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Figure 3 A CAD model of the complete Paramecium
robot.

The robot was equipped with a Taguchi TGS2600
chemical sensor for detecting volatile chemicals. This
sensor is mounted in the centre of the underside of the
robot and protected by facemask filter material to prevent
ingress of fine sand particles. A Polhemus six-degree-of-
freedom tracking system provides  ground-truth
measurements of the robot’s location and attitude even
when completely immersed in sand. Experiments were
conducted in a container of sand 1.5m long by 0.7m wide
and 0.4m deep. The photograph in Figure 4 shows the
robot partly submerged in the sand.

Figure 4 The Paramecium robot semi-submerged in sand.

4 Gait Development

The biological Paramecium achieves continuous motion
in a chosen direction by altering the drag of its cilia
between effective and recovery strokes. Holding the cilia
straight and rigid in a high drag configuration while they
are rotated propels the creature forwards. On the recovery
stroke the curved low drag configuration of the cilia
produces a relatively small backwards motion as the cilia
are returned to their starting position.

Figure 5 Robot heading change as all six paddles rotate
through their maximum range. The robot rotates about its
vertical axis of symmetry.

As mentioned previously the robot paddles (the robotic
equivalent of cilia) were designed with only one degree of
freedom and therefore changing the effective drag by
altering the shape of the paddle would only be possible by
incorporating a deformable structure into the paddle. This
technique was employed by CRABOT [Russell, 2011].
However, because this was built into the paddle
mechanical structure it could not be controlled and as a
result the robot could move forwards but not backwards.
Therefore, another means of varying the paddle drag was
investigated.

In the case of Coulomb friction, frictional force
is independent of velocity. Therefore, if there is a
significant component of Coulomb friction in the drag
force on a paddle moving through sand then moving
slower in the forward direction than on the return stroke
would vary the time that the force is applied to the robot
(but not the magnitude). The net effect should be that the
robot moves in the opposite direction to the slower
forward stroke of the paddle.

An experiment was performed to examine the
effect of the speed of the robot paddles. In the first test all
six robot paddles were rotated 30 times through their
maximum range at constant speed. Then the same
measurements were taken again except that the
anticlockwise rotation of the paddles was performed at a
quarter of the speed of the clockwise rotation. As can be
seen from Figure 5, apart from a slight variation in the
overall amplitude of the robot rotation the results are very
similar. There is evidence of a consistent anticlockwise
rotation of the robot but this is identical for both the equal
speed and varying speed tests. Therefore, it was conclude
that this slow rotation of the robot is the result of
imperfect construction of the robot, or of torques exerted
on the robot by the power, data and Polhemus cables.
There is no evidence of any cumulative rotation of the
robot that could be used for robot control. This effect
shows some similarity with the characteristics of viscous,
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low Reynolds number flow that gives rise to the scallop
theorem [Purcell, 1977]. The scallop theorem states that
to achieve propulsion in visous fluids a swimmer must
deform in a way that is not invariant under time-reversal.
Thus a scallop which can only open and close its rigid
shell could not propell itself in a viscous fluid.

The second approach that was investigated
implemented a varying drag in a similar manner to the
Paramecium but in this case the varying drag was
achieved across multiple paddles. Varying numbers of
paddles were rotated backwards and forwards 30 times
through their full range of movement and the average
robot rotation calculated. Results are shown in Figure 6. It
can be seen that the drag induced by the stationary
paddles has a significant effect on the rotation angle. Thus
the rotation produced by a single active paddle with five
stationary paddles opposing the movement is much less
than one sixth of the rotation produced by six active
paddles and no stationary paddles. This effect can be used
to generate effective and recovery strokes with
significantly different drag. The gaits that were developed
to use this effect are described in the following section.

14

Robot heading change (degrees)

Functioning paddles

Figure 6 Robot rotation produced by different numbers of
active paddles.

4.1 Gait Generation

During an effective, low drag stroke the maximum
number of paddles must be actuated simultaneously. For
recovery the paddles should be returned to their initial
position one at a time to maximise the drag of the
stationary paddles. The variations in drag may appear to
be the reverse of the situation when the Paramecium beats
its cilia. However, for the Paramecium it is the cilia that
have maximum drag during the effective stroke while for
the robot the body of the robot presents minimum drag in
the effective stroke and the overall effect is the same.
Table 1 shows the sequence of paddle
movements to produce anti-clockwise rotation. The
effective stroke takes place between phases 6 and 7. For
this gait the paddles start and finish the stroke at their

central position. This is true for all of the different gaits so
that they can be mixed together without having to perform
any intermediate movements to position the paddles at
different starting positions. The paddle movements of
Table 1 can be readily modified to produce a clockwise
turn by swapping all ‘L’ and ‘R’ entries.

Table 1 Paddle movements for an anti-clockwise turn. L =
paddle rotated to the left, M = paddle in its central
position, R = paddle rotated to the right.

Phase | Paddle | Paddle | Paddle | Paddle | Paddle | Paddle
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In order to produce translation of the robot rather than
rotation three paddles on one side of the robot perform an
active stroke in the clockwise direction while the three on
the other side move in the anti-clockwise direction. Once
again all paddles perform this active stroke together and
then recover one at a time. The sequence of paddle
movements is given in Table 2 for a linear movement at a
heading of 30° clockwise. The diagram in Figure 7a
indicates the position of each paddle and paddle active
stroke movements to move at a heading between paddles
1 and 2.

Table 2 Paddle movements for straight-line movement at
a heading of 30 degrees clockwise. L = paddle rotated to
the left, M = paddle in its central position, R = paddle
rotated to the right.

Phase | Paddle | Paddle | Paddle | Paddle | Paddle | Paddle
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Table 3 Paddle movements to achieve straight-line
movement at a heading of 0 degrees. L = paddle rotated to
the left, M = paddle in its central position, R = paddle
rotated to the right.

Phase | Paddle | Paddle | Paddle | Paddle | Paddle | Paddle
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Therefore Table 2 characterises a gait that can translate
the robot at any of 6 headings separated by 60°. A further
6 headings are possible half way in between those
headings using the gait in Table 3. Because this gait only
uses 4 of the 6 paddles in the effective stroke it produces
less forward motion compared to the gait of Table 2. One
example of the active stroke for this gait is illustrated in
Figure 7b.

Robot
1 heading

A Robot
,’, heading

a) heading between two
paddles.

b) heading in-line with
one paddle.

Figure 7 Two alternative effective stroke configurations
for linear movement.

5 Results

5.1 Turning

By repeating the sequence of paddle movements given in
Table 1 the Paramecium robot was able to perform an
anti-clockwise on-the-spot turn (viewed from above). The
amplitude of the paddle rotations governed the final
rotation of the robot. By swapping the paddle rotations to
the left (L) with rotations to the right (R) and vice-versa
the robot can perform a clockwise turn.

heading change (degrees)
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= - | o o d [ o o o o
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turning cycle
Figure 8 Heading change with repeated turning cycles.

Figure 8 shows the effect of ten maximum amplitude
turning cycles. It is evident that there is some variation in
the effect of each cycle. In a more extensive test of sixty
turning cycles the mean heading change per cycle was
9.1° with a standard deviation of 1.5°.

5.2 Burrowing in a Straight Line

The sequence of paddle rotations given in Table 2
produces linear movement of the robot at a heading half
way between two of the paddles. By cyclically rotating
the columns in the table the new rotated tables can be
used to control the robot so that it translates along
different headings spaced at 60° intervals.
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Figure 9 Two sequences of robot translation with a
change of heading in between. Heading change was
achieved without rotating the robot.

The robot translation resulting from two sequences of 10
burrowing cycles is shown in Figure 9. For the first
sequence the heading was between paddles 1 and 2, then
the heading was changed to lie between paddles 2 and 3 (a
heading change of 60° clockwise). Burrowing direction
was changed between each group of burrowing cycles
without rotating the robot. Only the paddle sequence was
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altered. The mean distance travelled in each linear
burrowing cycle was 1.15mm with a standard deviation of
0.27mm averaged over 60 burrowing cycles. The distance
travelled in each cycle is highly variable as can be seen in
Figure 9. With the alternate straight line movement gait of
Table 3 the distance travelled was 0.23mm per stroke.
This was improved by rotating the leading paddle from its
central position, clockwise, anticlockwise and then back
to the centre to loosen the sand before each effective
stroke. This increased the distance travelled to 0.77mm
per stroke. Therefore, except over very short distances it
would be more efficient to turn and use the 6-paddle gait
rather than the 4-paddle gait without the initial turn.

6 Conclusions

Compared with the vacuum of space, air at ground level
and the under water environment, soil materials are dense,
cohesive, relatively unyielding and opaque. For these
reasons building robots for underground exploration is an
interesting and demanding task. Apart from the challenge
of addressing a different environment there are a number
of valuable tasks that a burrowing robot could undertake.
The use of burrowing robots to find the source of
underground chemical leaks would help to mitigate a
hidden but potentially very serious problem. In the project
reported in this paper biological inspiration helped to
point the way towards a compact robot actuated by a
distributed propulsion system. The resulting robot is agile
and can move linearly at six different headings evenly
spaced 60° apart. Thus it can move in any direction
parallel to the surface by combining an on-the-spot turn of
up to 30° with a subsequent linear move at one of 6
headings. A less efficient gait provides a further 6 robot
headings in between the original 6.

The prototype Paramecium robot incorporates a
chemical sensor located in the centre of its underside
surface. The resulting system will be used to investigate
chemical source location algorithms in underground
environments. While being capable of operating fully
submerged in the sand the Paramecium robot is restricted
to movements parallel to the surface. The next
development will be to extend the robot burrowing
mechanism to provide active control of robot depth.
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