
Chapter 13
Cellular Automaton Manipulator Array

Ioannis Georgilas, Andrew Adamatzky and Chris Melhuish

Abstract We present a cellular automaton architecture for massive-parallel
manipulation tasks. The cellular-automaton manipulator is an array of actuators,
which interact locally with each other and generate coordinated manipulation forces
for precise translation of the manipulated object. The cellular-automaton actuator
arrays behave as an excitablemedium,where initial perturbation leads to propagation
of excitation waves. The excitation waves are physically mapped onto the hardware
actuation waves. We analyse different types of excitation and manipulation patterns
and physical implementations of the actuating surface.

13.1 Introduction

Traditionally industrial manipulation tasks are performed in an autonomous manner
with the use of large, usually 6 Degrees of Freedom manipulators, that can move
objects lighter than the manipulating robot itself. Such manipulators are either sin-
gle units or small groups of units. In the groups of units collaborative tasks are
achieved by planning the spatial trajectories of individual units in advance, often
before start of the manipulation. Although the vast majority of manipulation tasks
are still completed by these robots a new type of manipulation emerged: micro-scale
manipulation and assembly. This new type of manipulation require high precision,
optimum force application, non-prehensile handling and concurrent manipulation
of several objects during the work cycle. Classic manipulation approaches struggle
to satisfy these requirements. We therefore explore a specialised massively parallel
hardware operating like a smart manipulating surface [13]. Amanipulating surface is
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an array of simple actuators, each of them has a small power output, that collectively
transport, orient and position objects whose masses and sizes are higher compared
to the power output generated by a single actuator. Each individual actuator is rela-
tively inexpensive, and a modular structure of the parallel manipulator would allow
for mass production and scalability.

One of the key technologies utilised to control the motion of the objects for these
systems are arrays of air jets [11, 14, 22, 24]. Other approaches include mechanical
wheel based arrangements [23, 26], sound based solutions [31] and electromechani-
cal actuators to excite membranes [12, 27]. Most of these manipulation methods are
using the underling physical phenomena in an intelligent way to control the manip-
ulation, i.e. flow interactions [16], and anisotropic friction control [30]. Various
control systems have been proposed mainly on the concept of closed-loop control,
with feedback provided either from a camera [15] or other form of light information,
i.e. photodiodes [11].

The main issue in all these control methods is a scalability of the task. Controlling
the vast number of actuators is computationally plausible as shown by simulation
examples [17] but still expensive and usually comes at the cost of precision [8]. The
manipulation task becomes even more complicated when multiple objects must be
processed simultaneously and the controller must synchronise the spatio-temporal
trajectories of the objects.

A strong alternative to address the problem of scalability of control is the use of
lattice automata as the underlying controllers of the manipulation array. Specifically
each individual actuator’s state is controlled by the state of the automaton. The intel-
ligence and control is achieved by the emergence of order in the lattice. Furthermore
the system scales uniformly since the computation cost of the state-machine for each
actuator remains the same irrespective of the number of actuators. The use of lat-
tice automata as robot controllers is not new and have been utilised to control path
planning for mobile robot platforms [4, 5, 29]. The proposed here use of the lattice
automata differentiates from previous implementations in the effort to enhance and
bring forward the synergies necessary to complete the required manipulation task.

We discuss firstly what characteristics of lattice automata are ideal for this type
of control, and what ‘modes’ of operations optimally can achieve this, and by which
set of state rules. Also some details on the importance of the hardware and how
it improves the synergy will be given. We evaluate the behaviour and operation of
the lattice performance in a series of simulation and real-world experiments. The
qualitative and quantitative performance of the experimental prototype of cellular-
automaton actuator array is analysed.

13.2 Cellular Automata Controller

Actuators arranged in a two-dimensional array is one ofmost optimalways to achieve
modularity, controllability and fault tolerance. If we want an actuator array to be
autonomous, i.e. not controlled by a host computer, we should allow each elementary
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actuating unit to have some computing power, in principle some local sensing, and be
able to interact with its immediate actuating neighbours. By using local interaction
the actuators can establish a coordinated action and manipulate objects, which are
substantially larger in size than a single actuator, leading to epiphenomenal ‘task’
behaviour. Cellular automata would be ideal controller for the arrays of actuators.
This is because a cellular automaton is an array of finite statemachines, or cells,which
update their states in discrete time depending on states of their immediate neighbours.
Thus we can assign a unique cell of a cellular automaton to an elementary unit of an
actuating array. The topology is preserved. All cells of a cellular automaton update
their states by the same rule, all units of the actuator array act by the samemechanics.

A requirement for focused force application suggests us that most convenient
manipulation rules should be based on propagating patterns, either omni-directional
waves or travelling localizations [3]. Mobile self-localizations can be described as
waves or wave-fragments (gliders, wavelets), the manipulation abilities of which
have been previously demonstrated in [21]. The use of wave-fragments and their
synchronisation signals have been analysed in [18],where the concept ofmetachronal
waves [7] was applied in lattice automata-controlled hardware.

The lattice automaton we are proposing to utilise is the 2+ medium [1, 6], a
3-state (excited (+), refractory (−), resting(·)) cellular automaton with well defined
mobile self-localizations. The cell-state transition rule of the 2+ medium is given in
Eq.13.1: a resting cell excites if it has exactly two excited neighbours; an excited
cells becomes refractory; a refractory cell returns to a resting state.

xt+1 =

⎧
⎪⎨

⎪⎩

+, xt = · and ∑
y∈u(x) χ(y,+) = 2

−, xt = +
·, otherwise

(13.1)

where χ(y,+) = 1 if y = + and 0, otherwise.
In the 2+ medium both omnidirectional waves and wave-fragments can be cre-

ated using simple initial conditions. Both types of waves can travel in the cardinal
directions, which is an extra benefit for manipulation tasks, since it allows for clear
directional vectors for the manipulated objects. The basic manipulation element is
the wave-fragment, or glider, consisting of an excited head (two excited cells) and a
refractory tale (two refractory cells), Fig. 13.1 The ternary nature of the automaton
is convenient for the hardware interface. Each state of the automaton can be directly
mapped onto a state of actuator motor: off, clockwise spin, and counter-clockwise
spin.

Fig. 13.1 Typical travelling localisation in 2+-medium [2]. The localisation propagates eastward.
The excitation wave-front is followed by refractory tail. Excited sites are shown by ‘+’, refractory
by ‘−’
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Table 13.1 Combination scenarios of physical contacts between actuator surfaces andmanipulated
object

Cilia in... Scenario 1 Scenario 2 Scenario 3 Scenario 4a

Object − + − +
Surface − − + +

Presence of cilia on object or surface is indicated by ‘+’, absence by ‘−’
aScenario 4 has not been investigated

13.3 Hardware Layer Role

The hardware architecture of a cellular automaton controller is proposed in [20]. The
architecture draws its inspiration from the ciliary motion of Paramecium caudatum.
Cilia are also used to exploit anisotropic friction [25, 32] and thus to generate force
fields to move the object. Although some research teams have introduced this idea of
programable force-fields with anisotropic friction using vibratory motion [28, 30],
our method differentiates on the mechanism of generating the friction, hence the
force. We propose the coordinated vibratory motion of cilia structures controlled by
lattice automata.

To fully evaluate the applicability of the proposed method different hardware
architectures are investigated. The differentiation factor of these architectures is the
location of the cilia-like structures. Table13.1 gives us the potential combinations.

Scenario 4 in Table13.1 is being presented only for completeness. Although it is
possible to create a system with cilia in both the object and the manipulation surface,
it will be a system of complex physical interactions between the cilia on actuators’
surfaces and the cilia on the manipulated object.

13.4 Experimental and Simulation Results

Each of the scenarios presented in Table13.1, except Scenario 4, was tested in hard-
ware or computer simulation to evaluate the performance of the lattice automata in
control. In hardware tests we used the prototype described in [19, 20]. The prototype
is an array 8×8 oscillating motors, covered with a silicon membrane. The array is
110 ×110 mm in size. Rotation direction of each motor is controlled independently
on other motors. We used overhead video camera to measure motion of the manip-
ulated objects.

Computer simulation of the actuator array was made using MATLAB and
APRON—(A)rray (P)rocessing envi(RON)ment [9], a real-time simulation platform
for working with and debugging two-dimensional arrays of data and rapidly proto-
typing array based algorithms. For some of the simulation experiments, where the
focus was on the physics-based analysis of manipulation, an environment for physics
simulation was utilised [10].
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Fig. 13.2 Manipulation with waves. Simulation frames of manipulating objects with omni-
directional wave (a) and travelling localisation (c). Trajectories of objects translated by these waves
are shown in (b) and (d). x and y-axis in simulator distance units. Simulation is implemented in
APRON [9]

13.4.1 Scenario 1: No Cilia

In the no-cilia scenario two sets of simulation experiments were carried out and
the behaviour of omni-directional and wave fragments was investigated. In the ini-
tial experiment, firstly four objects were displaced using omni-directional waves,
Fig. 13.2a, and secondly a single object using linearly propagating wavelets,
Fig. 13.2c. In the latter experiment only one object was used given the narrow
focus of the glider. The trajectories of the objects were recorded. They are shown in
Fig. 13.2b, d.

In the laboratory experiments with hardware prototype the object shown in
Fig. 13.3a was manipulated by the actuator array. The object is a 40× 20mm hol-
low, plastic, rectangular box. We did not execute laboratory experiments with omni-
directional waves because in such type of manipulation objects move along coupled
trajectories which is not suitable for a precise manipulation; also, the manipulated
objects ‘hopped’ above the surface, see more details in Sect. 13.5. In the laboratory
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Fig. 13.3 Neither actuator array nor themanipulated object are equippedwith cilia. a Photograph of
a hardware prototype of 8×8 actuator arraywith themanipulated object on top. b Four experimental
trajectories; x and y axises adjusted to simulator distance units

experiments on manipulating with travelling localisations four different trajectories
were recorded, see Fig. 13.3b. Although each trajectory is slightly different due to
mechanical variations of the prototype, the overall pattern is as predicted in the
simulation experiment.

As can be observed for the omni-directionalwaves the ‘broadcast’mode is typical:
waves traveling all across the lattice render the trajectories of the objects coupled.
Moreover, as seen from the screen shot in Fig. 13.2a, the delivered energy causes
vertical displacement of the objects, a ‘hopping’ effect. On the other hand, thewavelet
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manipulation operates as expected, the object moves in a linear fashion. The slight
parabolic motion can be attributed to the specific dynamics of the simulation engine.

13.4.2 Scenario 2: Object with Cilia/Surface Without Cilia

In the second scenario an object with cilia was manipulated by the actuator array
without cilia. We selected a toothbrush as a manipulated object due to its intriguing
geometry, see Fig. 13.4a, b and the availability of a ciliated object of standardised
construction. The toothbrush was 35 × 12 mm in size. A photo of the experimental
prototype is shown in Fig. 13.4c. The cilia, or bristles, of the toothbrush create an
anisotropic friction that allows the surface to manipulate the object.

Two sets of experiments have been conducted. The first set dealt with linear
motion of the toothbrush, the target is in the same line as the toothbrush’s initial
position. In the second set of experiments, we introduced a change of the toothbrush’s
direction path is necessary: the target was positioned at a 90◦ angle from the line
of direction of the toothbrush. This cornering action was achieved by a combination
of glider motions and turning patterns. The turning patterns were represented in
cellular automaton controller as two excited+ and two refractory− cells in a crossed
configuration.

Two trajectories were recorded for each set. In Figs. 13.5 and 13.6 the overlap of
the trajectories, with rotation tracked by the directional vectors, can be seen along
with the start position of the toothbrush and the target. In Figs. 13.5 and 13.6 the
trajectory and rotation of toothbrush body is separately plotted for ease of analysis.

By analysing the data of the trajectories we can identify some interesting patterns.
Although there are variations, both sets of trajectories are similar with most of the
same characteristic motifs. These variations can be attributed to specific hardware
and software aspects. Three key aspects are identified:

• Drifting movement of the toothbrush.The toothbrush head, because of its special
geometry, tends to move in a drifting fashion, oscillating from side to side.

• Motor array variations.Although the highest specifications where used to design
and construct the prototype some variations still exist. Differences in geometry of
the modules and inevitable differences in motor operation (manufacturer’s speci-
fications) result in small variations of performance from cell to cell.

• Algorithm and CA propagation. The implementation of the lattice automaton
algorithm affects operations in two distinctive ways. First, the pattern used to turn
the toothbrush might affect its trajectory in an unwanted manner. Secondly, the
lattice refresh interval (200m in the experiments) affects movement patterns, indi-
cating that there are other spatio-temporal dynamic phenomena at play impacting
the operation of the system.

The different reasons for the patterns recognised in the experiments, allow to draw
some interesting experience regarding the system both in hardware and software
terms. The first two, drifting movement and motor variations, are related to the
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Fig. 13.4 Manipulated object has cilia but actuator array has none. a Side and b front view of
object’s cilia geometry responsible for the anisotropic friction, c Photograph of the parallel manip-
ulator with an ciliated object on top

hardware being used, toothbrush head geometry and prototype variant. In order to
emphasise the robustness of the proposed conveyor system the decision was taken to
accept mechanical variations within specific tolerances. This way the system proves
that it can compensate for those variations using the intelligent underlying control
algorithm. Due to the systemic occurrences of both phenomena, it is possible to
map those mechanical imperfections and incorporate them in the lattice automata
controller making the system more robust.

The third reason is related to the implementation of the automaton controller.
Simple linear gliders in 2+ medium seem to provide a good linear object propa-
gation while the proposed turning patterns address to a certain degree the 90◦ turns
required for the selected trajectories.Both the gliding and the turningpatterns perform
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Fig. 13.5 Set of Linear Movements



304 I. Georgilas et al.

Fig. 13.6 Set of Corner (90◦) Movements
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Fig. 13.7 Photograph of the bristles fabricated to emulate natural cilia. This design is used as an
alternative to the membrane design described in [20]

satisfactorily in compensating for the hardware’s weaknesses. Undoubtedly, deter-
mining the iteration (generation) step is a crucial parameter affected by the dynamics
of the system.

13.4.3 Scenario 3: Object Without Cilia/Surface with Cilia

The third scenario is tested using simulation experiments based on the modelled
behaviour of the ciliated surface. A small hardware version of the proposed system
has been fabricated for verification, see Fig. 13.7. The model is based in the vortex-
like behaviour of a single motor and the resulting force field as exerted by the cilia
structures is shown in Fig. 13.8a.

In this scenario, the task was to move a square object from the lower right corner
of the lattice to the centre of it. This corresponds to the natural task encountered in
microorganisms for the transportation of food to their ‘mouth’ pore [18]. The impor-
tance of synchronisation signals was investigated with the application of three differ-
ent signals. Specifically the signals tested are (a) Single motor actuation, Fig. 13.8b;
(b) Random motor actuation, Fig. 13.8c; and (c) Metachronal wave motor actua-
tion, created by linearly traveling localisation, Fig. 13.8d, f. This selection of signal
was made to demonstrate the necessity of proper synchronisation and co-action of
actuators in the manipulation tasks.
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(a) (b)

(e) (f)

(c) (d)

Fig. 13.8 Simulation frames from MATLAB with APRON generated control signals. The vectors
of the force field, the rectangular object with a rotation indication line and the trajectory are depicted.
a The vortex force-field created by a single motor. b The single motor force field ‘pulling’ the object
towards the centre of the lattice (frame 60). cThe trajectory of the object under a randomly generated
force field (frame 400). d–f Frames 0, 60 and 400 of the trajectory under the metachronal wave
signal. Object is placed at coordinates (12,4). Axis are simulation based units
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Analysing the trajectories from the different control signals we can deduce some
interesting results regarding the cooperative attributes of the various control sig-
nalling (Fig. 13.8). In the single motor approach, the motor trying to ‘pull’ the object
towards the centre fails even to start moving the object (Fig. 13.8a, b). Investigating
the exhibited forces we find that the single motor is not able to exert the friction
between the object and the surface. This is a demonstration that a single ‘cilium’
fails to achieve the task and some form of cooperative action needs to take place.
The random motor approach overcomes the lack of power, since it does move the
object from its initial position. Nonetheless, the object is moving along a random
path (Fig. 13.8c). Furthermore, it might be locked in local attractors that will not
coincide with the intended target. Hence, the use of multiple ‘cilia’ is necessary to
produce manipulation, but random ‘beating’, i.e. signalling, does not create control-
lable behaviour. Finally, the 2+-medium glider, seen as metachronal wave, moves
the object towards the target (Fig. 13.8d, f).

13.5 Conclusions

In this chapter we demonstrate the use of lattice automata as distributed control
systems formanipulation applications.Wehave shown that controllablemanipulation
can be reached via interaction between cells/actuators and also between physical
surfaces of the actuator units and the manipulated object. In all three scenarios, as
shown in computer modelling and laboratory experiments, travelling localisations
(gliders, solitons, wave-fragments) are proved to be ideal manipulating patterns.
Further studies are required to select the best morphology of the control patterns
in cellular automata, which can lead to robust and precise manipulation. Actuator
arrays discussed in the chapter are open-loop manipulators: actuating units do not
sense the manipulated object. In our future research we aim to develop closed-loop
manipulators, where actuators are equipped with sensors allowing them to feel the
manipulated object.
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