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Abstract. The HYDRA work provides insight into the exploitation of
holistic behavioural and morphological adaptation in the design of new
artefacts. The potential of the new design principle has beenexempli ed
through the construction of robotic systemsthat can change morphology.
Two protot ype building block systemshasbeendeveloped, HYDR ON for
a uid scenario,and ATRON for a terrestrial scenario.In the HYDR ON
case, the individual module can perform 3D motion and is able to ar-
range in clusters of specic formation without the necessiy of physical
connections. In the ATRON case,the modules are individually simpler,
attach through physical connections, and perform 3D motions by col-
lective actions. Control mechanisms identi ed from cellular biology has
been successfullytransferred to the physical building blocks.

1 Intro duction

The HYDRA project focuseson the designof building blocks for self-recon gu-
rable artefacts. The building blocks allow robust and e cien t morphological de-
velopmernt of artefacts, in order to allow end-usersto designnew artefacts in an
easymanner. Inspired by biological principles, the HYDRA project realisesengi-
neering structures with the properties of di erentiation and self-recon guration.

Investigations of biological principles reveal that the cell is an appropriate
basisfor this work, sowe investigate building blocks modeledascells. This leads
to corntrol mechanisms basedon inspiration from cellular mecanisms such as
cell division, cell motion, cell death, cell adhesion,changeof cell shape, and cell
di erentiation and induction [6].

By exploring di erent possiblebuilding blocks in software and hardware de-
velopmen, the project de nes physical building blocks that allow developmert of
systemscomprising hundreds of basic building blocks that exhibit self-asserhly,
self-repair, and shape-change.The potential of the new designstandard hasbeen
exempli ed through the construction of two robotic systemsthat can change
morphology.

The corntrolling mechanism found in simulation has been modi ed, imple-
mented and tested as cortrol for the physical building blocks. Especially, the
abstract gradient-based control medanisms from the simulations has proven
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Fig. 1. Left: Example of generegulation. Structural genes(A and I), are controlled by
responsive elemerts (RE). A is here a transcription factor regulating its own synthesis
and activating alsoinhibitor I. Righ t: Interactions of genes,morphogensand cellular
physics. Physical strains of cells are controlled by the two chemical gradients, showvn
in @) and b). a) alone producesthe shape in d), while their combination producesthe
shape shown in e). From [3].

usefulto cortrol real hardware systems.The HYDRA hardware includes20 HY-
DRON modules for aquatic use and 100 ATRON modules for terrestrial use,
both systemscapable of self-recon guration in 3D.

2 Cellular Biology

The biological medchanismsof self-asserhly and self-repair were investigated and
modeled within an arti cial ewolutionary systemin the context of cellular sys-
tems. Generic principles identied from these developmerial medanisms were
usedto implemert cortrol algorithms for the two HYDRA hardware platforms.

Having chosenthe cell as our level of abstraction, our main task was to
identify those developmertal processeswhich allowed an arti cial ewolution-
ary systemto mimic growth and regeneration[4] in a cellular context. For this
purpose,di erent developmertal processesvere simulated and explored by evo-
lution. A set of basic cellular medhanismswasidenti ed, which could be usedto
simulate a wide range of higher level medanismssud as pattern generation or
co-ewlution of morphology and behaviour.

All the biological medchanismsthat are essetial for developmert, cell divi-
sion, growth, di erentiation, pattern formation and morphogenesisare mediated
ultimately by proteins. They act either directly or asenzymesto produce other
molecules. These proteins are encaded by genes,so dewelopmert is cortrolled
to a large degreeby gene expression.The pattern of gene expressionin the
embryo determines where, when and in what quantity particular proteins are
made and therefore governsthe properties of eact cell. Since proteins play suc
an important role for developmert, the medanism ligand-receptor interactions



Fig. 2. Left: The HYDR ON hardware. Righ t: Cellular Adhesion Control in 2D of a
small group of simulated HYDR ON modules. By changing the attractiv e and repulsive
force betweentypesof cells, di eren t con gurations can be achieved.

was implemented, which can mimic many speci ¢ interactions among proteins
abstractly. A receptor is usually a large protein, folded in a way to be able to
recognizespeci cally a partner molecule. For a ligand (a signaling molecule) to
be useful it must act selectively on particular targets such as generegulators or
receptors. This meansthat a receptor will only recognizeligands of a certain
precisetype and ignore closely related molecules.This principle of binding-site
and ligand speci cit y canbe found almost everywherein multicellular organisms.
This complemenary speci cit y, which is basedon the very exactmolecular recog-
nition properties of molecules,is certral to explaining many of the phenomena
of developmertal biology.

The basic mechanismsidenti ed in cells- cell division, cell death, cell adhe-
sion, expressionof receptors, and production of signaling molecules- were used
to ewolve and simulate higher-level processesuch as cell di eren tiation, pattern
generation, morphogenesisgrowth of neural networks with inter-neuronal com-
munication and co-ewlution of morphology and behaviour. Figure 1 providesan
overview of the simulated cellular medanisms.

3 The HYDR ON Mo dule

A HYDRON unit is showvn in gure 2. Each unit is roughly spherical, with
a diameter of approximately 11 cm, suspended in water, and actuated in the
horizontal plane. A HYDRON unit has four nozzleswhich expel water drawn
through an impeller at the bottom of the unit when activated, and which are
selectedby arotating collar. A syringe draws or expelswater through the bottom
of the unit to cortrol unit buoyancy, and thereby actuate the unit along the
vertical axis. Each units hull also supports a small set of switchable optical
sensorsand emitters capable of transmitting data over short ranges. Optical
sensorsand transmitters were chosenbecausethey provide a simple and exible
underwater communication medanism.

Simulation work on a Cellular Adhesion Molecule (CAM) basedcontrol ap-
proach [8] shows how this simple, biologically-inspired approac to deceriralized
multi-rob ot corntrol can be used for forming a variety of spatial patterns, as



shown in gure 2. This can be achieved in modules with limited capacity for
communication and locomotion. The simulation results are also consistert with
the predictions of Steinberg's Di erential Adhesion Hypothesis for sorting of
biological cellular aggregates[9]. The approadc is exible and robust, and the
designof the controller permits easytransfer to the real HYDR ON robots.

The combination of the CAM cortroller with the Genetic Regulatory Net-
work (GRN) controller [10] shows that the GRN can be ewlved to produce
time-varying expressionof CAMs on a robots (virtual) membrane in order to
achieve speci ¢ behaviours. Especially for more complex tasks (such as react-
ing to an external signal, or producing di eren tiated behaviour from an initially
homogeneougluster), the evolutionary power of the combined GRN-CAM con-
troller is able to produce better performancethan could be achieved by either
of the primitiv e controllers individually .

4 The ATR ON Mo dule

The ATRON modules, showvn in gure 3 and further described in [5], are lattice
basedself-recon gurable robot modules for 3D operation in land environments.
Greatly simplied, an ATRON module is composed of two hemispheresjoined
together by a rotation mecanism

ATRON modules can connectusing mecanical hooks which attach to an ar-
rangemert of bars on a neighbour, similarly adhesionproteins bind to ligands on
the surfaceof an adjacert cell. On ead half module, there are two female (bars)
and two actuated male connectors(hooks). The novel medcanical connector de-
sign, ensuresa strong and reliable connection. A module may communicate with
neighbouring modules through IR communication.

When placedin the surface-ceftred cubic lattice structure, the modules can
self-recon gure to achieve dierent overall arrangemeris or movemerts. The
shape allows onemodule to moveto an adjacert holein an otherwisefully packed
structure (without colliding with other modules). Indeed, the designwas guided
by considerationson how to reduce cortrol complexity of self-recon guration,
while having a simple module design.However, comparedto biological cellsand
the HYDR ON module, the ATRON hasvery hard constraints on motion. Grav-
ity related restrictions include static stability of the con guration, not exceeding
motor torque limits, and obeying structural sti ness. Also, care should be taken
during self-recon guration to avoid module collisionsand to maintain structural
connectivity. The system also has similarities with cellular systems,in that a
cluster of ATRONS is composedof many identical semi-autonomousunits. The
questionis how the principles from biology should be transferred to suit the hard
constraints of the ATRON hardware.

In [1] we describe a GRN-style system, where eadh module is cortrolled by
simple rules of the form f precondition; actiong, basedon the local neighbour-
hood and the modules actuators. The activation of rules is determined by the
hormonegradients, such that the e ort of eadh individual module is orchestrated
from organism scalechemical gradients. Work along theselines have shown that
such simple rules basedon local morphology can generate scalable and robust



Fig. 3. a) Exploded view of the ATRON CAD drawing, and b) a photo of the nal
hardware. c) Experiment on the ATRON platform showing three white modules as a
meta-module in the processof migrating on a substrate of modules. d) The simulated
migration of ATR ON meta-modules permits approximation of the target shape de ned
as attraction points.

behavior at organismlevel, such as cluster walk, obstacle avoidanceand terrain
following [7].

Chemical gradierts are known to guide migrating cells[6]. In order to achieve
adesiredself-recon guration, this mecanismhasbeentransferredto the ATRON
platform [2]. ATRON modules can use their IR-based neighbour-to-neighbour
communication to simulate a gradient that attracts other modules. Migration
is achieved using a meta-module consisting of three modules, see3 c). Such a
meta-module has the ability to move relatively freely on the substrate of other
modules. Meta-modulesemergefrom the structure of modules, migrate basedon
cuesfrom its ervironment, and die when reaching their target, once again be-
coming part of the substrate. This approacd is similar to the division and death
of biological cells. The combination of gradients and migrating meta-modules
enablethe systemto changeits shape, see gure 3 d), and thereby adapt to the
required functionality of the system.

5 Conclusion

The HYDRA work provides insight into the exploitation of holistic behavioural
and morphological adaptation in the designof new artefacts.

Investigations of biological principles have revealedthat the cell is an appro-
priate level of abstraction, sothe building blocks are modeledascells. This leads
to control medanismsbasedon inspiration from cellular mecdhanismssud ascell
division, cell motion, cell death, cell adhesion,changeof cell shape, and cell di er-
ertiation and induction. HYDRA simulation work shows how such medanisms
canbe usedto cortrol the morphological creation of forms. The controlling med-
anism found in simulation hasbeenmodi ed, implemented and tested as cortrol



for the physical building blocks. In addition, gradient-basedcontrol medanisms
have beenabstracted from the simulations.

20 HYDRON modules and 100 ATRON modules have been produced, and
experiments has been been performed on these modules. The robotic system's
ability to recon gure in 3D hasbeenhigh on the agenda.The successfubutcome
of the project has been videotaped for preseriation and the physical modules
demonstrations have been shoncasedat various PR everts and sciertic everts
worldwide.
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