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Kinematics, speed and
wave efficiency of the
sand-swimming
sandfish lizard Scincus
scincus and predictions
from granular resistive
force theory (RFT) and
numerical simulation.
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Figure 1. Kinematics, speed and wave efficiency of the sand-
swimming sandfish lizard Seineus scincus and predictions from
granular resistive force theory (RFT) and numerical simulation.
(a) The sandfish lizard on 3 mm glass particles. (b) X-ray image
of sandfish swimming subsurface in 0.3 mm glass particles. (¢)
Tracked mid-line of the sandfish shows the kinematics as it propels
itself using body undulations within a granular medium of 3 mm
glass particles. (d) Average forward swimming speed versus
undulation frequency in 3 mm particles. Solid symbols refer to bio-
logical measurements, and the solid and dashed lines correspond
to the RFT (for a flat head) and simulation ( for a tapered head)
predictions, respectively. (¢) Wave efficiency (7), the ratio of the
forward swimming speed to the wave speed as determined from
the slope of v,/A versus f measured in (d) for biological data,
RFT and numerical simulation in 3 mm particles. For the RFT
(solid colours), the lower and upper limits of the 7 deviation
(evan (loosely packed) and (orange (closely packed)) correspond
to maximumn (flat head) and 30 per cent of the maximum head
drag, while the simulation (hatched) corresponds to the flat and
tapered head shapes, respectively. Blue and red colours in (d)
and (e) correspond to loosely and closely packed media
preparations, respectively.
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Particle size has little effect on swimming

0.1 mm 0.3mm O0.7mm 3 mm

Glass beads with £15% polydispersity
3 mm glass particles

A/A ~ 0.2, independent of particle size too...
...a template? (rull & koditschek, JEB, 1999)




Resistive force
theory (RFT) for
granular media

Figure 2. Resistive force theory (RFT) for granular media in
which the sandfish is (a) approximated by a square cross-
section tube along which a single period sinusoidal travelling
wave propagates head to tail. As the tube moves through the
medium, a force acts on each element of the tube and the force
is resolved into parallel (F) and perpendicular (F, ) components.
ds and d refer to the length of the element in the RFT and drag
experiments, respectively. (b) Fj and (¢) F, from simulation of
3 mm glass particles on the length (blue open circles) and at the
end caps (green closed circles) of the square cross-section rod as
a function of the angle (¢) between the velocity direction and
the rod axis. Regions 1-3 separated by dashed black vertical
lines correspond to similarly marked regions of the relationship
between 5 and A/ A in figure 6a. (Online version in colour.)
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DEM
simulated
model of

the sandfish
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Figure 3. Numerically simulated model of the sandfish (figure 1a). (a) Close-up view of the numerical sandfish with tapered body cross
section (approximating that of the animal) in 3 mm glass particles ( particles above the sandfish model are rendered transparent). Inset
shows the numerical sandfish with uniform body cross section. (b) Motor connections of a section of the simulated sandfish (i = 1 refers
to the head). b indicates the width (maximum along the model) and height of the segments in the non-tapered section of the animal
model. (¢) Two representative contacting particles illustrating interaction forces given by equation (3.6). (d) Three-dimensional view of
the 50 segment sandfish at three different instants while swimming within a container of particles rendered semi-transparent for visu-
alization. The time for the simulated tapered head sandfish to swim across the container is approximately 3.5 s ( f= 2 Hz). (¢) Mid-line
kinematics of subsurface sandfish motion in simulation when swimming at f= 2.5 Hz. (Online version in colour.)




Robot model
of the
sandfish,
experiment
and DEM
simulation | °
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Figure 4. Robot model of the sandfish (a) resting in a container filled with 6 mm plastic particles and (b) swimming subsurface in
the same particles (X-ray image). Inset in (b) shows the motors (segments) of the robot connected via ¢- and l-brackets without
skin.(¢) Three-dimensional rendering of the numerically simulated robot swimming in 6 mm particles. (d) Simulated robot show-
ing the angle between adjacent segments (8;) given by equation (4.2). (e) Circles in green and triangles in blue correspond to the
tracked position of the head and tail segments of the robot as it swims subsurface in experiment and simulation, respectively.
(Online version in colour.)



Comparison of
robot
experiment and
simulation in

6 mm plastic
particles

Figure 5. Comparison of robot experiment and simulation in
6 mm plastic particles. (@) Forward velocity increases linearly
with undulation frequency in experiment (green open circles)
and simulation (blue solid triangles). The slope of the dashed
blue (simulation) and solid green (experiment) lines is the
wave efficiency n with value 0.34+ 0.03 in experiment and
71 =10.36 + 0.02 in simulation. (&) n versus number of segments,
N, for a fixed length robot plateaus at N = 15. The green box
corresponds to the seven-segment robot in experiment while
the horizontal black bar is the RFT prediction, n=0.56 for a
continuous robot body. Inset: schematics of 5-, 15- and 48-seg-
ment robots correspond to the 7 marked with similarly
coloured (cyan, red and black) triangles. The robot simulation
was tested at f=2 Hz. For (a) and (b) A/A=0.2. We do not
solve the RFT for the finite (7) segment robot as the resulting
complex mathematical description provides less insight than
the numerical simulation of the robot. (Online version in colour. )
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Sand swimming
performance
dependence on
wave parameters

Figure 6. Sand swimming performance dependence on wave par-
ameters. Wave efficiency n versus amplitude to wavelength ratio
A/A for (a) the numerical sandfish simulation (dashed curve
and triangles, f= 4 Hz) with a tapered (dark blue) and uniform
(cyan) square cross-section body. The pink shaded region corre-
sponds to the RFT prediction for square cross-section body for
maximum (flat plate, lower bound) and 30% of the maximum
head drag (higher bound), respectively. The black cross corre-
sponds to the animal experiments (A/A=0.25+0.07, n=
0.53 + 0.16). Grey solid curves correspond to the approximate
analytical RFT solutions, and are divided into regions 1, 2 and
3 by dashed black vertical lines (regions correspond to those
marked in figure 2b,¢). The red curve is the RFT prediction of i
for a square cross-section body with maximum head drag with
the net force on each element scaled by 0.5 (see text). Inset: the
average of the absolute value of i decreases with A/A. (b)
versus A/A for the robot experiment (green circles) and robot
simulation (blue triangles and dashed curve), f=0.5 Hz. (¢) For
afixed length undulator, the wavelength decreases with increasing
amplitude. Spatial forms are depicted by orange curves.
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Kinematics
that
maximize
swimming
speed
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Figure 7. Kinematics that maximize swimming speed. (a) Forward speed (in bl per cycle) measured while varying the ratio of A to
A for a single period wave. The cyan and blue dashed curves with triangles correspond to the sandfish simulation with fAat and
tapered heads, respectively. A third order polynomial fit to the peak of the tapered head sandfish simulation curve in identifies
the maximum speed = 0.41 + 0.01 bl cycle ' at A/A=0.23 + 0.01. The pink shaded region corresponds to the RFT prediction
for square cross-section body for maximum (flat plate, lower bound) and 30% of the maximum (higher bound) head drag, maxi-
mum swimming speeds correspond to A/A =0.19 and A/A = 0.21, respectively. The red curve is the RFT prediction of forward
speed for a square cross-section body with maximum head drag with the net force on each element scaled by 0.5 (see text). The
maximum forward speed corresponds to A/A = 0.27. (b) Forward speed for the robot in experiment (green circles) and simulation
(dashed blue curve with triangles) corresponding to varying A/A (with = 1). Fitting the peak of the robot simulation curve with
a third order polynomial identifies the maximum speed = 0.28 + 0.01 bl cycle " at A/A=10.24 + 0.01. (¢) Forward speed
measured while varying £ in the sandfish model with A/A = 0.22. Spatial forms depicted by orange curves. (d) Forward speed
for the robot in experiment (green circles) and simulation (dashed blue curve with triangles) corresponding to varying &
(with A/A =0.2). For the numerical sandfish results (a,¢) f=2Hz and for the robot experiment and simulation results (b,d)
f=10.5Hz. Black cross (A/A =0.25 + 0.07, speed = 0.39 + 0.1 bl cycle_') in (a) and black box (é=1) in (¢) correspond to
measurements from animal experiment.



Discrete Element Method (DEM) simulation

3 parameter collision model:
normal: elastic & dissipative
+

tangential: friction

Fn = 1‘763/2 — Gy (51/2
FQ — H’Fn
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Part 1l: Simulating the robot
Multi-body simulator Working model (WM) 2D
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Angular approximation of

_ sinusoidal traveling wave
Motor i+1

o B; = By&sin(2m&i/6 — 2mft)

(like in experiment)

Lycra skin — particle friction estimated
experimentally W, e —robot: 0-27

Maladen et al., J. Roy Soc. Interface, 2011



Sandfish scale simulation
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Simulate granular medium: Discrete Element Method

(e.g, see book by Rappaport)
Specify particle-particle/particle-intruder interaction rule

Model validation: rod drag

3mm
: diameter
S glass
beads
J 3cmlong
elasticity dissipation SS
2 /e 1 /e cylinder
Fn, = ké'j/z - GTL"L?T}OI/Z
Fs — H’Fn Experimen
L Simulation
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w Force (N)
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Localized, dissipative “frictional” fluid

Redder particles = higher speed

1cm

motor activation is
independent of speed (unlike
in true fluids)
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Resistive force modeling

(after Gray and Hancock, 1954, Taylor 1952, ) e Assume square cross-section
swimming at constant speed at
fixed depth with waveform:
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 Non-inertial movement (net
thrust=net drag)

 Head drag = flat plate (or for
taper use 30% flat plate, Schiffer,

_ 2001
cds @)v1+tan® @bdx + F, ., =0 001)

* Insert force laws to solve for
n=v, /v, for given A, A and
obtain v,.=mv,,=nAf
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Granular resistive forces

Obtain empirical drag laws for F, and F”

Box of GM

Drag rod in simulation of 3 mm

“glass” particles while varying o

 Use simulation to resolve forces on all
surfaces

sidewall

4x1.6x1.6cm3

square rod « Average in space and time during

steady state, divide by area to find

surface stresses

¢=90°
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Granular resistive forces

Empirical granular resistive
force laws

F, = Cgsin 3,
Fj = [Crcost + CpL(1 = sin¢)]

tan Jy = ysm

Independent of speed

(Forces shown for LP)
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Resistive forces in DEM and RFT
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RFT solution
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Wave efficiencies of undulatory swimmers

(see Alexander, Vogel, Gray & Hancock, Lighthill, etc..)
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