid cilli, constructed from
laminar EAP, to an excitation layer. Figure 21 shows the principle The excitation layer is
bonded to atificid dcilli condructed from laminar EAP tubules. When the excitation wave
traverses an actuator it could deform appropriately. This gives the prospect for some form of
crawling robot.

Let us speculate further. If we put together dabs of the units shown above in Figure 21
we could creste a tubular congdruction as shown in Figure 22. The diagram illudrates one dab
being activated more than the others. Waves of deformed EAP tubules are seen to be traveling
backwards adong the activated dab causing the robot to dter its direction. When the robot is
lined up with the light source al dabs would become active. In this way such a tubular robot
could therefore demondtrate phototactic behavior.

Actuator Layer

(c) Excitable media layer propagating actuation wave

FIGURE 20: Integrated system with sensing, computation, and actuation
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Excitation Wave Propagetion

Layer > — = — 4+ ++ —— -

EAP Laminate Actuator Layer %&%

FIGURE 21: Traveling wave induced in the actuator layer of laminated cilia

FIGURE 22. Travelling wave of actuators induced on one Sde producing phototactic behavior

7.2.8 SOLVING THE POWER PROBLEM - TOWARD ENERGETIC AUTONOMY

Of course, robots need energy to move and execute their behaviors. Conventiond mobile robots
usudly employ on-board batteries, which ether need replacing by humans or recharging sations
(powered by generating devices). Very few, if indeed any, could be regarded as being
energeticaly autonomous. Some researchers have recently started to look at this problem of how
a robot can extract its energy from the environment. Researchers at the IAS laboratory at the
Universty of the West of England (Kely et al., 2000) are building a robot capable of detecting
and capturing dugs. It is envisaged that groups of robots could transport the captured bio-mass to
a central digester, which could convert the bio-mass into methane thus providing the fud for a
fud cdl thus powering the robot. This collective idea is loosely modded on the leaf cutter ant
drategy. The Universty of Southern Horida (Wilkinson 2000) has employed a microbid fud
cdl to convert sugar into the energy required to power a mode train. The idea of a microbia fuel
cdl is dso interedting. It is within the reims of posshbility to employ a semi-permesble polymer
subgtrate on which bacterid bio-film could exigt. Perhaps, in the long term, one could imagine a
tubular EAP based robot, existing in an agueous environment, incorporating such a bio-film as
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illugrated in Figure 23a. Nutrients could be alowed into the tube either passively or forced by
tubular actuators a the mouth. The mouth itsdf could be congructed from EAP actuator rings
behaving in a manner analogous to a sphincter. Once the nutrient was ingde the ‘gut’ it would be
processed by the bio-film to produce energy in, say, the form of some energized molecule, or
charge, which could diffuse through the inner membrane and power the excitation and actuator
layers. The atuator layer could be comprised of a series of annular actuators. Waves of actuation
adong these ‘muscle rings could provide the perigdtic action (see Figure 23b) required by the
nutrition system and possibly contribute toward locomotion as well.

[ ] Outer Actuator Laver

B \viddeExditale MediaLayer

0 ihner bio-film layer

(a) Cross section of concentric structure of ‘worm’ robot

\

(b) Peristaltic wave traveling along body axis

FIGURE 23: Robatic worm with artificid gut

7.29 THEFUTURE OF ACTIVE POLYMER ACTUATORSAND ROBOTS

Clearly the robotics field can benefit from actuator technologies associated with active
polymers. While not gpplicable to dl areas, even in advanced forms, atificid muscles may make
robotic platforms possible that have up to now been the stuff of science fiction. At the most basic
level, active polymers may be subdituted for the existing eectromagnetic actuators in otherwise
classic sysem architectures, providing benefits in the physicd layout, mass, and control of the
robots. In particular, platforms that have been rough agpproximations of animas may reach new
levels of redism and functiondity. Perhgps most exciting, however, is the impact of active
polymers on the way robots are designed and controlled when conddering a “from-scratch”
desgn mentdity. Taking advantage of the “soft” characteridtics of active polymers, entirdy new
robotic paradigms may be created. Through the use of genetic dgorithms and rapid prototyping,
the desgn cycle may be dramaticaly shortened and the effectiveness of the eventud product
dramaticaly increased.
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Moreover, with the advent of new micro-mechining technologies including micro-
sengng, micro-actuation, micro-electronics, micro-computation, it is reasonable to assume tha
veary smdl mobile robots will be built in the future. Promising advances in EAP indicae tha this
materia could be an enabling technology in the creation of smdl robots. EAP could be bonded
with other polymers to creste smart composites whose behavior can be ‘programmed by
judicious mixtures of different layerss.  MEMS materid might dso be able to be bonded on or
encased in EAP laminates, which gives the progpect for smat hybrid sysems The intriguing
futurigic progpect of integreting bio-films within EAP to generate energy from ‘food in the
environment has aso been touched upon. The phototactic tube robot represents speculation on
how EAP might be employed in the congruction and control of individuad micro-robots as well
as the materia characterigtics of EAP that would be required. Mass production of robots of the
same scae of sze and complexity would aso tend to follow. Current research, inspired by socid
inects, indicate how such machines might be controlled and how ther activities can be
coordinated. These systems could prove to be robust, inexpensive, and highly tailorable.

Despite the initid fears of the public and pundits concerning robots that weren't directly
desgned by humans, tha exig in multitudes, and that ae too smdl to see the optimistic
roboticist may look forward to a world in which mankind can manufacture polymeric systems to
our benefit rather than detriment; and, moreover, we have the wisdom to differentiste. These
robots can be smple and sdf-sufficient, perhaps even sdf-perpetuating (with the proper
safeguards, of course). Suitable environments may range from the carpets of our homes to the
pills from the pharmacy to the surface of other planets. As has been dways true with robotics,
we are only limited by our imaginations.
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