Swimming in Sand, part 3

Daniel I. Goldman

School of Physics
Georgia Institute of Technology
Boulder Summer School on Hydrodynamics
July 25-27

Lectures on the mechanics of interaction with granular
media including biological & physics experiments,
numerical, theoretical and physical robot models



Topics in the lectures

(revised)

———

General principles in terrestrial locomotion
Intro to granular media -

Drag, lift and flow fields during localized |1
intrusion in granular media

Modeling approaches: DEM & RFT
Sandfish biological experiments | 2
Sandfish modeling: robot
Sandfish modeling: DEM
Biological tests of model predictions — | 3

RFT modeling of sand-swimming _



Swimming in Sand

Papers:

Maladen et al, Science, 2009

Maladen et al, Robotics: Science & Systems conference 2010 (Best paper award)
Maladen et al, J. Royal Society Interface, 2011

Maladen et al, International Journal of Robotic Research, 2011

Maladen et al, ICRA, 2011
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Pdfs and links to movies here:

http://crablab.gatech.edu/pages/publications/index.htm



The sandfish lizard

- Sandfish (Scincus scincus e
( ) *Native to Sahara desert

eAdaptations for living in
| sand: countersunk jaw,
fringe toes, smooth

*One of ~10 species
[ classified subarenaceous:
“swims” within sand




Swimming without use of limbs

1 mm

Nematode (C. elegans) in fluid
Hang Lu, Georgia Tech

1cm



Kinematics during steady swimming

fit

n=11 animals
mass=16.2t4g
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e Asin%(x+th) v, = Af

y

R?>0.95 at all
phases in cycle

Single period sinusoidal wave, traveling head to tail




Swimming kinematics

Travelling sinusoidal wave,

/-\EA Kinematics independent of @
P>0.05

- 3 ¢=0.58, LP

A . | ¢=062, cp
L=snout-
A/}\ =020+0.04 LP zlsecl'_c)length

0.22 +0.06 CP | g5/

P>0.05

LP CP

n=11 animals 0

mass=16.2t4g A;‘FL 2L



Swimming speed vs frequency & wave efficiency

5 /7—VX—VX _V /A

¥y}

: v, fA f

>" "
Measures
amount of
“slip” relative
to movement

Advances < A in 1/f in a tube

n 150531042 1-0.4950.12 *Wave efficiency

_ (N~0.5) is
. L independent of @
. . . n=11 animals

0 = _
¢ =0.58 ¢ =0.62 mass=16.2t4g




A/A=0.2
f=1 Hz

Robot sub-surface Real time

10cm  Robot on the surface

&=1,
A/A=0.2
f=0.25 Hz

Submerge robot to a depth of 4
cm in closely packed bed




10 cm
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Integrating WM with DEM simulation

Particles above the robot rendered transparent

s
rite

Experiment

Simulation

Box dimensions: 108cm x 40cm x 15cm

Number of particles: 3e5
Particle size : 0.6cm

60

30

¥ (cm)



Sandfish scale simulation

Maladen, Ding, Umbanhowar, Goldman, J. Royal Soc. Interface, 2011

50 segment “sandfish” model

(b) motori—1
@ "

motor i

< |=10cm —

Motors controlled
to generate
sandfish’s traveling
sinusoidal wave

kinematics. EZM ((F’P) Xi+2nfe )]

~10°, 3 mm “glass” particles




Simulate granular medium: Discrete Element Method

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

Model validation: rod drag

3mm
o diameter
L9 glass
beads
3 cm long
elasticity dissipation S5
) cylinder
E, = kd*? — Gu,0?
FS — f-iFﬂ. Experiment
Simulation
friction t

w Force (N)

k=2 x 10% kg s2 m-1?
G,=15kgs ' m?
Mpp = 0.1

|

Fit here

50:50 mix of :
3.0,3.4 mm “glass 0 30 60 90
spheres” V(degree)




Simulate granular medium: Discrete Element Method

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

Anesthetize animal,
tilt platform until it slides
down, obtain W,

elasticity dissipation monolayer of particles
Fn — AOJ/Q — G-}ltr?nélfz
Fo=ukF,
friction

k=2 x 10° kg s2 m-12
G,=15kgs' m?
Hpp = 0.1

Upp = 0.27

Animal-particle friction = 0.27

50:50 mix of
3.0,3.4 mm “glass
spheres)



Simulated sand-swimming
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A/A=0.25, £=1, f=1 Hz
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10 cm



Trajectories of body markers
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Speed vs frequency and n

Swimming in 3 mm glass particles, in experiment and simulation

A

LP F 4
_2; cp ,f,"p
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0 2 f (Hz) 4

A/A=0.25, £=1
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Variation of amplitude-> optimal swimming in sand

— \
0.6 '
fa-j Animal
U
a\ Peak at
i 0 3 A/A=0.23 £ 0.01
O ~ .
; f T Numerical A
8 : A/)\ =0.25 mode Fixed
% s ¢ f=2 Hz
0L LA | [ &=1
0 0.3 A/A 0.6

Hypothesis: animal utilizes swimming kinematics which
maximize escape into the sand—2> a template!




Localized fluigl

Redder particles = higher speed

1cm

Speed (cm/sec)

Mean velocity (cm/s)

|

8]
o |
Distance (cm)

max body width Distance (cm)

Calculate mean particle
speed as a function of
perpendicular distance
from body, along body



Resistive forces during swimming

Force scale: 0.5 N
10
3
=2,
D m
0 -
5 10 15 20 25 30 35
X (cm)

A/A=0.25, §=1




Motor activation (torque) pattern

5 .
ﬁ A/A=0.2
Torque (N-cm)
O& E IO ',
. .':.” .' »
-5 L . . .
0.4 0.5 0.6 0.7 0.8
4 | | Tlme (s)

RMS of
torque (N-cm) 2 |

_ 4 8 | 12
< —Tail Position (cm) Head — >



Mean rectified
motor torque (N-cm)

Torque is frequency independent-->
Frictional fluid

2T
E i
A A
. &
1.5}
Constant Depth
S 3 4 5

Frequency (Hz)



Minimum mechanical cost of transport
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Power

4_
= Sandfish
g 3 operating
P range in LP
g2y
5 Inertia
1+ becoming
important
0 : : .
0 2 4 6
Frequency (Hz)

At f=2.5 Hz, total power

developed in the 15

gram swimmer is ~1 W.

Top is 5 cm below surface

1W/0.015 kg=
60 W/kg

Vertebrate muscle is capable of
~100 W/kg:

--Swoap et al, JEB, 1993 measured
154 W/kg at ~40 C in hind limb of
desert iguana

--Carroll & Wainwright, Comp. Bio
& Phys, 2006, max of 330 W/kg in
epaxial musculature in a bass

so simulation is reasonable in
this regard



Power generation and dissipation on the body

Blue=A/A=0.2, black=A/A=0.06

0.3 -
£0.2
f=4 Hz E Power calcuated
T
3 01 P=1w
[
0
0.3 :
Head
Each bar
represents _
0.8cmx1.6cm P=F-v
cross-sectional
area along the
body or on
the head.

Tail < — > Head

Top is 5 cm below surface



Internal actuation generates kinematics

Motor driven

Muscle driven

Can we use the model to predict how the sandfish
“turns on” its muscles to move its body?



Trunk musculature in a lizard

lengissimus cervicocapitis
spinalis capitis (splenius) iliocostalitis

transvarsospinalis

longissimus dorsi

rectus capitis

AT

IY

costocervicalis

serratus ventralis

external intercostals

) 2010 Encyclopaedia Britannica, Ine:



Muscle activity recordings during subsuface swimming

Musculature Implantation sites

Kinematic Markers

B Longissimus dorsi

lliocostalis

Electrode Site

TIIIIIIIIIT

Vent 90% 70%  50% 30% Shout
8.5cm 0cm

26 vertebrae in trunk & ~13 in tail

Apparatus
Recording Technique

Bipolar Hook
Electrode

Epaxial Musculature

50 um diameter stainless steel wire

i E‘Igctrode‘Wire’ -
Bundle

Steinmetz, Goldman, In prep, 2011



Swimming Muscle Activation (EMG)

Steinmetz, Goldman, In prep, 2011

Slowed x10 :
| — Mean Intensity (mV)
X-Ray: Subsurface % : | '
g o 02 04 06 08 1 12 7"; 16 0.9 n=8 ,
1 EMG at 70% SVL
s ' ' ' ! : ' Ly '
g - e i,ﬂm#mw.».ﬁ%wwﬂ
g .10 0.I2 0?4 076 0.‘8 1I 1.‘2 ‘ET4 1.'6
1 EMG at 90% SVL 05
3 M + P<0.01
Do 4 M—»a%»-——%«
_10 02 04 06 08 1 1.2 14 16
: EMG at 110% SVL
A oo
g " Ly
s b L Control Above Subsur.
0 0.2 0.4 0.6 _’%_ge o 1 12 14 1.6

Control: Intensity is

Intensity=EMG burst area/EMG duration recorded when animal
IS not moving




Speed independence

Steinmetz, Goldman, In prep, 2011

Mean segment

Normalized EM G Intensity of 50% .
velocity for half

me‘l?rker at burst 3 cycle of unduation
P> 0.05
16} \/Seg
I * o
'y
12 Ao @ E & average /
---------- .L*I---'----‘*------------------
A
o
0.8 fat: 008
A
0.4 .
Triangle=LP
0 n=6 animals Circle=CP
0 1 2 3 4

Segmental Velocity (bl/s)

Biological support for frictional fluid picture



Numerical Simulation Predicts an Increase in
Motor Torque with Depth

— 30%
— 70%
| — 110%

Motor Torque (N-cm)




REL INT (mV/mV)

Intensity increases with depth

A
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Activation timing of the wave

Flexion at

Slowed x5

[uny
(o)
E

EMG Onset Relative to Flexion

BN 50% EMG
70% EMG
B 909 EMG

S 0% EMG
50% Flexion (deg.)

w
o
©

Convex

-300

Concave

0.48

0.24
Time (s)
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<
o



Emergent Activation Pattern with Simple Model

Head ~ MotorTorque Speed of traveling

gf wave of motor torque is
' faster than speed of
mechanical wave

Tail

0 r 1

. 0
0 = €8 | onse offse
— oy Angle t  offset Viave _
— T-:"’.-'f- max B 2
3l Activation Timing Vmechanical
e M . i LP Sim
| i
@
=11} =
.E: 0 :.'Resting Length _ /
1+ |
0/360 60 120 180 240 300 0/360

Cycle (%)



Timing is similar between experiment

and simulation e

o 30% w——— — ' — y I¢CP
s 50% i ) = -
ommmm 70% = - e .
90% 1 B e —— 1 LP :
4—5 Vivave =15
téD Vimechanical .,o’
EIJ 0) ‘.o"'Rest'ing Length \ / ;
v & ——
O o No Sand | e
3
= 1T — — icp Sim. |
T, [se
0/360 60 120 180 240 300 0/360

Strain Cycle



Theory of sand-swimming

Redder particles = higher speed

e @Goal: gain analytic understanding using tools developed for small organisms
swimming in fluids — Resistive Force Theory

e Simplify: no taper, flat head (in simulation N=0.45 for flat head, N=0.57 for
tapered head, difference of ~20%)



RESiStive fO rce mOde“ng (after Gray and Hancock, 1954, Taylor 1952

o, =F,(@)snf-F(y)cosd

~ R

area

cdsO)V1+tan® Obdx + F, =

e Assume square cross-section
swimming at constant speed at
fixed depth with waveform:

. 2T ly 24w 2
y=As n7 (X+th) tan 8 = % = Aﬂrt:tm TW (x+ vyt)
_ dy 2Amu, 2@, oy
ty = FTRR [,[PHT (4 vyt) fr = tan o .

 Non-inertial movement (net
thrust=net drag)

 Head drag = flat plate (or for
taper use 30% flat plate, Schiffer,
2001)

* |nsert force laws to solve for
n=v, /v, forgiven A, A and
obtain v,.=nv, =nAf



Resistive force modeling

(after Gray and Hancock, 1954)

In low Re fluids, for
long narrow
element

2.5

2 Fg=Chvsiny

1.5¢

0.5}

; F”IzC”‘vcosf\y .
0 20 40 60 80

Y

F _
_hW@) cds@)1+ tan? Godx + F,, =0

area

CoyiCp = 2:1



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 ¢

 Use simulation to resolve forces on all
surfaces

4x16x16cme
square rod

* Average in space and time during
steady state, divide by area to find

surface stresses

[




Granular resistive forces

Empirical granular resistive
force laws

F 1L = 05 sin _,3{;.

Fj =[Crcost+ CL(1 — sin¢))]

tan Jy = ysm

Independent of speed

(Forces shown for LP)

0;:::;3“&'-~““#*“"Hn..

Dashed: Stokes drag on narrow/long
ellipsoids in low Re fluid

Fi|=cos

0

30 60
l-lJ (degree)

90



Resistive forces in DEM and RFT

Green=RFT (using steady state drag)
Black=DEM (measured instantaneously)

10 15 20 25 30
X (cm)

Square body, no taper, 3 mm particles

35



_hw)

area

Resistive force modeling

(after Gray and Hancock, 1954)

cdsf)V1+tan® Gbdx + F,, =

e Assume square cross-section
swimming at constant speed at
fixed depth with waveform:

. 2T ly 24w 2
y=As n7 (X+th) tan 0 = —2 = === cos TW (x+ vyt)

dax A

dy _2Amw 27 4
thy = == ,A: ki [:[}HT‘[;}? o) i = tan '(_-" g,
! .

 Non-inertial movement (net
thrust=net drag)

 Head drag = flat plate (or for
taper use 30% flat plate, Schiffer,
2001)

 Insert force laws to solve for
n=v, /v, forgiven A, A and
obtain v =nv,=nAf




RFT solution

1.O¢
sim RFT sim RFT o oy " redueed)
exp exp 2

n 0.5} } | <
7 Il S
1 e
e A
an g

oLkl 7.

loose pack close pack 00

Range=from 30% flat plate drag on

head to flat plate head



Granular resistive forces

Empirical granular resistive
force laws

F 1L = 05 sin _,3{;.

Fj =[Crcost+ CL(1 — sin¢))]

tan Jy = ysm

Independent of speed

(Forces shown for LP)

0;:::;3“&'-~““#*“"Hn..

Dashed: Stokes drag on narrow/long
ellipsoids in low Re fluid

Fi|=cos

0

30 60
l-lJ (degree)

90



Wave efficiencies of undulatory swimmers

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

i <— Non-Inertial > < Inertial —>
' Terrestrial substrate Water *

N os £

I

| '

I |

I o

| I ‘ 100 mm
I

I

I

= |

g Reynolds Number:|
~10° 10° ~10° ~10° ~10°
: (36 60 36 46

¢‘5;a‘%,@%% 1 mm

2
o 2 Q
7l A
%-:::’__ {:!.}':' ':b' ﬁ f‘?,!i;
%-GE;' ‘3’» Fy
Granular Rough Agar Grains+ %

media Surface Water .
Sarah Steinmetz

Maladen, et. al (2009), Hu (2010), Jung(2010),Gray and Lissman (1964),Gray and
Hancock (1955),Gillis(1996),Fish (1984)



RFT captures form of n vs A/A

0.8+

0.4

Gray=Analytic solutions (head drag neglected)

. . |

RET solution for un-tapered body

Scaled RFT

Dashed=simulation

Dark blue Light blue

A\ N

0.2 A/ 0.4 0.6




09

06

03

Competition of effects leads to maximum

— (~> A

VX

Body lengths/cycle=

MEDIUM EFFECT

Go faster with
increasing A

03

AN

06

At A

fL

0.8f

AL o4

0.4}

fL L

GEOMETRY EFFECT

Go slower with
increasing A

0.2 .04 0.6

AN




RFT captures functional form & location of optimum

Sandfish simulation in loose packed 3 mm glass beads

0.6 Dark blug
animal A
Ej L Light blue
W] .
> - -\
< s s
= 0.3 ’ g !
0 Ve Q
= A .
O 2 RFT
8 : A/ = 0.2 (scaled)
N NV
0/, .
0 03 A/A 0.6



RFT force approximation is good at
intermediate A/A but not good
instantaneously at small A/A

AN = 0.06 AfN = 0.22

Green=RFT (using steady state drag)
Black=DEM (measured instantaneously)



Why thrust is over-estimated in RFT

Examine transient response in rod drag

10 cm long rod, 4 cm deep



Force N

Force buildup occurs over a characteristic length

| "’m‘.ﬂ

Y

Steady
state

force

Ju

0.2

¥ (cm)

Time (s)




Analytic approximations

Gray=Analytic solutions (head drag neglected)

0.8+

I

0.4

Rapid
increase

RET solution for un-tapered body

increase Scaled RFT

. . |

"'""--I'--F—A

Dashed=simulation

Dark blue Light blue

A\ N

AN

0.2 0.4 0.6

Slow increase



Direction of motion of segments

Blue arrows are velocity of each element




Small A Intermediate A Large A

\Y \"

l-lJ \/
U]
J-C ° 6

. 2m |
Yy = A HlIlT{-f: L ffn'.'t,] d:X = FI:I ((//)Sln 9_ F" (w) COSH

~ [

dy 2Am 2w ~T2
tan 0 = L cos— (T + vy t) E,.
dx A A 3

%Ef’?

R o

W = tan (“> — 0. ;E:urtfﬁ
' E

= 0 | ,
0 0.2 0.4

A\



F, (N)

X

=F,(¢)snf-F (¢)cosd
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X

=F,(¢)snf-F (¢)cosd
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Why is N independent of ¢?

Force laws for 0.3 mm particles

v (degree)

b =0.62
b =0.58

Near
exact
scaling!



OR...

Initial
low @
state

Initial

high @
state

Localized fluid achieves same state

“wake”
achieves
similar @
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RFT over-estimates
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RET solution for un-tapered body

Scaled RFT

Dashed=simulation

Dark blue Light blue

AN
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0.2
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Hypothesis
scale thrust
(but not
drag) by 50%



Summary

Yielding terrestrial substrates---solid and fluid-like response to stress
— many open locomotion questions

Volume fraction qualitatively affects drag force: LP—>fluid-like, CP—>fracturing solid

Granular lift forces are sensitive to shape dependent and can be approximated by
summing plate elements

Sandfish lizard swims within granular media (“frictional fluid”) of different preparations
using similar body undulation kinematics

— Template for swimming in sand?

DEM, robot and RFT models capture mechanics of sand-swimming:
— v, vs f, N=0.5, optimality condition A/A=0.2

RFT systematically deviates from DEM model

— Dinget al, in prep, will show that instantaneous force=average drag force is not a good
approximation



