THE ROLE OF FUNCTIONAL SURFACES IN THE
LOCOMOTION OF SNAKES

A Dissertation
Presented to
The Academic Faculty

by

Hamidreza Marvi

In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy in the
School of Mechanical Engineering

Georgia Institute of Technology
December 2013

Copyright (©) 2013 by Hamidreza Marvi



THE ROLE OF FUNCTIONAL SURFACES IN THE
LOCOMOTION OF SNAKES

Approved by:

Dr. David Hu, Advisor
School of Mechanical Engineering
Georgia Institute of Technology

Dr. Alexander Alexeev
School of Mechanical Engineering
Georgia Institute of Technology

Dr. Young-Hui Chang
School of Applied Physiology
Georgia Institute of Technology

Dr. Daniel Goldman
School of Physics
Georgia Institute of Technology

Dr. Jun Ueda
School of Mechanical Engineering
Georgia Institute of Technology

Date Approved: 23 July 2013



To my beloved wife, Sarah,
whose exceptional support and encouragements
made this journey possible,
and to my parents,

for their tremendous blessing and inspiration.

il



ACKNOWLEDGEMENTS

I would like to greatly thank my advisor, Dr. David Hu, for his exceptional help and
supervision during my Ph.D. work. This research would not have been possible without his
unreserved support and remarkable vision.

I greatly appreciate Dr. Daniel Goldman and his students at CRAB Lab (especially
Nick Gravish, Feifei Qian, and Sarah Sharpe) for their tremendous help and support on
sidewinding project. I also thank Dr. Howie Choset and Dr. Jeffrey Streator for their
collaborations on sidewinding and snakeskin tribology projects, and Dr. Michael Shelley
for his early contributions on the concertina locomotion project. Moreover, I sincerely
thank my Ph.D. committee members for their insightful comments and discussions on this
research.

I am very thankful to Dr. Joseph Mendelson and his wonderful team at Zoo Atlanta.
I conducted most of my animal experiments at Zoo Atlanta and this has not been possi-
ble without their exceptional support. It has been a great pleasure working with such a
professional and supportive team at Reptile section of Zoo Atlanta.

I would also like to thank Paul Cook, Jacob Bridges, Gregory Meyers, Geoffrey Russell,
and many other undergraduate students for helping with experiments and data analysis, Tim
Nowak and Candler Hobbs for photography, and the NSF (PHY- 0848894), NSF-PoLS, and
the Elizabeth Smithgall Watts endowment for financial support.

Last but certainly not least, I would like to express my wholehearted gratitude to my
wife, Sarah, for her unreserved love and support. This long journey would not have been
possible without her patience, support, and persuasion. I am also very grateful to my
parents for their wholehearted and sincere support and encouragements throughout my life.

Hereby, I would like to dedicate this dissertation to my wife, and to my parents.

v



TABLE OF CONTENTS

DEDICATION . . . . . . e iii
ACKNOWLEDGEMENTS . . . . . . . . e iv
LIST OF TABLES . . . . . . . e X
LIST OF FIGURES . . . . . . . . e e xi
SUMMARY . . . . e xvi
I INTRODUCTION . . . . . .. e 1
1.1 Background . . . .. ... ... ... 1

1.2 Previousstudies . . . . . . . .. .. 2
1.2.1 Concertina locomotion . . . . . . ... ... ... ... ..... 2

1.2.2 Rectilinear locomotion . . . . . ... ... ... ... 2

1.2.3 Lateralundulation . . . . . .. ... ... .. ... ... ..., 3

124 Sidewinding . . . . . . ... 3

1.2.5 Snakerobots . . . . . . ... ... 4

1.3 Scopeandobjectives . . . . . .. ... Lo o 5

II'  SNAKESKIN TRIBOLOGY: SNAKES CONTROL MECHANISMS FOR

FRICTION ADJUSTMENT . . . . . . . . . .. . . . 7
2.1 Introduction . . . . . . ... 7
2.2 Experimental techniques . . . . . . .. ... ... L oL 8

221 Animalcare . . .. ... ... .. 8

2.2.2  Interaction of snakes’ ventral scales with an array of transparencies 8

23 Model . .. .. 9
24 Results . . . . . .. e 10
2.5 Summary and future directions . . . . . .. ... 13

III' FRICTION ENHANCEMENT IN CONCERTINA LOCOMOTION OF SNAKES
14

3.1 Introduction . . . . . . . . . . e 14



v

3.2 Experimental Techniques . . . . .. ... ... ... ... .. ...... 15
32.1 Animalcare . . . ... ... 15
3.2.2 Friction measurements . . . . . . . . . . ... 15
3.2.3 Smart-Channel construction. . . . . . . .. ... ... ...... 16
324 Fiming . . . .. .. 17
3.2.5 Statistical Analyses . . . . .. ... Lo o 17
3.3 One-dimensional concertinamodel . . . . . ... ... ... ....... 18
3.3.1 Frictionforce . . ... ... . ... .. . 19
3.3.2 Transverse Force . .. ... .. ... ... ... .. ... 21
3.3.3 Governing equation . . . . . . . ... ..o e e e 21
3.3.4 Numerical simulation . . . . . ... ... .. .. ......... 22
33,5 Energetics . . . . . ... 22
3.4 Justification of assumptionsinourmodel . . . . . .. ... ... ... 23
34.1 Node number depends oninclineangle . . . . . . ... ... ... 23
3.4.2 Center-of-mass moves one-dimensionally . . . .. ... ... .. 26
35 Results . . . .o 27
3.5.1 Snakes double their friction coefficients . . . . . ... ... ... 27
3.5.2 Kinematics of concertinamotion . . . . . . ... ... ... ... 29
353 Bodyspeed . . ... ... ... 31
3.5.4 Measured transverse force . . . .. ... ..o L L. 33
3.5.5 Predicted transverse force . . . . . . ... ... 35
3.6 DISCUSSION . . . . . . ..o e e e e 36
3.6.1 Active control of friction . . . . .. ... ... 36
3.6.2 Safety factors in concertinamotion . . . . . ... ... ... ... 36
3.6.3 The need for higher dimensional models . . . . .. ... ... .. 37
3.7 Summary and future directions . . . . . ... ... ... .. ... 38
SCALYBOT: A SNAKE-INSPIRED ROBOT WITH TEMPORAL AND SPA-
TIAL CONTROL OF FRICTION . .. ... ... .. ... ......... 39
4.1 Introduction . . . . . . . . ... 39

Vi



VI

42 Methods . . . . . . . 41

4.2.1 Building Scalybot . . . . . ... ... L L 41
4.2.2 Friction Measurements . . . . . . . .. .. .. .. ... ... 43
43 Model . . ... 45
44 Results . . . . ... 47
4.4.1 Friction Measurements . . . . . . . ... ... ... 47
442 Kinematics . . . . . ... e 48
443 Performance . . . . . . ... Lo 49
45 Discussion . . . ...l e e e 51
EVALUATION OF ENERGETIC COST OF CONCERTINA LOCOMOTION
VIA IN VIVO 3'P NMR SPECTROSCOPY . . . . .. ............ 54
5.1 Introduction . . . . . . .. .. ... 54
5.2 Methods . . . . . . . 56
5.2.1 Exercise and Spectroscopy . . . . . . . ... 56
5.22 DataAnalysis . . . . .. ... 58
5.3 Energetics . . . . . . ... e e 58
54 Results . . . . . oL 60
5.5 Discussion . . . ... e 62
5.6 Summary and future directions . . . . .. ... ... 64

SNAKES MIMIC EARTHWORMS: PROPULSION USING RECTILINEAR

TRAVELING WAVES . . . . . . 65
6.1 Introduction . . . . . . .. .. .. 65
6.2 Methods . . . . . . . . . . 66
6.2.1 Animalcare . . ... .. ... ... 66
6.2.2 Friction measurements . . . . . . . . . . ... 68
6.2.3 Trackway construction, filming, and image processing . . . . . . . 68
6.2.4 Definition of reference frames . . . . . . . ... .. .. ... .. 69
6.3 Model . .. ... .. 70
6.4 Experimentalresults . . . . . . . ... ... ... L oo 71

vii



6.4.1 Snakes lift ventral surfaces to move forward . . . . . . . . . . .. 71

6.4.2 Friction coefficients . . . . . . ... ... L. 73

6.4.3 Trackingofbody markers . . . . . .. ... ... ......... 73

6.4.4 Scaling of kinematics . . . . . . ... ... ... .. 78

6.5 Numericalresults . . . . . . . .. ... 79
6.5.1 Model predictions of stationary points and body speed . . . . . . . 80

6.5.2 Optimality in rectilinear locomotion . . . . . ... .. ... ... 81

6.5.3 Benefits of lifting on surfaces of various roughness . . . . . . .. 83

6.5.4 Energetics . . . . . . . ... 85

6.6 Discussion . . . . . . ... 87
6.6.1 Unique wave frequency scaling . . . . . ... ... ........ 87

6.6.2 Improving rectilinear locomotion . . . . . . ... ... ... ... 89

6.7 Summary and future directions . . . . . . ... ..o 90

VII SIDEWINDING: AN ANTI-SLIP CONTROL TEMPLATE . . . . . .. .. 91
7.1 Introduction . . . . . . . ... 91

7.2 Methods . . . . . . L 92
7.2.1 Animalcare . . . . .. .. ... 92

7.2.2 Experimentalsetup . . . . ... ... ... ... ... 92

7.3 Snakeexperiments . . . . . . . . . ... ..o 93

7.4 Sandreactionforces . . . . . .. ... o 96

7.5 Snakebotexperiments . . . . . . . ... ... 97

7.6 Summary and future directions . . . . . .. ... Lo 98
VIIICONCLUDING REMARKS . . . . . ... . . 99
APPENDIX A — SNAKESKIN TRIBOLOGY . .. ... .. ......... 103
APPENDIX B — CONCERTINA LOCOMOTION . . . . .. ... ... ... 108
APPENDIX C —SCALYBOT ... ... ... ... ... ... ... ... 109
APPENDIXD — RECTILINEAR LOCOMOTION . ... ... ....... 110
APPENDIXE — SCHOLARLY ACHIEVEMENTS .. ... ... ...... 115

viii



X



LIST OF TABLES

Effects of width and slope on kinematics and performance. Tabulated val-
ues are given in the form of F(p) where F is the F-statistic and p is the
p-value. Bold type indicates statistically significant values. . . . . . . . .. 18

Static and dynamic friction coefficients of (a) conscious and (b) uncon-
scious corn snakes on a styrofoam substrate. . . . .. ... .. ... 29

Kinematics parameters of concertina locomotion. Number of trials n, pe-
riod 7, displacement of body per period AL, total time 7', total displacement
D, and velocity V of two corn snakes moving at inclinations of 0, 10, and
30degrees. . ... 58

Metabolic power, Pyet, mechanical power, Pyech, and efficiency, 11 = Prech/Pret
for two corn snakes moving on inclinations of 0, 10, and 30 degrees. The
channel width for all of the experimentsissettoScm. . .. ... ... .. 62

Animal subjects. The number of snakes (N) used in our experiments, their
lengths (L), masses (m), forward and backward sliding friction coefficients
(ur and Uy), and number of naturally-occurring spots (n). The data for each
individual snake is provided in Appendix D.11. . . . . ... ... .. ... 68

The effect of snake body length L, on mass m, body speed V, wave speed
Vv, wave amplitude A, wave frequency f, wavelength A, percentage of
body at rest, and Partial Cost of Transport PCT. Body length has a statis-
tically significant effect, up to a significance level of @ = 0.01, on all pa-
rameters except A, percentage of body at rest, and PCT. F is the F-statistic
andpisthep-value. . . ... ... ... 78



LIST OF FIGURES

(a) A corn snake climbing Styrofoam at inclination of 45 degrees, (b) snake
scale interacting with a transparency. Video sequence of a snake scale in-
teracting with a transparent film: (c) experiment vs. (d) model. . . . . . . .

Experimental data and simulation results for a ventral scale of a conscious
corn snake interacting with a transparent film. (a) Experimental data com-
pared to simulation results for horizontal force vs. snake displacement.
Simulations results for peak horizontal force vs. (b) initial angle of attack,
(c) elastic modulus, and (d) torsional stiffness of snake scale. . . . . . . ..

Schematic of the apparatus used to study concertina locomotion. Here 6
is the inclination angle with respect to the horizontal and W is the channel
width. The front wall is composed of plexiglass. All of the experiments are
conducted on Styrofoam. . . . . . . .. ... Lo

(a) Plan view, and (b) side view of the 3-massmodel. . . . . . .. ... ..

(a-c) Video sequences of corn snakes performing concertina locomotion
in channels of 2 cm, 3 cm and 4 cm width. Three phases of concertina
locomotion are highlighted in each video sequence. . . . . . ... ... ..

Total number of contact points of the snake with the channel walls. (a)
Minimum and maximum number of contacts for a corn snake perform-
ing concertina locomotion in a horizontal channel of width 4 cm. (b-c)
Minimum and maximum number of contact points and (d) their ratio, as a
function of channel width and inclination. As shown in (a), a corn snake
moving in a horizontal channel of 4 cm width makes minimum of 4 and
maximum of 6 contacts with the sidewalls. . . . ... ... ........

Dynamics of center of mass motion in a horizontal channel of width 2 cm.
(a) Axial and (b) lateral positions of the snake center of mass. (c) Axial
and (d) lateral positions of three points on the snake (1: posterior section,
2: mid section, and 3: anterior section of the snake body) as a function of
time in dimensionless units. The channel sides are shown in (b,d) using
dashed lines. The curves y; and y3 in (d) are offset vertically by -0.05 and
0.05, respectively. . . . . ..o

(a) A corn snake ascending a tree. (b-c) Scales are used to grip tree bark
asperities. Snake scales at their (d) minimum and (e) maximum angles of
attack (flat). (f-g) A snake climbing an inclined surface. Sliding is pre-
vented by emergency braking associated with lifting of the body. . . . . . .

X1

9

12

16
18

24



10

11

12

13

14

15

16

17

18

Inter-nodal distances /; and /; given in terms of the kinematic parameters.
Circles and diamonds are the experimental data for /; and [, respectively.
Solid and dashed lines are the corresponding approximate waveforms used
inthemodel. . . . .. .. .. ... 30

(a) Period, (b) normalized AL, (¢) normalized minimum length, and (d)
normalized maximum length of corn snakes as a function of slope and non-
dimensionalized channel width. . . . . . .. .. ... .. ... ...... 31

(a) Speed and (b) applied transverse force as a function of slope and channel
width. Model predictions are given by black squares; velocities measured
by Jayne [1] are given by black circles for comparisons. . . . . . ... .. 32

(a) The velocity of center of mass as a function of dynamic friction anisotropy

ij’j in a horizontal channel of 3 cm width. (b) The velocity of center of mass

as a function of transverse force T for a channel of width 3 cm and incli-
nation of 30°. Note: the negative velocities are not steady-state velocities,
but represent average values over three periods of motion. . . . . .. . .. 33

The transverse force applied by a corn snake, as a function of time and
position along the body. The channel has a width of 3 cm and inclination
of 30°. Plots (a)-(d) show instantaneous force profiles during one period of
motion. Insets show the corresponding body shape of the corn snake. . . . 34

Time course of the transverse force applied by a corn snake (solid lines).
Dashed lines show the model predictions for the minimum required trans-
verse force to prevent sliding. The channel has a width of 3 cm and incli-
nationof 30°. . . . ..o 35

(a) A corn snake climbing a tree. (b) The image sequence of the concertina
locomotion of a corn snake. (c) The corresponding 2-mass model describ-
ing Scalybot’s dynamics. . . . . . ... ... Lo oo 40

(a,c) Corn snake and Scalybot scales at their minimum angles of attack
(flat), and (b,d) at maximum angles of attack. Snakes can modify their
scales’ angles of attack to increase their friction anisotropies. Scalybot
uses the same concept to climb steep slopes, as shown by the insets. . . . . 42

(a) CAD drawing of Scalybot and list of item descriptions. (b-e) The image
sequence for one period of motion of Scalybot. Insets show oblique views
of the belly scales for the stationary and moving segments. Phases A and
B denote kinematic phases defined in Fig.18. . . . . . ... ... ... .. 44

The time course of inter-nodal spacing. There are two phases in this func-
tion: In phase A (extension), the head is pushed forward; in phase B (con-
traction) the tail is pulled forward. The stationary segment uses active fric-
tion changes to provide anchorage. . . . . . . . .. ... ... ... .... 46

Xii



19

20

21

22
23

24

25

26

27

28

Effect of Scalybot scales’ angles of attack, &, on (a) dynamic friction co-
efficients, and (b) static friction coefficients on Styrofoam. Both forward
and backward directions are measured. For obtaining maximum available
friction anisotropy, Scalybot sets the scales of its stationary segment at 50°
and those of its moving segment at 30°. The friction anisotropy /s is
1.6 for dynamic friction coefficients and 2.16 for staticones. . . . . . . .. 47

Numerical predictions of the velocity of center of mass, V, as a function of
friction anisotropy /iy, predicted by Eq. (23); Scalybot and corn snake
velocities are included for comparison. Scalybot uses active anisotropy by
changing its scales’ angles of attack so that p,/up=16. . . .. ... ... 49

The velocity of center of mass, V, as a function of [ and inclination an-
gle, 6. On horizontal surfaces (black lines), increasing [ increases V for
low contraction speeds (I < 40). However, at sufficiently high contraction
speeds (I > 40) and angles of inclination (green and blue lines; 6 > 15),
the velocity of Scalybot decreases due to loss of static friction anchorage. . 51

(a,b) Scalybot 2. . . . . . . . . 52

(a) Three phases of concertina locomotion, (b) Bruker PharmaScan 7.0 T
MR system, and (c) plastic tube used for putting the snake in the MRI
machine. . . . . . ... e 56

(a) Pre-exercise 3!P time-averaged reference spectrum for a corn snake.
Data acquisition time for capturing this spectrum is 1.07 minutes. Inset
shows cross section of snake body in the MR system. (b) Phosphocreatine
to inorganic phosphate ratio recoveryrate. . . . . . . . . . ... ... ... 61

Snake species used in our experiments. (a-b), Boa constrictor, (c) Dumeril’s
boa, and (d) Gaboon viper. Snakes (b)-(d) perform rectilinear motion against
awall. . .. e 67

Schematic of the apparatus used to study rectilinear locomotion. Here 6
is the inclination angle with respect to the horizontal. The front wall (not
shown) is composed of plexiglass. The ground coordinate frame (x) and
moving coordinate frame (x') are indicated by the arrows. The direction of
wave propagation in rectilinear locomotion is opposite to the direction of
MOLION. . . . . . ot et e e e e e e e e e 69

Mathematical model for rectilinear locomotion. (a) Schematic of n-link
crawler and (b) forces applied toeach block. . . . . . .. .. .. ... ... 71

A boa constrictor lifting parts of its body during rectilinear locomotion.
We shine a purple light from the side which passes underneath the snake to
reveal lifted parts. For clarity, lifted regions are denoted by a black outline
and an arrow indicating direction of lifting. The body is lifted approxi-
mately 1 mm and the corresponding wave speedis6cm/s. . . . . ... .. 72

Xiii



29

30

31

32
33
34

35

36

37

38

Unidirectional contraction-extension wave during rectilinear locomotion.
(a) Image sequence of a boa constrictor performing rectilinear locomotion.
The black lines follow the naturally occurring patterns on the snake skin
and their spacing demonstrates the muscular strain at varying heights along
the body. (b) One period of our n-link crawler model. The red blocks
correspond to anchorage points. (c) Time course of the distance travelled
by the 22nd spot on the snake, as shown in the inset. The colored lines
indicate muscular traveling waves at three different elevations across the
snake body: ventral, middle, and dorsal. . . . . . ... ... ... ... ..

Body kinematics. (a) Time course of positions of 25 dots on the snake’s
body. The slope of the arrows has magnitude equal to absolute snake speed
plus wave speed. (b) Time course of points 15, 19, and 23, as labeled in
(a). (c) Peak detection of the traveling wave in the snake coordinate system.
The noise in this plot has amplitude of around 0.2 mm, and is due to image
ProCeSSIN NOISE. . . .« . v v v v v e e e e e e e e e e

Scaling of wave kinematics. (a) Wave speed V,,, (b) wavelength A, (c) wave
amplitude A, and (d) wave frequency @ of snakes in rectilinear locomotion.

Snakes body speed V compared to model predictions. . . . . .. ... ..
Fraction of the snake body that is instantaneously stationary. . . . .. . ..

The relation between predicted body speed and changes in body kinemat-
ics. Variation in body speed as a function of (a) the period of wave propa-
gation 7, (b) wave amplitude A, and (c) wavelength A as predicted by our
mathematical model. Red data point shows experimental measurements for
Dumeril’sboa. . . . . . . . ... .

The relation between predicted body speed V, and backwards friction co-
efficient u,. Speed of a snake lifting its body is compared to one without
body lifting. The black data point shows experimental measurements for
Dumeril’sboa. . . . . . . . . . . ...

Calculated rate of working, or partial cost of transport (PCT) for three red-
tailed boas, two Dumeril’s boas, and a Gaboon viper. . . . .. .. ... ..

The relation between body length L and (a) wave frequency ®, (b) wave
amplitude A, and (c) body speed V for several rectilinear movers, including
maggots [2], caterpillars [3—6], earthworms [7, 8], and snakes. . . .. . ..

Sidewinder rattlesnakes and snakebot. (a) A sidewinder rattlesnake climb-
ing a slope of 20 degrees on loose sand. (b) Snakebot developed at Carnegie
Mellon University (Credit: Biorobotics lab, CMU). (c) Schematic of track-
way (credit: Nick Gravish), and (d) snake robotin skin. . . . . . . ... ..

X1V

74



39

40

Contact length versus inclination angle for sidewinders and snake robot.
(a) A sidewinder snake climbing slopes of 0 and 20 degrees. The black
lines highlight parts of snake body that are in contact with sand. Contact
length, [ normalized by the body length, L as a function of inclination an-
gle, 6 for (b) six sidewinder rattlesnakes and (d) snake robot. The insets
show x-displacement at inclination of 20 degrees expanded in the vertical
direction for clarity. The highlighted regions illustrate the contacts snake
and snake robot make with sand. Horizontal lines correspond to static con-
tacts. (c) Snakebot climbing slope of 15 degrees at wave frequency of 0.08
Hz and contact lengths of 0.2+0.03 (slipping and rolling) and 0.29+0.01
(successful). . . . . . . ..

Granular drag. (a) Fundamental interaction. The zoom box shows side
view of snake body where it makes contact with the substrate. (b) Drag
force, F' versus horizontal displacement, D and (c) sand stiffness, k ver-
sus inclination angle, 6 for different penetration depths, d (credit: Nick
Gravish). . . . . . .

XV



SUMMARY

Snakes are one of the world’s most versatile organisms, at ease slithering through
rubble or climbing vertical tree trunks. Their adaptations for conquering complex terrain
thus serve naturally as inspirations for search and rescue robotics. In a combined experi-
mental and theoretical investigation, we elucidate the propulsion mechanisms of snakes on
both hard and granular substrates. The focus of this study is on physics of snake interactions
with its environment. Snakes use one of several modes of locomotion, such as slithering on
flat surfaces, sidewinding on sand, or accordion-like concertina and worm-like rectilinear
motion to traverse crevices. We present a series of experiments and supporting mathemati-
cal models demonstrating how snakes optimize their speed and efficiency by adjusting their
frictional properties as a function of position and time. Particular attention is paid to a novel
paradigm in locomotion, a snake’s active control of its scales, which enables it to modify its
frictional interactions with the ground. We use this discovery to build bio-inspired limbless
robots that have improved sensitivity to the current state of the art: Scalybot has individu-
ally controlled sets of belly scales enabling it to climb slopes of 55 degrees. These findings
will result in developing new functional materials and control algorithms that will guide
roboticists as they endeavor towards building more effective all-terrain search and rescue

robots.

XVvi



CHAPTERII

INTRODUCTION

1.1 Background

More than 450 million people were affected by 700 natural disasters worldwide over the
past two years [9]. Robotic search and rescue is crucial for fast and effective rescue opera-
tions after such disasters [10, 11]. In addition to search and rescue, limbless and wheel-less
propulsive devices can be designed for “robotic colonoscopy” to maneuver while minimiz-
ing pain and damage to the surrounding tissue [12, 13], or exploratory missions in deserts
and on other planets [14]. In all these situations, terrain is complex, involving topography
over a range of length scales and surface textures.

Snakes are one of the most versatile animals at ease traversing complex terrain, climb-
ing steep inclinations, and advancing through narrow openings. They have been studied
for over 200 years and have been source of inspiration for many great engineering discov-
eries. Snakes have four different modes of terrestrial locomotion: concertina locomotion,
rectilinear, lateral undulation, and sidewinding. When a snake climbs inclined channels it
usually uses an accordion-like motion called concertina [15]. In rectilinear motion, a snake
propagates a longitudinal traveling wave along its body to move in limited spaces [16].
Lateral undulation is the fastest mode of snake locomotion and most snakes are capable
of performing this gait on flat surfaces. During lateral undulation, snakes generate a 2-
dimensional traveling wave propagating from head to tail [17]. When traversing a granular
substrate such as sand, a snake usually uses the sidewinding gait, the second fastest and
most energetically efficient gait of snake locomotion [18].

Understanding the kinematics and energetics of these gaits and mechanisms snakes
use for making effective interactions with their environment is a major step forward for
developing effective all-terrain search and rescue robots. In § 1.2, we briefly review these
gaits and discuss about several robots inspired by snake locomotion. We then discuss scope,

objectives, and outline of this thesis in § 1.3.



1.2 Previous studies

1.2.1 Concertina locomotion

Concertina locomotion is a series of folding and unfolding of body in an accordion-like
manner. This movement is observed when the snake has to travel through straight or circu-
lar channels. This movement is sometimes observed on open, uniform surfaces [19]. Gray
is among the first scientists who studies concertina locomotion of snakes [19]. He observes
that some segments of the body move backwards which cause ventral scales to engage with
the surface and create points of support [19].

The muscular activity of snakes during concertina locomotion is studied by Jayne [1].
In another study, Jayne and Davis discuss how kinematics and performance of concertina
locomotion of black racer snakes are affected by tunnel width and tunnel treadmill speeds
[20]. The climbing behavior of boa constrictors is also studied by Byrnes and Jayne [21].
They observe at large rope diameters, snakes use concertina locomotion for climbing [21].

Greene et al. [22] and Gans [23] note that concertina has inherently lower efficiency
than lateral undulation because part of the snake is always stationary within each period of
concertina motion resulting in periodic loss of momentum. Walton ef al. [24] measured
oxygen consumption of snakes on a treadmill to compare the energy consumption of dif-
ferent modes of locomotion. They find the net energetic cost of a snake performing lateral
undulation is equivalent to the running of a limbed animal of the same mass, and seven
times less energetically costly than concertina locomotion. The results of their study sug-
gests that lower aerobic energetic cost is not a viable explanation of why species evolved
into limblessness [24].

There are few models developed for studying concertina locomotion of snakes. Chernousko
explains snake-like locomotion of multilink mechanisms by considering planar multi-body
systems with two, three, and multiple links that are connected by actuated joints and mov-
ing on a horizontal plane [25]. In another study, Jing and Alben optimize motion of two-
and three-link snake models and show that for a two-link snake concertina locomotion is

the optimum mode of motion [26].

1.2.2 Rectilinear locomotion

Rectilinear motion is the slowest mode of snake locomotion. One of the first theories
of rectilinear motion originates in 1812, where Everard Home attributes a snake’s ribs
as being responsible for the progressive motion of snakes [27]. Even though Home’s rib
walking theory was rejected by the mid 1900’s, it was still believed that a snake’s rectilinear

movement was dependent upon the movement of its ribs. Bogert disagrees with this theory



and claims that rectilinear movement is possible due to the elasticity of the skin of the
snake, the connection between the ribs to the integument through its muscle, ventral scutes
and connective tissue [28].

Rectilinear locomotion is considered similar to snail [29] and caterpillar locomotion
[30]. However, Lissman presents an extensive experimental study to show that rectilinear
locomotion of snakes is most similar to earthworm motion [31]. He observes snakes prop-
agate multiple traveling waves in their posterior direction similar to the peristaltic waves
earthworms generate. He also uses x-ray imaging to prove ribs stay fixed during rectilinear

locomotion of snakes [31].

1.2.3 Lateral undulation

Lateral undulation or slithering is a continuous motion in which snake propagates a two-
dimensional sinusoidal traveling wave from head to tail. Gray reports this gait is observed
when the snake is moving on substratum of irregular surface and is dependent on availabil-
ity of ground projections against which the snake can engage [19]. In another study, Gray
and Lissman conclude that propulsion of undulating grass snake is dependent on its ability
to adopt a sinusoidal form and to push its body’s lateral surface against external objects
[32]. However, Hu et al. show that frictional anisotropy is the key for successful slithering
rather than push points. They also present a mathematical model for this gait and show
the importance of body lifting for reducing cost of slithering [17]. Mechanisms used by
the muscular system to produce curvature, force exertion, and propulsion during terrestrial
lateral undulation of gopher snakes are studied by Moon and Gans. Kinematic patterns and
muscle activities of gopher snakes are recorded as they traverse over boards with a single

peg and with an array of pegs [33].

1.2.4 Sidewinding

Mosauer is among the first people who qualitatively describes sidewinding of snakes. He
uses a rolling helix of wire to compare the kinematics of snake sidewinding with a physical
model. Using this model, he explains why snake tracks are parallel and the length of
each track is the same as snake body length [34]. Sidewinding involves two body sections
remaining at rest while the rest of the body is in motion [19].

Cowles explains the purpose of sidewinding and its origins. Sidewinding is compared to
the other forms of locomotion available to snakes in the desert and it is noted that sidewind-
ing is not necessary to successfully travel across loose surfaces such as sand. However, it

is an effective means of quickly traveling across large areas of desert [35]. Sidewinding



is also the most energetically efficient mode of motion. Secor ef al. examine the locomo-
tor performance and energetic cost of sidewinding in the crotalus cerastes, by conducting
burst speed and endurance testing. The authors note that sidewinding is very effective at

conserving energy compared to slithering and concertina locomotion [36].

1.2.5 Snake robots

Snake-robots are categorized as having wheels, active treads, or flexible bodies that un-
dulate using vertical waves or linear expansions [37]. The first category of snake robots
discussed by Hopkins et al. are robots with passive wheels. Different designs are dis-
cussed, such as Hiroses ACM-R3 [38], where the robots segmented modules allow for
increased maneuverability. The second category includes robots with active wheels to pro-
vide propulsion for the robot. One of the main advantages for using active wheels is the
ability to simulate snake-like locomotion without a large number of segments for flexibil-
ity. This category; however, does add complexity to the robot. The third category involves
robots with active treads, which use powered treads or crawlers to travel across rough ter-
rain. The benefit of treads is that the robot will be able to travel in small and tight locations.
The last category of robots discussed by Hopkins et al. are undulatory robots, which use
vertical waves or linear expansion for locomotion. These robots can achieve rectilinear
locomotion through linear expansion and contraction of the robots body.

The vast majority of snake-like robots sit atop free-rolling wheels, which provide a
forward-transverse frictional anisotropy due to the relative ease of rolling compared to
sliding; however these wheels preclude them from advancing uphill. Several snake robots
do not have wheels [39], sliding their bellies on rough surfaces. Dowling [40] is among a
few researchers who tried to fabricate artificial snake skin using a series of materials such
as spandex, sequins, and polyethylene braids. However, a true artificial snake skin has yet
to be invented for snake robots.

Tesch et al. study two specific forms of snake locomotion: parameterized and scripted
gaits [41]. They explain most biologically inspired gaits like lateral undulation are classi-
fied as parameterized gaits. Stair climbing and other such gaits are called scripted gaits,
which steps the snake robot through a series of predefined shapes. The paper discusses the
energetics of both parameterized and scripted gaits. The goal of this paper is to continue
improvements in reliability and robustness of hyper redundant machines.

There are several snake-like robots capable of performing concertina locomotion. As an
illustration, Barazandeh et al. presents one of these snake-robots that can crawl up inclined

channels via a mechanism called self-locking. Rigid beams of the robot are braced at



acute angles with respect to the channel walls, whereby the torque generated by their self-
weight creates sufficient friction to resist sliding down the channel [42]. These methods are
effective because the application of self-weight reduces the power expended by the motor
to brace channel walls. In comparison, snakes must expend energy to brace channel walls.

Ghanbari et al. and Liu et al. are among researchers who work on developing rectilinear
locomotion for robotic snakes [43, 44]. Ghanbari ef al. study optimization of rectilinear
locomotion for robot motion. They show that sequences of joint configurations allow the
robot to move forward assuming there is enough friction such that at least one link is in
static contact with the ground [43]. Liu et al. explore the use of Shape Memory Alloy
actuators to mobilize an eight-segment robot similar to rectilinear locomotion of snakes
[44].

Slithering is the fastest mode of snake locomotion and many roboticists have shown in-
terest in studying this gait [45]. Khan et al. explain that lateral undulation is one of the most
efficient forms of locomotion for snake-robots; however, specific conditions such as body
curvature are required in order to meet the optimum point [46]. Sato et al. explore mathe-
matical models for analysis and synthesis of slithering with a multilink robotic snake [47].
The focus of this article is on the planar slithering gait, which eliminates considerations of
the more general three-dimensional motion found in the nature [17].

Several roboticists present models for snake sidewinding. Chirikjian and Burdick con-
duct a study of a 30 degree of freedom planar hyper-redundant robot that is of variable
geometry truss construction [48]. Burdick et al. present an algorithm to produce sidewind-
ing locomotion in this hyper-redundant robot [49]. This is accomplished by formulating a
qualitative description of sidewinding and the necessary spatial kinematics using the back-
bone curve model. These papers are not studies of biological locomotion but of how to
implement the various gaits of snakes with a hyper-redundant robot. Hatton and Choset
discuss the effects of inclines on sidewinding motion. Sidewinding motion becomes un-
stable on slopes; however, increasing the portion of body in contact with the surface can
reduce the instability. This can be accomplished in two ways, either by decreasing the
height of the raised portions of the body, or increasing the curvature of the raised portion
of the body [50].

1.3 Scope and objectives

Much of this thesis is drawn from recent papers and preprints [16, 51-55]. The main ob-

jective of this thesis is to study the underlying physics of snakes’ interactions with their



deformable or granular environment. We develop novel experimental and theoretical tech-
niques to discover some of the mechanisms snakes use to effectively move on a variety of
complex terrain. Snakes have four different modes of motion or gaits. In this thesis, we
study three of these gaits using the aforementioned approach.

We begin with a study of snakeskin tribology and the interaction of a snake scale with its
deformable substrate in chapter 2. We present an experimental and computational method-
ology to understand how friction is generated during the interaction of two flexible beams:
snake scale and a transparency film. We proceed with a study of concertina locomotion
with a focus on the mechanisms snakes use to enhance frictional forces required for climb-
ing in chapter 3. In chapter 4 we present two snake-like robots we developed inspired by
concertina locomotion. In Scalybot 1 and 2, we control their ventral scales to adjust fric-
tional forces as a function of position and time. We then develop a novel methodology for
measuring total energetic cost of animal locomotion in chapter 5. We use Magnetic Reso-
nance Spectroscopy (MRS) to measure cost of concertina locomotion on slopes of varying
inclinations. We study kinematics, optimality, and energetics of rectilinear locomotion of
snakes in chapter 6. In chapter 7 we discuss our study of sidewinding on granular me-
dia. We present a control strategy sidewinders use to effectively climb on sand at highest
possible inclinations. Finally, in chapter 8 we summarize our findings and discuss future

directions.



CHAPTER 11

SNAKESKIN TRIBOLOGY: SNAKES CONTROL MECHANISMS
FOR FRICTION ADJUSTMENT

2.1 Introduction

Frictional properties in the natural arena ranging from plants and flowers to fish and reptiles
offer profound insight. Purposes ranging from locomotion to diaspores attachment, the
list is inclusive to most species and most niche environmental applications. The equally
significant corollary can be found in anti-adhesive and lubricating physiologies. These two
facets combined make biological tribology an enlightening field that is in its frontier stages
of engineering application [56-61].

The characteristics of snake scales are of particular frictional significance [57, 62]. Re-
siding in most habitats across the globe they exhibit highly adaptable locomotive capaci-
ties. They can use finely orchestrated body movements to move within constraints of most
substrate compositions and geometries. Each mode offers a level of effectiveness under
different limiting circumstances, such as soft substrates, narrow passages, and aquatic en-
vironments to name a few. The point of contact between substrate and body is the more
fundamental consideration to how these body movements translate into forward motion.
The ventral scales usually act as points of contact.

A number of research groups around the globe have dedicated their expertise in char-
acterizing snakeskin, whether in a frictional relation or otherwise [56, 57, 62—-64]. Several
researchers measure frictional properties of snakes sliding on different substrates and report
on their frictional anisotropy [52, 65]. However, most of the studies on frictional properties
of snakeskin are conducted at micro scale. Hazel et al. focus on mapping the microstruc-
tures on the surface of ventral scales [62]. They find that micro-structural characteristics of
snake scales facilitate the friction anisotropy. They report tail to head (backward) friction
coefficient of a single scale is three to four times higher than that of head to tail (forward)
[62].

Gorb et al. use dorsal, lateral, and ventral scales of snakes to study the micro-ornamentations
and frictional properties in each region [63]. They report ventral scales have frictional
anisotropy of 26% compared to only about 4-5% for both lateral and dorsal. These char-
acteristics prove a unique specialization of the ventral scales towards frictional utility in

locomotion. In another study, Schmidt and Gorb conduct an extensive study of snakeskin



microstructures and physiology [66]. The importance of their work is the scope of species
studied covering all habitats and evolutionary traits.

Frictional properties of snakeskin are also studied by Abdel-Aal et al. [67]. Studying
the shed skin of a python regius, the research maps out coefficients of friction for scales on
all parts of the body: lateral, dorsal, and ventral. They find location of scale on the snake
body and scale color influence friction coefficients. They also find frictional anisotropy is
more significant in the ventral scales than any other part of the body. It is observed that
more fibril structures are on the ventral scales, particularly a higher density of fibrils at the
middle of the trunk where the load bearing is highest [67].

In this study, we report on the role of torsional stiffness, bending stiffness, and an-
gle of attack of a ventral scale in controlling the frictional properties of snakes. These
are parameters snakes can actively control during locomotion. In § 2.2, we describe our
experimental techniques for measuring snake friction coefficients. We present in § 2.3 a
theoretical model for studying the interaction of a deformable scale with a transparent film.
In § 2.4, we present our experimental results and compare them to predictions of our model.

Finally, we summarize our findings and discuss our concluding remarks in § 2.5.

2.2 Experimental techniques

2.2.1 Animal care

We use two corn snakes Elaphe guttatta (Fig.1a) which are cared for in captivity for the
duration of our experiments. The corn snakes had head-to-tail length of L = 59.1 £2.7
cm and mass of m = 40+4.2 g when we conducted these experiments. The snake is fed

weekly and housed in a terrarium with controlled temperature and humidity conditions.

2.2.2 Interaction of snakes’ ventral scales with an array of transparencies

In order to understand the interaction of two deformable beams we conduct a series of ex-
periments using an array of transparent films as shown in Fig.1b, c. We use 3M Dual Pur-
pose CGS5000 transparency film with a thickness of 0.12 mm for our experiments. An array
of transparent films are placed into carved slits on a piece of wood as shown in Appendix
Fig.A.2a,b. We carefully drag a snake over the film array with its ventral scales catching
and displacing the films as the scales are rotating (Fig.1b, c). This experiment is conducted
using both conscious and unconscious snakes. Loss of consciousness is achieved using the
anesthetic Isoflurane, according to procedures given by Hu et al. [17]. All of these exper-
iments are filmed using a high definition digital video camera (Sony HDRXR200). The

main data extracted from videos are transparent film tip deflection as a function of snake



displacement. The details of measuring scale geometry and material properties, calibration

process, and friction measurements are explained in Appendix A.1.

Snake displacement

Figure 1: (a) A corn snake climbing Styrofoam at inclination of 45 degrees, (b) snake
scale interacting with a transparency. Video sequence of a snake scale interacting with a

transparent film: (c) experiment vs. (d) model.

2.3 Model

In order to investigate the role of scales bending stiffness, torsional stiffness, and angle of
attack on frictional properties of snakes we develop a numerical model to study interaction
of two elastic cantilever beams. Eq. (1) is the fundamental governing equation of each
beam (elastica) [68—70]; the local curvature dO(s)/ds is determined by the local moment

M(s):
do(s) M(s)

ds  EI(s)’ M




where s is arc-length, measured from base of beam toward its free end, E is the modulus of
elasticity, and /(s) is moment of inertia for cross-sectional area.

Integrating Eq. (1) we can find slope at any point along the beam:

e(s)_gozi/swdsl_y Swdsl_ ()
EJo I(s) EJo I(s)
where x(s) and y(s) are local horizontal and vertical positions relative to the base of beam,
and s, is contact arc-length distance. Contact horizontal and vertical forces are also denoted
as F and W.

For a given function 6(s) along with slope angle of beam at its base 6, evaluation of
integrals in Eq. (3) provides functions x(s) and y(s). Eq. (3) should be solved iteratively
with Eq. (2).

x(s) = 3 cos(8(s')) s,

¥(s) = J3 sin(6(s")) ds'.

Knowing the rotational spring constant, k; at scale base, its base angle could be found

3)

as following:
M0O) 1
ko ke

where 6p; is the initial base slope angle of scale which is the same as the unloaded base

6y — 6p; = (Fy(se) —Wx(s¢)), )

angle. Solving Eq. (2)-Eq. (4) together in an iterative manner would give us the local
slope as well as local horizontal and vertical positions with respect to base of the beam. In
Appendix A.1.3 and Appendix Fig.A.3 we present the verification of this model with our
experimental data. The input values to the model are listed in Appendix A.2 and are shown
in Appendix Fig.A.2b. The detail outline of computational algorithm is also explained in
Appendix A.3.

2.4 Results

The difference in forward and backward friction coefficients of unconscious snakes has
been reported by several scientists [52, 53, 65]. Marvi et al. report that the friction coeffi-
cients of conscious corn snakes are almost twice as those of unconscious snakes implying
the importance of active mechanisms [52]. Scales bending stiffness, torsional stiffness, and
angle of attack are among the parameters snakes can actively control during locomotion.
They can use the muscles attached to each of their ventral scales to adjust its torsional
stiffness. They can also warp a ventral scale to change its bending stiffness. Moreover,
as shown in Fig.1a, we observe a snake can lift parts of its body to change the relative

angles between its ventral scales and the substrate. To investigate the role of such active
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mechanisms in controlling frictional forces of snakes we conduct a set of experiments and
develop a numerical model as discussed in § 2.2, § 2.3, and Appendix A.1.

We model a ventral scale as a deformable material that has a rotational spring attached
to its base. Thus, we need to measure the torsional stiffness of the spring as well as the
stiffness of the scale itself. We drag a snake over a transparency film array with snake
ventral scales interacting with the array (Fig.1b, c). We can calculate the torsional stiffness
k; at the base of a ventral scale as following: k, = (Fd; —Wd,)/6, where 0 is the scale
base rotation. The horizontal and vertical components of the contact load are denoted as
F and W. d; and d, are also horizontal and vertical distances between the scale base
and where it touches the transparent film. According to our experiments, the torsional
stiffness of a conscious snake is k; = 10.14 +£0.91 N.mm/rad. We can then use our model
to find the stiffness of snake scale being the only unknown parameter in this experiment.
We find stiffness of corn snake ventral scale to be approximately 400 MPa. Benz et al.
use microindentation to measure Young’s modulus for ventral scales of a California King
Snake. They report a stiffness of 413 MPa for ventral scales of this snake [64].

Knowing the scale geometry, torsional stiffness of the base spring, and stiffness of scale
we can use our model to study the interaction of a snake scale with its substrate. Fig.2a
presents the experimental data compared to simulation results for a snake ventral scale
interacting with a transparent film. The discrepancy between these two plots is due to
some complexities in the biological scale that we have not considered in our model. As
an illustration, we ignore the effect of adjacent scale overlapping with the individual scale

interacting with transparency.
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Figure 2: Experimental data and simulation results for a ventral scale of a conscious corn
snake interacting with a transparent film. (a) Experimental data compared to simulation
results for horizontal force vs. snake displacement. Simulations results for peak horizontal
force vs. (b) initial angle of attack, (c) elastic modulus, and (d) torsional stiffness of snake

scale.

Fig.2b-d show our model predictions for peak horizontal force as a function of angle
of attack, elastic modulus, and torsional stiffness of snake scales. We find elastic modulus
and torsional stiffness change the peak horizontal force insignificantly. Increasing elastic
modulus from 200 to 1000 MPa decreases peak horizontal force by 16%. One order of
magnitude increase in k; would also decrease peak horizontal force by only 5%. However,
initial angle of attack has a major role in adjusting horizontal force. A very low initial
angle of attack would cause a snake scale to slide upwards on the transparent film resulting
in low peak horizontal force. If the initial angle of attack is larger than this threshold,
snake scale slides downwards on the transparent film. As shown in Fig.2b, increasing the
angle of attack would also cause a decrease in the peak horizontal force. In this case scale
slides less towards the transparency base and as a result it can create less horizontal force.
Specifically, increasing the initial angle of attack from 30 to 60 degrees would decrease the

peak horizontal force by 37%. Thus, adjusting scale angle of attack allows snakes to control
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their frictional forces. Based on our experimental observations, a snake can lift parts of its
body to set the relative angle between ventral scales and the substrate. We measure this
angle for two corn snakes climbing on styrofoam at four different inclinations in the range
of 7 to 30 degrees. It turns out snakes lift their bellies such that their initial relative angles
of attack are 6p; = 22° +-2°. This is an effective strategy to increase the frictional force in

the backwards direction and avoid sliding down the hill.

2.5 Summary and future directions

Snakes are one of the most successful species in traversing a wide range of complex ter-
rain. They have four different modes of motion and take advantage of several mechanisms
to effectively interact with their environment. They can use their ventral scales to adjust
their frictional properties and reduce the cost of their locomotion. In this experimental and
computational study, we investigate the generation of frictional forces due to the interaction
of snake scales and deformable substrates. We study the effect of three parameters snakes
can actively control during their locomotion: angle of attack, elastic modulus, and torsional
stiffness of snake ventral scales. We find out change of a scale initial angle of attack plays
a significant role in adjusting frictional forces. In fact, a snake can increase its backward
frictional force and climb higher inclinations by lifting parts of its body. The idea of con-
trolling frictional properties as a function of position and time could result in developing
new functional surfaces for making effective interactions with complex environment and

reducing cost of locomotion.
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CHAPTER III

FRICTION ENHANCEMENT IN CONCERTINA LOCOMOTION
OF SNAKES

3.1 Introduction

In order to climb a channel, human rock-climbers use a “chimneying” process in which the
legs and back provide stationary anchorage by pushing against channel walls. The arms
are stretched forward to create a new anchorage point, after which the remainder of the
body is pulled forward. An analogous method of anchorage and propulsion is common
to limbless soft-bodied and burrowing organisms, such as worms, mollusks and snakes.
Their propulsion in this manner is referred to as accordion, concertina or horizontal inch-
worming. The goal of this study is to investigate concertina locomotion of snakes in order
to help roboticists build more efficient limbless robots.

Several biologists have investigated concertina locomotion through channels, beginning
in 1932 with Wiedermann [29]. Gray [71] observed concertina locomotion in both straight
and curved channels and described qualitatively the muscular activity required to bend the
body into a kinked shape. Wall friction forces were estimated by Gray and Lissman [65],
who report sliding friction coefficients of dead grass snakes on various materials. Frictional
anisotropy, the ratio of backward to forward friction coefficients, was 1 for a snake on dry
metal and up to 4.8 on rough sand paper. We extend these results in § 3.5.1 by showing
how a snake’s active control of its scales can increase frictional anisotropy.

Jayne & Davis [72] conducted experiments using an annular channel atop a circular
treadmill. They measured the effect of wall spacing and treadmill speed on parameters
such as frequency, period, and distance traveled per cycle. Jayne [1] also characterized
the muscle activation during concertina and sidewinding motion using synchronized elec-
tromyography and cinematography. He finds transverse pushing generates the principal
muscular activity during concertina locomotion.

In parallel with biological work, interest has arisen in mathematical modeling of concertina-
like locomotion. Keller et al. report a continuous model for worm locomotion [73] which
predicts speeds and periods close to that of worms [74]. Body speed is shown to be bounded
by the maximum rate of change of internal pressure. Zimmermann ef al. present a discrete
model for worm locomotion by considering nonlinear non-symmetric frictional forces [75].

Chernousko presents a two-link, three-link and multi-link model for snake locomotion and
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discusses associated torque control algorithms [25]. He presents the optimal values for
mechanical and geometrical parameters corresponding to maximum speed.

In this study, we report on the propulsion of a snake through a channel. In § 3.2, we de-
scribe our experimental techniques for measuring snake friction coefficients and transverse
forces applied by the snake to the channel walls. We present in § 3.3 a theoretical model for
propulsion based on the combined roles of snake scales and the snake’s transverse pushing
of the channel. An experimental justification of the parameters in this model is presented in
§ 3.4. In § 3.5, we present our experimental results and compare them to predictions of our
model. In § 3.6, we discuss the implications of our work followed by concluding remarks
in § 3.7.

3.2 Experimental Techniques

In this section, we present the experimental methods used in our study. First, we give
details on caring for the corn snakes used in our experiments. Next, using our work in Hu
et al. (2009) [17] as a basis, we provide new experimental techniques for measuring the
frictional properties of the snakes, an important component of our model. We proceed by

describing the smart channel apparatus used to measure transverse forces.

3.2.1 Animal care

Three six-month-old corn snakes (N=3), Elaphe guttatta were purchased from Florida
Herps and cared for in captivity for one month, the duration of our experiments. The corn
snakes had head-to-tail lengths of L = 614+4 cm and masses of m = 4245 g. Snakes were
fed weekly and housed in separate terrariums with controlled temperature and humidity

conditions.

3.2.2 Friction measurements

The bottoms of our channels were lined with open-cell rigid styrofoam of roughness 240
um. This material was employed because its roughness was greater than the corn snake
scale thickness of 45 um. In this regime, friction coefficients L are significantly affected
by scale angle of attack, as shown in [53]. Static friction coefficients of the snake’s ventral
surface were measured using the inclined plane method on a 90 x 30 cm styrofoam plank
[17]. Measurements were taken using both conscious and unconscious snakes. Loss of
consciousness was rendered using the anesthetic Isoflurane, according to procedures given
in Hu et al. [17].
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Dynamic friction coefficients y were measured by filming snakes sliding down an in-
cline of angle ¢ and measuring their displacement x and duration of sliding #. The dynamic
friction coefficient was estimated using the implicit relation x = % g(sin¢ — p cos ¢ ). Fric-
tional anisotropy was measured by placing the snake in one of two orientations on the plane

(head up or head down).

3.2.3 Smart-Channel construction

We constructed a rectangular Smart-Channel, 90 cm in length and 4 cm in height, capable
of measuring forces applied by the snake. The channel bottom consisted of styrofoam
to enable gripping by the snake. Polished wood was used as sidewalls for the channel,
as shown in Fig.3. The channel top was left open to facilitate filming. Snakes entering
the channel from one end readily pressed the sidewalls of the channel in order to climb.
Inclination of the channel was adjusted by supporting one end of the channel at variable
height. Width of the channel was adjusted by moving the sidewalls and bracing them with
an additional wood block held in place by self-weight.

Mini- scale

Plexiglass

Figure 3: Schematic of the apparatus used to study concertina locomotion. Here 0 is the
inclination angle with respect to the horizontal and W is the channel width. The front wall

is composed of plexiglass. All of the experiments are conducted on Styrofoam.

An electronic “measuring wall” was used to measure the transverse forces applied by
the snake to one of the two channel walls. The measuring wall consisted of a linear series

of fourteen force sensors with a precision of 0.1 g and a size of 3 x 4 cm (Matchbox digital
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mini-scales from American Weigh). During force measurements, the opposite wall of the
channel was replaced with transparent plastic to facilitate reading of the force sensors.
Thus, during locomotion in the channel, the snake’s flanks pressed against three types of
materials: the force sensors, wooden sidewalls and transparent plastic. To ensure that the
variation in materials did not affect the friction force generated, we measured the static and
dynamic friction coefficients on all materials. We observed that flank friction coefficients
(both static and dynamic coefficients) on these materials are direction independent. We
also found that dynamic friction coefficients on all three materials were comparable (0.19
-0.31).

3.2.4 Filming

Plan and side views of the channel were filmed using two high definition digital video
cameras (Sony HDRXR200). The position and speed of the snake’s center of mass were
found using MATLAB image processing. Reported body speeds are averages from films

of 3 periods of motion.

3.2.5 Statistical Analyses

A two-way ANOVA was used to determine the significance of changing channel width
and inclination on the kinematics and performance of corn snakes (N=3) [76]. P < 0.05
was used as the criterion for significance. All statistics were performed using the Statistics
Toolbox in MATLAB, and the results are summarized in Table 1.
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Table 1: Effects of width and slope on kinematics and performance. Tabulated values are
given in the form of F(p) where F is the F-statistic and p is the p-value. Bold type indicates

statistically significant values.

Effect| wigh | Slope “élliilex
Variablen_ | (4£726) | (d£=26) | 4 ¢4 15)
1.65 6.41 0.29
T (0.2204) (0.0079) (0.8779)
AL 1.04 12.96 3.15
(0.3743) (0.0003) (0.0398)
I 20.48 0.56 0.52
min (0.0000) (0.5806) (0.7229)
I 13.09 6.31 0.90
max (0.0003) (0.0084) (0.4852)
C. 5.36 3.03 0.78
min 0.0149) | (0.0735) | (0.5540)
C 94.11 2.19 2.44
max (0.0000) (0.1403) (0.0840)
12.29 8.99 2.52
Cmin/cmax (0.0004) (0.0020) (0.0775)
Vv 1.04 12.96 3.15
(0.3743) (0.0003) (0.0398)
T 3.15 20.01 0.56
min (0.0919) (0.0005) (0.6992)
T 0.94 18.54 1.04
max 04247y | (0.0006) | (0.4381)

3.3 One-dimensional concertina model

We modeled a snake as a one-dimensional n-linked crawler by discretizing snakes of mass
m into n nodes of equal mass m/n. The repercussions of this simplification will be dis-
cussed in § 3.4. Nodes are connected in series by n — 1 inter-nodal lengths /;(¢), whose
kinematics will be recorded from our experiments. A schematic is shown in top and side

views in Fig.4.

T,/2 Wooden side wall
(a) < A 4 —p =< g
Jii Ji
T,/2 Wooden side wall
X
Ly . /
(b) << _AAAA _AAAA : < l g
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W, N Styrofoam
A

Figure 4: (a) Plan view, and (b) side view of the 3-mass model.

18



The inputs to our model are the observed extensional kinematics /;(¢), and our output

will be the snake’s center of mass position X, defined by

li = xi—xi )
1 n

X —= — E i 6

o n:?: x ( )

where x; is the position of the ith node. The kinematics of a node x; may be written using
the relations
VY -, ifi=1
X = j=1 (7
Xi—1+ iy ifi>1,
which arise from definitions in Eq. (6). To move forward, the snake adjusts the distance
between its nodes by applying internal extensile or contractile forces, causing the body to
fold or unfold between nodes, which in turn slides the belly along the axis of the channel.
We will focus on propulsion based on a single traveling wave of extension, starting from
the head and moving towards the tail.
A node’s body inertia is balanced by gravitational forces mg/n, frictional forces F;,
and internal forces f; and f;_; generated by the snake’s muscles on either side of node i.

Newton’s second law applied along the axis of the channel yields
(m/n)%; = Fi+ fi — fi-1 — (mg/n)sin®), (8)

where ¥; is the acceleration of a node along the snake’s body and 6 is the inclination of the
channel.

3.3.1 Friction force

In general, the friction force F; consists of components associated with the belly and flanks
which are the only surfaces in contact with the open-topped channel. Moreover, this fric-
tion force has two regimes, static or sliding, depending on magnitude of the internal force
applied.

The static friction force is defined according to Coulomb’s law. This law states that, at
zero velocity, the friction force F; is equal and opposite to f; — fi—; — (mg/n)sin 6 up until
the friction is maximized. This yield point is given by the static friction Ly (mg/n)cos 6 +
Mg wT; where T; is the force applied to the wall, mg/ncos 6 is the normal force against
the bottom of the channel and g and pg ,, are the static friction coefficients of the belly
and flanks, respectively. Static friction between the flanks and the wall, L ,,, is direction

independent, as we confirm in our experiments. However, the static friction coefficient
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between the belly and the Styrofoam, s, depends on the direction: U r is the belly static
friction in the forward direction and p 5, is that of backward direction. Once the snake
begins sliding, the friction force decreases, transitioning to sliding friction. For each surface
of the snake in contact with the channel, we use a sliding friction law in which the friction
force is F; = —uNsgn(x;) where u is the sliding friction coefficient corresponding to the
two surfaces in contact and N is the normal force applied by the snake to the channel.
The sliding friction of the snake’s flanks is isotropic and characterized by a single friction
coefficient u = ;. On the belly, sliding friction coefficients in the forward and backward
directions are iy and ,, respectively. Each node applies a normal force 7; on the sidewalls
and mg/ncos 6 on the bottom of the channel. Together, the friction on the snake may be

written

([ (fi— fi1— (mg/n)sin®), if fi— fi1 — (mg/n)sin® >0
and |f; — fi—1 — (mg/n)sin 0| < uy r(mg/n)cos O + Uy ,,T;

—tp(mg/n)cos 6 + T, if fi = fi-1 — (mg/n)sin6 >0
and | f; — fi-1 — (mg/n)sin 0| > Ly (mg/n)cos O + L, T;

~(fi— fi-1— (mg/n)sin@), if fi— fi-1 — (mg/n)sin® <0
and |f; — fi-1 — (mg/n)sin 0| < pig ,(mg/n)cos 6 + ps T

pp(mg/n) cos 6 + i, T; if fi— fi1 — (mg/n)sin® <0

and |f; — fi-1 — (mg/n)sin 6| > pig (mg/n) cos 6 + U Ti-
®)

\

The friction force on node i for non-zero velocities may be written

—Uur(mg/n)cosO + u,T;  if x; >0
[ mstmenycose + o
Wy(mg/n)cos 0 + uT; if x; <O.

We simplify Eq. (10) by using the Heaviside step function H(x) = %(1 + sgnx) to distin-
guish the components in the forward and backward directions. Using this notation, the

sliding friction force from Eq. (10) may be written
F; = (mg/n)cos 0 —ueH (4;) + tpH (—Xi)] + U5 T (11)

For the sake of simplicity (as shown by the relative simplicity of Eq. (11) compared to
Eq. (9)), we neglect static friction effects. We will instead use only our sliding friction law

given in Eq. (11).
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3.3.2 Transverse Force

To capture the snake’s behavior of pushing the sidewalls to resist sliding backwards, we
make assumptions regarding the magnitude and spatial distribution of the forces applied.
First, we assume snakes apply a total transverse force 27y, sufficient to prevent sliding
backwards. Sliding backwards is defined as having an average negative velocity for center
of mass over three periods of motion.

Second, we assume only certain parts of the snake apply force. Namely, parts of the
snake apply force only if they are sliding backwards. Consequently, the parts moving
forward apply zero transverse force.

Third, among the parts of the snake applying force, we assume the force per unit length
is constant. We accomplish this uniform transverse force by discretizing the total transverse
force into n — 1 equal portions applied along their points of contact. This assumption is
justified because the positions of the force will not affect the speed of the center of mass.
Although it may affect the snake’s balancing torques, two-dimensional effects are beyond
the scope of our model. We will examine the validity of these assumptions in § 3.4.

All our assumptions together yield the following definition for the net transverse force

T; applied by the ith node:
2T wan

n—1

T; = H(—%;), (12)

where T,y 1s the sum of the transverse force applied to a single wall and X; is the velocity

of the ith mass.

3.3.3 Governing equation

Using our definitions of kinematics, friction and transverse force, we may proceed with
determining the governing equations for our system, specifically, for the position of the

snake’s center of mass. Substituting (11) into (8) yields

sT;
¥; = gcos O[—urH (X;) + upH(—%;)] + oe

—gsin@+ L (fi— fi1). (13)
m

Elimination of the internal forces f; is accomplished using the definition of center of mass

in Eq. (6). Applying the definition of transverse force 7; in Eq. (12) yields

. gcosf [
X =
n

2T, !
.us wall Z gsm 0. (14)

n—l

_ufi{H(xi) + Wy iH(_xi)

i=1

Non-dimensionalization of Eq. (14) using the snake’s length L and period 7 yields

[i X ] —sin6 (15)

n

. cos@ ! 1
Frx = [—,ufZH(Xi)—Hlb ZH(_xi)
i=1 i=1
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where Fr and T are the dimensionless groups

inertia L
Fr = = 5
gravity — T2g
7o applied force _ 2Twall, (16)

gravity mg

whose values will be determined in our experiments. The combination of equations (15)
and (7), along with the prescribed kinematics /;(¢), provide a closed system which can be

iterated to determine the snake’ steady-state speed.

3.3.4 Numerical simulation

Using the state-space form of Eq. (15), the acceleration, velocity and position of the center
of mass are calculated in MATLAB. We apply the Dormand-Prince pair method, a member
of the Runge-Kutta family of ordinary differential equation solvers, to find the solution
of Eq. (15) numerically. The Dormand-Prince pair method uses six function evaluations
to calculate fourth and fifth-order accurate solutions [77]. Using a time step At = 1074,
we solve Eq. (15) iteratively to determine the position of the snake’s center of mass (t).
We assume the snake applies a constant transverse force during its period, and use our
numerical solution to calculate the magnitude of the force Ty,;. This magnitude is the
minimum value of Ty, for which snake velocity is positive, and is found by starting with

a guess of Ty, = 0 and increasing Ty, in steps of 0.1 snake weights.

3.3.5 Energetics

Using the energetics of our one-dimensional model, we now examine how channel width
and inclination can affect snake kinematics. During a period 7, the average power P of
a snake performing concertina motion is given by the time rate of change of its kinetic
energy Fnetic, gravitational potential energy Pyravity, and frictional dissipation Dgc. This

summation may be written
P = Kinetic + P, gravity + Dgiic.- (17)

We estimate these rates of working in Eq. (17) by first estimating the corresponding in-
stantaneous energy states. The kinetic energy of the ith segment of the snake is (1/2)m;V;?
where m; and V; are its mass and velocity. The gravitational energy of a segment is m;gz;
where z; is the vertical displacement. The frictional energy dissipation of a segment is
m;gcos O (Us; + Wrsy), where U, and uy are friction coefficients in the transverse and for-

ward directions and s; and sy are the corresponding displacements in these directions.
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Backwards friction is not used to dissipate energy because we assume the snake is moving
forwards.

All together, the rate of change of these energies for n segments over period 7 is given
by

n

(miVi?) += Z mizi + Y [mi(ues: + mgsy),] - (18)
1 i=1

1
27 ¢

0
P = gCS

M:

i
The power associated with kinetic energy Finetic Will vanish because each point on the

body is periodically at rest. Since Z m;z; = mz, where z. = sin QAL is the vertical dis-
i=1
placement of center of mass, the rate of change of gravitational energy may be simplified

to mgsinOAL/t. To provide an upper bound for power, we note that the maximum axial
displacement during a period is AL and the maximum transverse displacement is equal to
the channel width w. Eq. (18) may be approximated as
< mgsin OAL N mgcos O (AL + pyw) .
T T

19)

At high inclinations, the most significant term in Eq. (19) is the one involving gravity.
The friction dissipation is of secondary importance because its multiplication by friction
coefficients of order 0.2-0.4. Moreover, as illustrated in Appendix B.4, snakes regularly
lift parts of their body during concertina locomotion, presumably to reduce the friction
dissipation and the associated skin wear. According to Eq. (19), in order to maintain
constant power during climbing of steeper slopes (larger 0), the snake should increase its

period 7 and decrease its body extension AL, a prediction we will test in § 3.5.2.

3.4 Justification of assumptions in our model

We use our experimental observations to justify the assumptions in our model. Specifically,
we provide evidence that (1) an adequate number of nodes 7 is three and (2) the motion of

the center of mass can be approximated as one-dimensional.

3.4.1 Node number depends on incline angle

Fig.5a shows a series of body shapes of a corn snake moving through a channel of width 2
cm. Segments of the snake’s body have two possible configurations, extended, where the
body is mostly straight, or contracted, where the body folds into a series of bends whose
apices contact the channel walls. These contact points are the source of anchorage forces
for the snake and so are dynamically important in our model. The number of contacts
with the walls (Fig.6b) varies from a minimum value, Cy,i, = 5 — 7 when the snake is in a

contracted configuration, to a maximum value, Crpax = 7 — 15 when the snake is extended.
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Figure 5: (a-c) Video sequences of corn snakes performing concertina locomotion in chan-
nels of 2 cm, 3 cm and 4 cm width. Three phases of concertina locomotion are highlighted

in each video sequence.

Fig.6d shows the ratio of the minimum to the maximum number of contact points with
the sidewalls, Cpin/Cmax. This ratio may also be approximated by ”n;l, where n is the num-
ber of nodes in our model. Notably, on horizontal surfaces for all three channel spacings,

this ratio is constant (% =0.62£0.16). Consequently, a good approximation for n is 3
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and we model the snake as 3-link crawler.

(a) Cpin=4 C =6

max (b)
10 mm w=0.03
Cmin
(c)
15
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5
0 0 30 60
(d)
1
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C'min 0.6
Cmax 0.4
0.2
0 0 30 60
6 (°)

Figure 6: Total number of contact points of the snake with the channel walls. (a) Minimum
and maximum number of contacts for a corn snake performing concertina locomotion in a
horizontal channel of width 4 cm. (b-c) Minimum and maximum number of contact points
and (d) their ratio, as a function of channel width and inclination. As shown in (a), a corn
snake moving in a horizontal channel of 4 cm width makes minimum of 4 and maximum

of 6 contacts with the sidewalls.

We note that the number of nodes is strongly affected by inclination. For higher incli-
nations, Cpin/Cmax Vvaries between 0.4 - 0.9, suggesting that a 4 or 8-mass model may be a
better model for higher inclinations. Physically, this behavior makes sense as the snake is

using more transverse force on steeper slopes to avoid slipping. By increasing the number
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of contacts during locomotion, the snake can have more points of support and so less trans-
verse force per contact. Nevertheless, for simplicity, we fix the number of masses as n=3

throughout this discussion.

3.4.2 Center-of-mass moves one-dimensionally

Fig.7a-b indicate the axial (X) and transverse (¥) position of the snake’s center of mass in a
channel of 2 cm over 10 periods. The snake moves at constant velocity in the x-direction.
Notably, displacement of the center-of-mass in the y-direction is less than 10% the width
of the channel. These features are consistent with extension and contraction of the body in

one-dimension.
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0.5 -0.05
% 2 4 6 8 10 01 2 4 6 8 10
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3 0.1
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0 2 4 6 8 10 0 2 4 6 8 10
T T

Figure 7: Dynamics of center of mass motion in a horizontal channel of width 2 cm. (a)
Axial and (b) lateral positions of the snake center of mass. (¢) Axial and (d) lateral positions
of three points on the snake (1: posterior section, 2: mid section, and 3: anterior section of
the snake body) as a function of time in dimensionless units. The channel sides are shown
in (b,d) using dashed lines. The curves y; and y3 in (d) are offset vertically by -0.05 and
0.05, respectively.
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Although the motion of the center of mass is one-dimensional, this is not the case for
the individual parts of the snake. Fig.5a shows the center of mass of each third of a snake
in a 2 cm channel. Transverse motion is clearly necessary in order for the snake to make
contact with the channel sidewalls, as shown by the transverse undulations of each third of
the snake. Further observation indicates that concertina, like other snake gaits, is strongly
three-dimensional, a feature of the locomotion which has received little attention in the
literature. Appendix B.4 shows side and top views of a corn snake performing concertina in
which it lifts portions of its body while extending them forward. This behavior is favorable
if the energy required for lifting, m;gz;, is less than the energy dissipated due to sliding
forward, L rm;gcos0sy. Nevertheless, for simplicity we neglect two or three-dimensional

motions in our model.

3.5 Results

We present experimental and computational results of our study in § 3.5.1 - 3.5.5. We
first discuss our measurements of corn snake frictional properties, body kinematics, force
applied to channel sidewalls and snake speed. In the data reported in Fig.9-Fig.14, we
non-dimensionalize length according to the snake length L, time by the snake period 7,
and transverse force by the snake weight mg. The dimensionless position and time are
defined as x = x*/L and t = 1*/ 7, respectively where x* is dimensional position and ¢* is

dimensional time.

3.5.1 Snakes double their friction coefficients

We observed that snakes can actively orient their scales to prevent sliding down an incline.
Fig.8a-c shows a corn snake digging its scales into the bark of a tree, enabling it to remain
vertically perched for long periods of time. Fig.8d-e shows a conscious snake atop styro-
foam angling its scales to resist being pulled by its tail. Appendix B.1, and video frames
given in Fig.8f-g, show a snake performing concertina locomotion up a styrofoam plane
inclined at 35°. On slopes of this inclination, uphill locomotion is precarious and the snake
often loses its grip and begins to slide. To resist sliding, the snake freezes its body in an
S-shaped “emergency braking” configuration causing the snake’s ventral contact with the
ground to be limited to a few discrete points. It is noteworthy that none of the mecha-
nisms in Fig.8a-g are observable on unconscious snakes, suggesting that these responses

are consciously rather than passively activated.
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Figure 8: (a) A corn snake ascending a tree. (b-c) Scales are used to grip tree bark asperities.
Snake scales at their (d) minimum and (e) maximum angles of attack (flat). (f-g) A snake
climbing an inclined surface. Sliding is prevented by emergency braking associated with
lifting of the body.

Previous methods to measure friction have relied upon unconscious snakes [17, 65],
which cannot capture the control of scales we have observed. Consequently, we measured
the dynamic friction coefficients of both unconscious and conscious snakes. Table 2 lists
the dynamic and static friction coefficients for both conscious and unconscious snakes. The
coefficients for unconscious snakes depict a snake’s resistance to sliding if it were unable
to activate its scales. We calculated the p-value for friction coefficients of conscious and
unconscious snakes in forward (p=0.02) and backward directions (p=0.0004). The P-value
indicates that it is with over 98% probability that the friction coefficients of unconscious
snakes are greater than or equal to those of conscious snakes [76].

We found static friction coefficients for conscious snakes were double the correspond-
ing coefficients of unconscious snake (Table 2). Physically, this meant that conscious
snakes could maintain their positions on 41° inclines, compared to 19° for their uncon-
scious counterparts. Differences in sliding friction coefficients were not as high: conscious
snakes had coefficients nearly 30% higher than their unconscious counterparts. On rougher

surfaces, it may be possible for snakes to further increase their friction coefficients.
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Table 2: Static and dynamic friction coefficients of (a) conscious and (b) unconscious corn

snakes on a styrofoam substrate.

(a) Friction type . .
Direction Static Dynamic
Forward 0.51+0.08 | 0.49=0.09
Backward 0.88+0.04 | 0.79 +0.04

(b) Friction type . .
Direction Static Dynamic
Forward 0.3+£0.08 | 0.21 +£0.03
Backward 0.35+0.03 | 0.35+0.06

3.5.2 Kinematics of concertina motion

Image processing was used to partition the snake into equal thirds which we refer to as
the head, middle and tail. As an example, we use the motion of a snake moving through
a 2-cm channel in Fig.5a. The center of mass position of each third is shown by the gray
blocks. The kinematics of the snake is given by the inter-nodal distances, /; and /,, which
the snake adjusts by folding and unfolding. We divide the snake’s period into three phases
(A, B, and C), as shown in Fig.9. The cycle begins with the snake extending its head in
phase A, which is accomplished by bracing the middle and rear parts of its body firmly
against channel walls. In phases B and C, the snake’s middle and rear, respectively, are
drawn forward to meet its head.

The time course of /; and I, is shown by the circles and diamonds in Fig.9. We roughly
approximate (R? = 0.45) the waveforms using two triangle waves of period 7, and a phase
difference 7/2. These waves have amplitudes bounded between Ly, /n and Ly, /n+ AL,
corresponding to the snake’s contracted and extended body configurations. Using image
analysis, we measured the periods and amplitudes of the corresponding triangle waves for
all snakes filmed for snakes over range of inclines (0, 30, and 60°) and channel widths (2,3

and 4 cm).
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Figure 9: Inter-nodal distances /1 and /; given in terms of the kinematic parameters. Circles
and diamonds are the experimental data for /; and [, respectively. Solid and dashed lines

are the corresponding approximate waveforms used in the model.

Fig.10a shows the changes in period T over a range of inclinations and channel widths.
We observed 7 increases significantly with increasing inclination. Specifically, snakes
moved slower on increasing inclinations: periods increased from 3 to 6 seconds as in-
clination increased from 0 to 60° at a channel of width 4 cm. This slower climbing is
qualitatively consistent with the greater energy needed to climb higher inclinations. By
climbing more slowly at higher inclines, snakes can keep their power use constant, as pre-
viously predicted in § 3.3.5.

Fig.10c shows that extensional length AL is significantly reduced by increasing channel
inclination (p=0.0003). Fig.10c,d shows that contracted lengths L,;, and extended lengths
Lmax are highly dependent on channel width. For the thinnest channels, snakes exhibited
Lpin values of 0.8 snake lengths, which decreased to 0.68 for the widest channels. This
decrease in contracted length with wide channels is due to a snake’s finite length: as chan-
nels widen, a snake cannot reach as far along the channel while simultaneously maintaining
its contact points with the sidewalls. For instance, in horizontal channels of 5 cm width,
snakes make fewer than seven contact points with the walls, which is fewer than the ob-
served maximum of 15 contacts in 2 cm wide channels. Snakes in 5-mm or wider channels

often abandon concertina motion and resort to slithering motion as shown in Appendix B.3.
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Figure 10: (a) Period, (b) normalized AL, (c) normalized minimum length, and (d) nor-
malized maximum length of corn snakes as a function of slope and non-dimensionalized

channel width.

3.5.3 Body speed

Fig.11a shows measurements of body speed V. Clearly, snake speed is significantly af-
fected by channel slope (p = 0.0003). Speed V decreases from 0.17 to 0.05 as channel
inclination increases from horizontal to 60°. For comparison we also include snake speeds
measured by Jayne [1] on horizontal surfaces of various channel widths, as shown by the
open circles. The correspondence between our experimental results and others is good,
despite the different snake sizes and species used by Jayne (Nerodia fasciata and Elaphe
obsoleta of lengths 100 cm and 159 cm, respectively). This correspondence suggests that
snakes of a variety of sizes and species may use similar kinematics to move through chan-

nels.
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Figure 11: (a) Speed and (b) applied transverse force as a function of slope and channel
width. Model predictions are given by black squares; velocities measured by Jayne [1] are

given by black circles for comparisons.

To check consistency of our model, we also plot in Fig.11a speed predictions from our
theoretical model. Speed is calculated using Eq. (15) using the methods described in §3.3.4.
The speed predicted is based on the assumption the snake applies sufficient transverse force
to prevent backwards sliding. As a result the predicted speed corresponds roughly to the

ratio of the extension AL to the period 7:

V= A—L (20)
T

Differences between the predicted speed and Eq. (20) result from the snake sliding back-
wards due to our modeling of sliding rather than static friction. Comparisons between
our model and experiments are favorable suggesting that our model is consistent with the
locomotion observed.

Our model can also predict the variation of snake speed with frictional anisotropy. This
trend would be more difficult to study experimentally as it would require experiments with
new substrates such as styrofoam of varying roughness. We examine in Fig.12a the pre-
dicted speed of a 3-mass snake model in a horizontal 3-cm channel. In our experimental
data on styrofoam, the backward sliding friction is 1.6 times greater than forward fric-
tion. In fact, this is the optimum anisotropy for a snake. Below this anisotropy, the snake
slides backwards and must modulate body kinematics to maintain its position. Above this

anisotropy there is a negligible 3% gain in speed.
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Figure 12: (a) The velocity of center of mass as a function of dynamic friction anisotropy

£ in a horizontal channel of 3 cm width. (b) The velocity of center of mass as a function

Ky
of transverse force T for a channel of width 3 cm and inclination of 30°. Note: the negative
velocities are not steady-state velocities, but represent average values over three periods of

motion.

3.5.4 Measured transverse force

We measured the transverse force applied by the snake over a range of channel widths and
inclinations. Fig.13 shows the forces applied to one wall of a channel (of width 3 cm,
inclination 30°). The snake’s instantaneous body configurations are shown in the insets
of Fig.13, and show clearly that peaks in force are associated with kinks in the snake.
Individual wall contacts have an associated force magnitude ranging from 0.5 - 1.5 snake
weights. The tips of the snake’s head and tail applied a transverse force less than the

resolution of our sensors (1 mN).
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Figure 13: The transverse force applied by a corn snake, as a function of time and position
along the body. The channel has a width of 3 cm and inclination of 30°. Plots (a)-(d) show
instantaneous force profiles during one period of motion. Insets show the corresponding

body shape of the corn snake.

We observed the segments of the snake remained stationary when applying force to the
sidewall. We can thus apply Newton’s 3rd law to infer that the force applied to the opposite
wall was equal in magnitude to that measured. This observation justifies the use of Eq. (12)
in our modeling section.

The solid line in Fig.14 shows the time course of the total applied force T associated
with the snake in Fig.13. The applied force T is double that measured on one wall of
the channel and is non-dimensionalized by the snake weight. The dotted line shows the
minimum applied force (two times body weight) required to prevent sliding. Clearly, the
snake is pushing with greatest force (8 times body weight) in phases A and C, when moving
either its head or tail. It pushes with least force (2 times body weight) in phase B, when

moving its middle.
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Figure 14: Time course of the transverse force applied by a corn snake (solid lines). Dashed
lines show the model predictions for the minimum required transverse force to prevent

sliding. The channel has a width of 3 cm and inclination of 30°.

We measured the minimum and maximum force applied by the snakes across a range
of channel widths and inclines. The box and whiskers plot in Fig.11b shows the range of
forces measured. Transverse forces increase significantly with increasing inclination angle.
At 60° and a channel width of 4 cm, transverse pushing forces increase to 400% of the value

measured on a horizontal surface (from 7" = 0.9 to 3.6).

3.5.5 Predicted transverse force

The dashed lines in Fig.14 shows the time course of our predicted transverse force, which is
the minimum force to prevent sliding backwards. The force is calculated by integrating Eq.
(15) using the snake’s measured kinematics and friction coefficients for a channel of 3 cm
width and 30° inclination. The minimum required force averaged over the period is 7 = 2.1
snake weights. This magnitude is constant within each phase (A-C) of locomotion, as the
snake is moving at a steady-state speed. However, additional force must be applied at the
transition between phases, when the snake accelerates one part of its body and decelerates
another. This additional force is manifested as delta functions because our kinematic input
is characterized by triangle waves which contain discontinuities in slope.

Fig.12b shows the sensitivity of steady-state velocity to the magnitude of the normal
force. For applied forces less than 2.1 times snake weight, the snake will slide backwards.
Thus, it is of utmost importance that the snake’s applied force exceeds this threshold. As

we shall see snakes appear to apply a factor of safety in order to avoid being below this
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threshold.

Square points in Fig.11b represent force predictions from our model for various in-
clines. Our model performs well in predicting the transverse force at inclinations of 30 and
60°. On horizontal surfaces, snakes appear to be pushing with more force than necessary.

We surmise that the additional transverse force applied by the snake act as a factor of safety.

3.6 Discussion

3.6.1 Active control of friction

An important and surprising finding of our study was that snakes can double their friction
coefficients on styrofoam by active control of their scales. This ability may extend to mate-
rials in the snake’s habitat, as shown by our qualitative experiments with tree bark. Future
investigators of snake locomotion should choose their test surfaces carefully as snakes have
tremendous control of their friction over certain surfaces.

Previous literature on snake locomotion neglects discussion of active control of fric-
tion, possibly for several reasons which we speculate on here. Traditionally, measurement
of friction coefficient was performed on unconscious snakes. Furthermore, these measure-
ments were done using man-made materials such as glass, sand paper, and wood [65]. Such
surfaces are not sufficiently rough and compliant as the rough nappy materials found in na-
ture, which in our observations generate high anisotropy. Previous studies in which friction
coefficients were measured on smooth surface have importance in their own right, as they
demonstrate the range of snake adaptability. As we saw in our model, a snake climbing a
channel uses both belly friction and flank friction from transverse pushing. If the former is

insufficient, the snake will compensate with increased pushing, and vice versa.

3.6.2 Safety factors in concertina motion

Over six decade ago, Gray [71] and Jayne [72] reported that pushing channel sides was
a necessary part of concertina motion. A key result of our study is our measurement of
the transverse force applied. While force platforms are quite typical in studies of legged
locomotion [78], they are quite rare in limbless locomotion, with the exception of the mea-
surement of caterpillar [79] and earthworm forces [8].

We observed that snakes can push sidewalls with up to 9 times their own weight and
with a safety factor of 400% relative to the minimum force to prevent sliding. Such a large
safety factor has been observed by previous workers for studies of gripping. Johansson et
al. studied the grip force applied by human hand to rough as well as slippery objects [80].

They found a human hand applies grip force with a safety margin of around 175% (for
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lifting an object weighing 400 g). They emphasize that the lower the friction coefficient of
the object, the higher the factor of safety.

What are the limits of concertina locomotion? The steepest incline climbable depends
on the limits of the snake’s transverse force. In studies of earthworms, Quillin reports a
maximum radial force of 10 times body weight for a 6 g earthworm in a horizontal burrow
of 0.6 worm diameters [8]. This value is comparable to the snake’s pushing ability (9
times body weight), suggesting the possibility of a universal law across scales. In a much
narrower burrow of 0.97 worm body diameters, the radial force drops to only 1.5 times
the earthworm weight [8]. In comparison, we find snakes are more effective in narrow
channels: they have no problem applying forces 9 times their weight. The snake’s bending
of the body into folds thus appears to be a robust method for generating transverse force
across channel widths.

During concertina on steep inclines, snakes appear to be approaching their limits of
transverse force. We observed a corn snake performing concertina while dragging a load.
In a channel of width 3 cm and slope 30°, a corn snake pushed transversely with 11 times its
weight while dragging axial loads of 2.5 times its weight. This transverse force is only 30%
more than the corresponding maximum of transverse force (2-8 times its weight) without a
load.

3.6.3 The need for higher dimensional models

The main contribution of our simple model is the ability to compare quantitatively the
contributions of ventral friction to transverse pushing. Such comparisons would be more
difficult to do experimentally. Since there is no closed-form analytical solution for Eq.
(15), we presented numerical integration methods to determine these trends, which may be
of use to other investigators studying climbing.

Our model could be improved in several ways to decrease its error and to provide further
insight into the mechanisms underlying concertina motion. First, our model does not con-
sider the effect of body lifting and lateral motion which clearly have effects on energy con-
sumption, as discussed in § 3.3.5. A 3-D model involving friction has not been attempted,
although 3-D models assuming infinite friction have been developed for sidewinding [81].
Perhaps similar methods may be applied to concertina motion.

Stochasticity or behavioral matters will need to be taken into account if a higher dimen-
sional model is implemented. In our experiments we observed body segments often move
transversely in an irregular manner (see Fig.7d). The source of this irregularity is unclear.

We speculate that small changes in channel width or roughness may cause the snake to
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choose one side of the channel over another. The head or tail of the snake often clings pref-
erentially to one side of the channel for several periods at a time. For example, the head
is slid along the left side of the channel for most of the 10 periods shown in Fig.7d. One
mechanical advantage of this behavior is the channel walls provide stability during forward
motion. Biologically, the preference for one side of the channel is consistent with the view
that snakes have a “handedness” [82, 83].

Finally, because our model neglects static friction, it cannot capture the stick-slip phe-
nomena that we observed in our experiments. We have implemented static friction in a
model for Scalybot, a 2-segment snake robot [53]. We are currently working on a gener-
alized static friction model for nodes of higher order using Eq. (9). We are also currently

studying the mechanics of a single scale’s stick-slip phenomena.

3.7 Summary and future directions

We performed a series of experiments to measure frictional properties of snakes and their
kinematics when climbing in a channel. A theoretical model was used to predict the snake’s
transverse force. Using this prediction, we were able to measure the snake’s factor of safety
in generating these transverse forces.

In summary, like most kinds of snake locomotion, propulsion through channels relies
heavily on frictional effects. A snake propels itself in a channel using a series of exten-
sions and contractions, in which a portion of its body extends forward while the remainder
anchors. We found anchorage relies on two mechanisms to augment friction: (1) trans-
verse pushing against channel walls and (2) the control of belly scales to grip the bottom
of the channel. The former is an active mechanism requiring energy. The latter is a pas-
sive structural means of achieving anchorage, whereby force is mediated by the snake’s
weight. These dual anchorage methods are necessary to overcome the challenges of climb-
ing uphill. On slopes of increasing inclination, anchorage via belly friction becomes less
effective due to the decreasing normal force between the belly and the channel bottom.
Consequently, snakes tend rely upon belly friction when traveling on horizontal surfaces

and transverse pushing when on steep slopes.
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CHAPTER IV

SCALYBOT: A SNAKE-INSPIRED ROBOT WITH TEMPORAL
AND SPATIAL CONTROL OF FRICTION

4.1 Introduction

Designing an all-terrain robot is a challenging task that has drawn the attention of roboti-
cists, biologists and applied mathematicians. Such a robot has a variety of applications,
from interplanetary exploration, exploration within the human body as in “robotic colonoscopy”
[12], and search-and-rescue missions beneath the rubble of collapsed buildings [10]. One
challenge for such robots is overcoming slopes of varying inclination. Steeper slopes are
more difficult to climb because of the reduction in friction force with the underlying surface
and the consequences of losing one’s grip and sliding down the slope.

Previously built bio-inspired climbing robots rely upon successful functionalities ob-
served in their biological counterparts. For climbing smooth surfaces like glass, Geckobot
[84] relies upon suction cups and Stickybot [85] upon directional dry adhesives such as
found in gecko feet. For climbing rougher surfaces like brick, Spinybot [86, 87] uses
spines to dig into asperities. The range of such legged robots is limited by their inability to
cross large obstacles in their path, move through crevices smaller than their body width and
transition from horizontal to vertical surfaces. Overcoming these limitations will require
a climbing robot that marries anchoring abilities with snake-like flexibility. This ability is
clearly observed in certain snakes, which are known to climb up trees as shown in Fig.15a.

The versatility of snakes across a range of topography, inclination and surface textures
has drawn much interest over the years towards building snake-like robots. Reviews of
snake-like robots are presented by Hirose and Hopkins [88, 89], which categorize snake-
like robots into those with free-rolling or motorized wheels, those with motorized tank
treads, or extensible bodies relying upon vertical waves or linear expansions [89]. Wheels
provide the snake-like robots with a forward-transverse frictional anisotropy associated
with the wheel’s relative ease of rolling forward compared to sliding sideways. However, a
reliance on wheels prevents most robots from climbing slopes (with an exception provided

by Choset [39], whose robot can climb both poles and vertical channels).
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Figure 15: (a) A corn snake climbing a tree. (b) The image sequence of the concertina
locomotion of a corn snake. (c) The corresponding 2-mass model describing Scalybot’s

dynamics.

Few attempts have been made to design artificial snake scales to aid the locomotion
of snake-like robots uphill. Dowling [40] used plain spandex, sequins, and polyethylene
braids for providing purchase in his snake-like robot. Recent work indicates that such an
approach may be potentially valuable to robotics: In experiments of live snakes over flat
surfaces, Hu et al. [17] found the scales of snakes provide a frictional anisotropy that aids
slithering locomotion over flat surfaces.

The goal of the current study is to determine if this paradigm of locomotion-via-scales
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has potential for improving the climbing ability of snake-like robots. We begin by reporting
our methods for robot construction, friction measurement and testing. We proceed with a
theoretical model for the robot’s locomotion. Numerical results of this model are then
presented along with our experimental measurements of the robot’s motion. We close with
a discussion of the limitations of our model, an evaluation of the robot’s performance and

suggestions for its improvement and incorporation of its design into other snake-like robots.

4.2 Methods
4.2.1 Building Scalybot

We have designed our robot to mimic a “concertina” mode of locomotion in which the body
is sequentially extended and contracted, as shown by a corn snake in Fig.15b. The simple
kinematics of concertina motion is similar to that of inchworms or earthworms, which
can be crudely considered as having one degree of freedom, the length of their bodies.
Propulsion consists of two phases. In the first, tail is anchored while the head is pushed
forward (Fig.15b). In the second, the head is anchored while the tail is pulled forward.
This “ratcheting” is fundamentally a slow process because of the loss of body inertia due to
decelerating and anchoring each part of the body. However, the simplicity of the associated
kinematics will allow us to highlight the importance of the belly scales during propulsion.

We based our robot’s scales on those of a corn snake. A snake’s belly scales resemble
the overlapping shingles of a house. This geometry provides the snake with a preferred
direction of sliding: the scales slide easily over surfaces when the snake slithers forward
(Fig.16a), but dig in when the snake is gently pulled by its tail (Fig.16b). The friction
anisotropy of dead snakes was first reported by Gray and Lissman [65]. They measured dy-
namic friction coefficients of grass snakes on several materials. Based on their experiments
the friction anisotropy (ratio of backward to forward friction coefficients) on dry metal is 1
and on rough sand paper is 4.8. Although not obviously critical on horizontal surfaces, we

shall see in our experiments that this level of anisotropy is useful for climbing.
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Figure 16: (a,c) Corn snake and Scalybot scales at their minimum angles of attack (flat),
and (b,d) at maximum angles of attack. Snakes can modify their scales’ angles of attack to
increase their friction anisotropies. Scalybot uses the same concept to climb steep slopes,

as shown by the insets.

Based on corn snake concertina locomotion kinematics and snake scale design, we have
built Scalybot, a simple extensional robot that can control the angle of attack of its scales
to modify its resistance to sliding in different directions. The robot is made of 2 similar
segments (Fig.17). The segments are each housed in a steel casing and connected to each
other by an SMC pneumatic actuator. Two 24vDC solenoid valves control the pneumatic
cylinder position. Two manual flow control valves and an inline miniature air regulator
are used to control air flow rate and pressure, respectively. A household ventilation reg-
ister was modified to manufacture the scales. Each body segment contains 5 steel scales
arranged as louvers whose pitch is varied by a linkage system connected to a servo motor
(HS-311 Hitec). Both solenoid valves and servos are controlled using an Arduino UNO

microcontroller board which is programmed using Arduino software. The total weight of
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the robot is 1.16 kg, which does not include the sources of pneumatic pressure or electric

energy.

4.2.2 Friction Measurements

Friction coefficients were measured by placing the robot in two orientations on the plane
(facing up the slope corresponding to use of the backward friction coefficient). Static fric-
tion coefficients u* were given by tan @ where 0 is the minimum incline angle at which
the robot begins to slide. Dynamic friction coefficients 4 were measured by filming the
robot sliding down an incline of angle ¢ and measuring its displacement x and duration of
sliding 7. The dynamic friction coefficient can then be estimated using the implicit relation
X = %g(sin¢ — i cos @)t [52].

Friction measurements of our robot and three corn snakes were taken on open-cell rigid
styrofoam. This material was chosen because its roughness of 1.2 mm was greater than both
the robot and corn snake scale thickness (0.8 mm and 45 um, respectively). In this regime,
friction coefficients are significantly affected by scale angles of attack, in comparison to on

smoother surfaces such as a tabletop with a roughness of 20 um.

43



(a) PARTS LIST
ITEM DESCRIPTION
1 Scale Platform
2 Linear Guide Assembly
3 Pneumatic Cylinder
4 Scales
5 Servo
6 Servo Horn
7 Linkage Bar

Figure 17: (a) CAD drawing of Scalybot and list of item descriptions. (b-e) The image
sequence for one period of motion of Scalybot. Insets show oblique views of the belly
scales for the stationary and moving segments. Phases A and B denote kinematic phases
defined in Fig.18.
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4.3 Model

The speed, V, of our robot was predicted using the following simple model of its dynamics,
whose schematic is shown in Fig.15c. We partition the device into 2 nodes representing
point-masses of mass m/2, where m is the total mass of Scalybot. These nodes, labelled
i =1 or 2, are separated by an inter-nodal distance /(7). The robot can adjust the relative
position of its nodes by applying internal forces f using its pneumatic piston. Resisting
motion of the masses are inertia and dynamic frictional forces along the ground. The
dynamic friction coefficients of the belly sliding in the forward and backward directions

are [y and U, respectively. Newton’s second law applied to each of the nodes yields:

. 2
¥io= goosOl—ppH (1) + upH (—i)] — gsin® + — f
. 2
X = gcosG[—/,LfH(xz)+ubH(—x2)]—gs1n9—n—1f, (21)

where 6 is the substrate inclination angle, x; is the position of the ith mass and H(x) =
3 (14 sgn(x)) is the Heaviside step function. Sum of the equations in (21) yields the center-

of-mass acceleration, X:

. gcosh 2, > . .
=8¢ 5 [—ufZH(xi)+,LthH(—xi)]—gsm@. (22)
i=1 i=1
Non-dimensionalizing Eq. (22) using the Scalybot length L and its period of motion 7,
we obtain
. cosf 2 2 .
Frx = 2 —,UfZHO'C,‘)—{-,LLbZH(—X,‘) —sinf (23)
i=1 i=1

In our experiments, the Froude number is Fr ~ 0.39 — 1.77 over the range of / prescribed.
A small Froude number indicates the inertial is small compared to gravitational forces.
Numerical integration of Eq. (23) allows us to determine steady state behavior given
prescribed kinematics. The robot’s kinematics is given by the inter-nodal distance, [. This
function is characterized by three parameters, L;,, AL, and 7, as shown in Fig.18. An
explicit Runge-Kutta (4,5) formula, the Dormand-Prince pair, is used to solve Eq. (23)
numerically in MATLAB [77]. Using the state-space form of Eq. (23), acceleration, ve-
locity and position of center of mass are calculated. We characterize the effectiveness of
the robot’s motion by two parameters, its center of mass steady speed, V, and the steepest
incline it can climb of our prescribed test surface. Speed is non-dimensionalized according

to the robot’s length L and period 7.
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By solving Eq. (23) numerically we can check for static friction upon each iteration.
This is accomplished by using velocity data from previous iterations to predict each node’s
acceleration X, and in turn the internal force f. If a node reaches a velocity that is suffi-
ciently close to zero, a force balance is computed on that node using the values obtained
for f and X;. If the static friction coefficient is large enough to hold the node still, then
it is locked in place allowing the other node to move at a speed of /. This condition is
then rechecked upon each iteration to ensure static friction continues to act; if it does not
the model resorts back to sliding friction. The only difficulty this method presents is in
checking for whether or not static friction is happening initially, as there are no historic
points available from past iterations. To address this case, it is assumed that both nodes are
starting from rest, and then constant acceleration occurs for the first 10% of the period. The
acceleration obtained from a quadratic regression (R>=0.987) on the inter-nodal distance [
shown in Fig.18 is used to determine internal forces and check if static friction is initially

holding.
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Figure 18: The time course of inter-nodal spacing. There are two phases in this function: In
phase A (extension), the head is pushed forward; in phase B (contraction) the tail is pulled

forward. The stationary segment uses active friction changes to provide anchorage.
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Figure 19: Effect of Scalybot scales’ angles of attack, &, on (a) dynamic friction coeffi-
cients, and (b) static friction coefficients on Styrofoam. Both forward and backward direc-
tions are measured. For obtaining maximum available friction anisotropy, Scalybot sets the
scales of its stationary segment at 50° and those of its moving segment at 30°. The friction

anisotropy U/ is 1.6 for dynamic friction coefficients and 2.16 for static ones.

4.4 Results

We report upon the frictional properties and performance of Scalybot and corn snake.

4.4.1 Friction Measurements

We observed snakes performing a combination of rectilinear and concertina gaits to as-
cend inclined planes. In rectilinear motion, snakes used a slow creeping of their bellies
and lifting of their scales. Snakes exhibited clear adaptations to prevent falling down the
incline. On surfaces inclined greater than 20°, snakes used a form of “emergency braking”
to prevent from sliding backwards. Fig.16c-d shows a snake performing concertina up a
35° incline. When it begins to lose its grip, the snake freezes its body in an S-shaped con-
figuration. This limits the snake’s ventral contact with the ground to a few discrete points
where scales appear to be catching as shown in insets of Fig.16c-d. After the snake has
circumvented sliding and regained its grip, it resumes moving up the incline.

The braking mechanism we observed suggests that behavior is important in modifying
the snake’s friction. This hypothesis is consistent with our measurements of corn snake fric-

tion coefficients, which show conscious snakes have greater dynamic friction anisotropies
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(,ub//,Lf =1.65+0.25, N=3) than unconscious snakes (1.5540.15, N=3).

To obtain insight into the mechanism of friction modification, we conducted experi-
ments using snake-scale mimics constructed of 0.8-mm thick steel sheets. These sheets
were later used as the scales of our robot. We characterize the anchoring ability of a scale
according to its angle of attack o with respect to the body (Fig.15c). During locomotion,
the angle of attack with respect to the underlying substrate may slightly exceed o as a result
of small inclinations (3°) of the robot relative to the substrate due to the combined effects
of scale lifting and piston flexibility.

As shown in Fig.19, the backwards friction is highly dependent on a scale’s angle of
attack a. Specifically, there exists an optimal angle (& = 50°) that best resists sliding
backwards. This optimal angle is comparable to the scale angle of attack (20-30°) observed
for live snakes as they are gently pulled by their tails (Fig.16a-b). When snakes wish to
progress forward, they flatten their scales to 0° to reduce frictional sliding. Corn snake have
a minimum scale angle of zero degrees because their scales and body are flexible. However,
since we manufactured the robot’s scales to be both rigid and overlapping, the minimum
angle for Scalybot’s scales is 30°, which will be referred henceforth as the scales’ default
“flat” orientation.

To maximize friction anisotropy, Scalybot sets the scales of its stationary segment to
50° and those of its sliding section to 30°. At this setting dynamic friction anisotropy
U/ s is 1.6 and static friction anisotropy is 2.16. This is substantially greater than the
friction anisotropies for scales kept flat at 30° (1.47 and 1.44, respectively). The activation
of the scales thus clearly improves friction anisotropy. Moreover, by activating its scales,
Scalybot has similar dynamic and static friction anisotropies to conscious corn snakes on
Styrofoam (u/ s = 1.6 for dynamic and p;;/ u} = 1.76 for static), further suggesting we

have done well in optimizing the frictional properties of our robot.

4.4.2 Kinematics

In analogy to a snake’s concertina motion (Fig.15b), we prescribed the kinematics of the
robot using the function /(z), shown by the triangular waveform in Fig.18. The robot has
two phases of motion (A-B) during its period 7: these consist of expansion and contraction
phases at constant inter-nodal velocities / and —I, respectively. The minimum and maxi-
mum lengths of the robot are L,,;, and Lyqy = Lpin + AL, respectively. During testing, we
varied the speed of expansion and contraction by keeping AL constant and adjusting the
period 7.

The kinematics of the scales during concertina was chosen to best prevent backwards

sliding of the anchoring mass. In phase A, the tail is stationary while the head moves
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forward; in phase B, the segments reverse roles. During these phases, moving segment has
scale angles of 30° to minimize friction and moving segment has scale angles of 50° to

provide anchorage.
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Figure 20: Numerical predictions of the velocity of center of mass, V, as a function of
friction anisotropy /iy, predicted by Eq. (23); Scalybot and corn snake velocities are
included for comparison. Scalybot uses active anisotropy by changing its scales’ angles of

attack so that u,/py = 1.6.

4.4.3 Performance

In terms of maximum climbing angle, our robot showed a similar performance to that of
a corn snake. Using active scales, we observed that our robot was capable of climbing
up 45° slopes and remaining at rest on slopes of 60°. This is comparable to the climbing
performance of a corn snake, which on the same material can climb at 35° and remain at
rest at 43°.

Fig.20 shows the predicted steady velocity as a function of dynamic friction anisotropy
on a horizontal surface. With activated scales and a contraction speed of [ = 24, Scalybot
can move forward at a speed of 0.112, well-predicted by our model. This speed is similar
to that of a corn snake (0.116) on the same material in a channel of width 2cm although a
corn snake obtains further anchorage by pushing transversely against walls. Moreover, the
predicted speeds are near the maximum speeds for such motion, as shown by the asymp-
totic behavior of V at higher anisotropies (Fig.20). This correspondence suggests we have
reached an ideal frictional anisotropy in our robot. Fig.21 shows the speed of the robot

over a range of contraction speeds (24 < [ < 61). Again, our model does an excellent job
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of predicting the forward motion on a horizontal surface.

The limits of our model are illustrated by its difficulty predicting snake speed in a few
important cases. First, our model is unable to predict horizontal speeds if the robot scales
are kept at rest. Under the contraction speeds tested (24 < [ < 61), the robot with its scales
kept flat (oc = 30°, up,/ s is 1.4) would not move forward. In contrast, our model predicts
a speed of 0.1. The poor performance of the robot with scales at rest demonstrates active
control of scales are necessary for locomotion in the regime of speeds tested.

In contrast, our model predicts motion up an incline reasonably well, albeit still not
perfectly. Fig.21 shows the robot’s speeds on inclinations of 15 and 30°. Our model can
predict forward motion for inclines up to 30°, however, it predicts a negative velocity for
slopes of higher than 30° while Scalybot is capable of climbing up to 45°. Our under
estimate of maximum climbing angle is likely due to the measurements of the friction
coefficients. Since the scales of the robot are at an angle and the surface material it moves
upon is malleable, then under acceleration the scales will either bite in deeper or lift out
of the material depending on the direction of travel. This process will change the friction
coefficients based on the force of the pneumatic cylinder and it is not accounted for in the
model.

A picture of Scalybot emerges as one sensitive to kinematics, particularly on inclines.
According to our model, to move faster, the robot should increase its rate of contraction [
which in turn decreases T and increases its center-of-mass dimensional speed, VL/7. This
can be done by increasing airflow to the pneumatic cylinder. However, speed gains are lost,
particularly on inclines, when the piston moves sufficiently quickly that the stationary part
of the Scalybot can no longer maintain static friction. Thus, undesirable sliding of both
segments occurs at an applied force f > %mg(,ug cos @ —ssin0) where y; is the backwards
static friction. In our tests, such sliding was observed at contraction speeds of [ > 40. At
such high contraction speeds, the robot no longer maintains static friction with its station-
ary part, and as a result, slides down the incline. In general for both snakes and snake
robots, maintenance of static friction becomes increasingly important at higher angles of

inclination.
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Figure 21: The velocity of center of mass, V, as a function of [ and inclination angle,
6. On horizontal surfaces (black lines), increasing / increases V for low contraction speeds
(I < 40). However, at sufficiently high contraction speeds (/ > 40) and angles of inclination
(green and blue lines; 6 > 15), the velocity of Scalybot decreases due to loss of static

friction anchorage.

4.5 Discussion

We have modeled, designed, and constructed a simple robot that slides forward by actively
modulating its belly friction. Our work was inspired by the behavior of snakes crawling
up inclined surfaces, whereby they prevent backwards sliding by actively re-orienting their
scales. Our two-link robot uses a simple time-dependent behavior for its scales to climb
slopes of 45°. This is a vast improvement in mobility: if its scales are not active, it cannot
move forward even on horizontal surfaces.

Tests of Scalybot yielded insight into the subtleties of climbing. Specifically, we found
on inclines of increasing steepness, static friction became increasingly important to prevent
sliding backwards. Moreover, we observed the robot contraction speed has an optimum.
It must be as large as possible to maximize center-of-mass speed, yet not so high as to
generate forces that would break static contact of the anchored part of the robot.

To enhance its performance, we suggest the following improvements to Scalybot. More
links as well as compliant joints would make Scalybot more flexible and capable of han-
dling obstacles in its path. Snakes use transverse pushing to increase their friction force
while moving through channels; adding this functionality to the robot would enable it to
increase its speed and maximum inclination of climbing. Increasing the scale’s range of ro-

tation to 180° would enable Scalybot to crawl both uphill and downhill. Moreover, adding
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an accelerometer to provide feedback would enable the robot to detect backward sliding
and respond by digging its scales like the snakes in our experiments. Finally, by sharpen-
ing its scales, or making them compliant like that of a snake, the robot may obtain greater
traction on a greater range of topographies. The scales of a corn snake are highly tapered,
with a variation in thickness from 450 pm at the base to only 45 um at the tip.

Our reported robot weight was only 1.16 kg, which did not account for a power supply
or supply of pressurized air. A self-contained Scalybot housing these items would be con-
siderably heavier. The motors powering the belly scales would then have to be chosen so
that they could still lift a heavier robot. A detailed study into the forces required by snakes
to activate their belly scales and lift their bodies would be of use in this regard.

We are currently working on the second version of this robot, Scalybot 2 (Fig.22).
There is an accelerometer installed on Scalybot 2 to provide sensory information for the
closed loop control system of the scales. The control system will allow the robot to ad-
just its scales angles of attack according to the frictional properties and inclination of the
substrate in order to avoid sliding down the hill. The propulsion system of the robot is
composed of four servo motors connected to four chain and sprocket transmission systems.
Two DC motors are used for front and rear steering of Scalybot 2, and two servo motors
control the scales angles of attack. Scalybot 2 can be controlled using a VEX wireless
joystick and one of its potential applications is moving on ice. It turns out if we put heater

elements at the tip of its aluminum made scales, they can quickly melt ice and provide an

enhanced grip for moving on surfaces covered by snow or ice.

Figure 22: (a,b) Scalybot 2.

There are many other attributes and behaviors of snakes that would improve the climb-
ing ability of snake-like robots. Snakes succeed at climbing because of their high redun-

dancy of climbing mechanisms. They have 120-350 vertebrae [90], which can both bend
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and twist. This allows them to lift their bodies to decrease frictional drag when sliding
forward. To prevent sliding backwards they can fold their bodies and press their flanks
transversely against the sides of crevices. Finally, each of their ventral scales are activated
by individual muscles, which allows them even greater potential to increase their contact
area over rough topographies. In our study, we have focused on their use of scales to climb,
although all the above mechanisms will be important to build a successful climbing robot.

What new path planning behaviors could be incorporated into Scalybot? To climb up-
hill, animals are known to take diagonal paths to reduce their rate of power consumption:
squirrels run in helical paths up trees and antelopes travel diagonally up slopes [78]. Previ-
ous investigators have not yet observed snakes climbing diagonally or helically. On pillars
much thinner than a snake length, Jayne showed that snakes perform concertina motion by
coiling; however, the motion of their center of mass is purely linear [91]. A modular snake-
like robot by Choset forms a helix around a column, climbing by rolling its parts while
maintaining its helical configuration [92]. On pillars fatter than a snake length, we observe
snakes simply climb linearly, sometimes deviating from straight paths to follow crevices
that provide greater anchorage, as shown in Fig.15. One reason snakes do not climb di-
agonally is their avoidance of transverse gravitational forces which may cause transverse
slipping. Thus, their preference for vertical climbing may stem from the large coefficients
of dynamic backwards friction (0.7940.03) relative to transverse friction (0.3840.07), ac-
cording to our measurements of corn snakes on styrofoam. Although our robot cannot
perform efficient path-planning strategies like moving diagonally, such topics would be of
interest to future designers of climbing snake robots.

In the long run, snake-inspired robotics may benefit from consideration of a recent
study by Vincent et al. , which presents an elegant comparison between biological and
engineering systems [93]. They show technology-based problem solving relies upon the
use of energy, and in contrast, biology upon information and structure. Snakes use their
perceptions (eyesight, smell, vibration sensitivity, and infrared sensitivity) to gather infor-
mation from their surroundings which clearly makes them more efficient and effective at
moving on complex terrain. In this study, we also find snakes take advantage of their flex-
ible, anisotropic, and multi-functional surface structure. We hope future development of

snake-like robots will take into account structural factors such as the effects of scales.
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CHAPTER V

EVALUATION OF ENERGETIC COST OF CONCERTINA
LOCOMOTION VIA IN VIVO 3'P NMR SPECTROSCOPY

5.1 Introduction

Both legged and limbless animals employ a series of locomotory modes known as gaits.
Managing energetic cost of locomotion is one of the main reasons behind any change of gait
[78, 94]. Many researchers have been working to develop methodologies for measuring this
energetic cost, which is a combination of aerobic and anaerobic metabolism [78, 95, 96].
However, a reliable and repeatable approach for measuring both types of metabolism has
yet to be introduced.

The energetic cost of snake locomotion is traditionally characterized by respirome-
try techniques which measure the production of carbon dioxide by animals while they run
treadmills [24, 78]. Energetic costs of concertina locomotion, lateral undulation [16, 24, 78]
and sidewinding [18] of snakes have been measured primarily using respirometry. Ener-
getic costs are typically reported in terms of Net Cost of Transport (NCT), defined as energy
required for locomotion per unit mass per unit distance travelled. Secor ef al. and Walton et
al. find that sidewinding is the most energetically efficient gait employed by snakes (NCT
= 8 J/kg-m); lateral undulation (NCT = 23 J/kg-m) and concertina (NCT = 170 J/kg-m) are
found to be less efficient [16, 78].

One drawback to the respirometry technique is that it neglects anaerobic metabolism.
Anaerobic costs accrue when snakes apply large normal forces to walls, climb high in-
clinations, or sprint at burst speeds. In anaerobic metabolism, energy is released through
conversion of glucose to lactic acid. This process provides much less energy from a given
mass of food compared to aerobic metabolism. Power supply during aerobic metabolism
is limited by the rate oxygen is provided to the muscles and the rate mitochondria can use
it. Anaerobic metabolism is not limited in this way; however, an organism’s body can-
not withstand excessive accumulation of lactic acid, limiting the, energy provided during
anaerobic metabolism [78].

Gratz and Hutchison study Natrix rhombifera snakes and suggest that anaerobiosis ac-
counts for over 66-86% of the total energy expended during 5-10 min of maximum activity

induced by electrical stimulation [97]. In another similar study, Ruben studies aerobic and
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anaerobic metabolism of four snake species: Coluber constrictor, Crotalus viridis, Licha-
nura roseofusea, and Masticophis flagellum after about 5 min of maximal activity induced
by mechanical stimulation. He reports anaerobic metabolism provides more than 50% of
total energy production for all of these species [98]. In both of these studies blood and
tissue samples are taken from snakes and the concentrations of important metabolites are
measured and are compared to respirometry data [97, 98]. However, no one has measured
total aerobic and anaerobic cost of transport for snakes performing locomotion.

Commonly used methods of measuring NCT in living organisms are respirometry, in-
direct calorimetry, and direct calorimetry [78, 94]. Neglecting anaerobic metabolism elim-
inates both respirometry [24, 99] and indirect (gas exchange) calorimetry [96] as viable
choices for snake research. Direct calorimetry eschews this issue by measuring the heat
dissipated by a snake; however, data acquisition times for direct calorimetry range from
several hours to several days for statistically significant results [100, 101]. The high ener-
getic cost of concertina gait limits the endurance of snakes using this mode to an approxi-
mate maximum average of 34 minutes [24], effectively eliminating direct calorimetry as a
potential experimental technique for determining the energetic cost of locomotion.

Phosphorous-31 magnetic resonance spectroscopy (*'P MRS) is a technique used to
measure the energy use of cells, mammals, and other reptiles except for snakes [102-105].
In such studies, changes in phosphate metabolite concentrations are indicative of com-
bined energy use by both aerobic and anaerobic metabolism. Jackson et al. monitor the
Adenosine-diphosphate (ADP) levels in a turtle’s heart using 3'P MRS to investigate how
turtles are able to slow their hearts and energy consumption and go into survival mode
for months with limited oxygen [106]. Wemmer et al. observe the energy consumption
of a diving turtle in a hypoxic state through measuring the recovery times of phospho-
creatine (PCr) and inorganic phosphate (P;) metabolite concentrations of the diving turtle
[107]. Metabolite recovery rates in ectotherms are found to be on the order of several hours
[107, 108].

In this study, we develop a technique for characterizing the energetic cost of transport
of organisms for which conventional methods such as direct calorimetry are not feasible.
We apply this technique to measure energetic cost of concertina locomotion of snakes. We
discuss our experimental procedures and data analysis in § 5.2. In § 5.3 we explain our
calculations of both mechanical and metabolic power. We then present and discuss our
results in § 5.4 and § 5.5. Finally, in § 5.6 we summarize our findings and discuss possible

future directions.
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5.2 Methods

5.2.1 Exercise and Spectroscopy

In this section, we present methods for caring for snakes, characterizing their pre-exercise
state, exercising them in a controlled manner, and measuring their metabolic rate. Through-
out our experiments, we use a sample of two corn snakes, Elaphe guttatta (N =2, m = 0.80
+0.06 kg). Snakes were fed weekly and housed in separate terrariums with controlled tem-
perature and humidity conditions. Experiments in this study took place over a period of 12
sessions over 12 weeks. All of the experiments are conducted at 23°C.

For each trial, we begin with a baseline check of the snake’s energetic levels. For this
measurement as well as measurements at the end of the trial, we use a Bruker PharmaS-
can 7.0 T Magnetic Resonance system (Fig.23b). A 'H/3!'P dual tune coil with an inner
diameter of 60 mm manufactured by M2M imaging allowed the interleaved recording of
3P NMR spectra and MR images without the need of major hardware changes. Associated

TopSpin and ParaVision software packages are employed to analyze the system’s data.
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Figure 23: (a) Three phases of concertina locomotion, (b) Bruker PharmaScan 7.0 T MR
system, and (c) plastic tube used for putting the snake in the MRI machine.
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We place a snake into an aerated acrylic tube (outer diameter 59 mm, inner diameter 55
mm) shown in Fig.23c. As an internal standard, a glass vial containing an aqueous solution
of diisopropyl methylphosphonate (DIMP, 95% w/w, 270 mg, 1.42 mmol) is placed in the
tube. The tube is then guided into the MR system. We first acquire a 3-dimensional image
of snake to calculate its interrogated volume in the MR system. This step is necessary
because the MR system’s chamber generally only holds half the snake. We then record 3'P
pre-exercise reference spectra according to the following parameters: 2000 ms repetition
delay, 4 spectra, and 32 repetitions, resulting in a data acquisition time of 4.26 minutes.
The length of the exciting RF-pulse is 100 us leading to a shorter than 7 /2 pulse length
with the maximum achievable RF-power of the instrument (300W). Experiments varying
the length of the repetition delay are conducted to ensure a complete T1-relaxation between
scans to allow an unambiguous quantitative analysis of the spectra.

Once we record the reference 3! P spectra, we remove the snake from the MR system and
place it on our custom-built raceway. As illustrated in Fig.23b, the raceway is composed
of two 5 cm x 10 cm x 185 cm wood planks arranged parallel to each other on a styrofoam
substrate, which is placed on a wooden board. The active length of the raceway, defined as
the length of the raceway less the length of the snake, is 1 m. Since channel width does not
have a statistically significant effect on kinematics of concertina locomotion [52], we fix
the channel width at 5 cm and only change the inclination angle in our experiments.

We observe the snake performing concertina motion in the channel and cycle it back
to the beginning once it is finished. This procedure is repeated for 5-10 minutes while a
video records the snake’s motion. We use open source Tracker, a Video Analysis Modeling
Tool (www.cabrillo.edu/~dbrown/tracker/), to extract kinematic information from
the recorded video in order to calculate the mechanical energy expenditure of the snake
during concertina locomotion. The kinematic parameters we measure include period of
motion, distance travelled per period, total time, total displacement, and average speed as
tabulated in Table 3.
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Table 3: Kinematics parameters of concertina locomotion. Number of trials n, period 7,

displacement of body per period AL, total time 7, total displacement D, and velocity V of

two corn snakes moving at inclinations of 0, 10, and 30 degrees.

1 2 25+0.1 0.12+0.04 | 4845+78.5 | 9.00+£2.55 | 0.04 +0.03
0 2 2 3.2+0.1 0.16 +0.03 | 373.0+62.5 | 8.00 +0.00 | 0.07 +0.01
10 1 1 1.3 0.02 555.0 4.00 0.01

2 2 35+£26 | 0.12+0.09 | 330.5+41.7 | 5.60+3.39 | 0.01 +0.00

1 1 3.7 0.06 550.0 4.80 0.02
30 2 3 24+14 | 0.12+0.10 |342.7+133.7 | 3.73+0.46 | 0.01 £0.01

Immediately following exercise, we insert the snake into the tube and guide it into the
MR system. We then record 3!P spectra according to the following parameters: 2000 ms
repetition delay, 64 spectra, and 16 repetitions, resulting in a data acquisition time of 34.13
minutes. Finally, we acquire the 3-dimensional image of snake in the machine to find the
fraction of snake body that is in the spectrometer. We repeat this procedure for each snake
at raceway incline angles of 0°, 10°, and 30°. Resting reference measurements and post-
exercise recovery measurements are in two trials per snake per angle. We check that the
snake speed is constant across trials, and we drop trials for which speed changes occur. We
limit our experiments to one experiment per snake each day to enable the snakes to recover

between experiments.

5.2.2 Data Analysis

The free induction decays (FIDs) recorded with the MRS technique are processed using
standard techniques including line broadening (filtering of noise by multiplication of the
time data with an exponential function), Fourier-transformation, phase correction, and
baseline correction. We integrate PCr, P;, and DIMP peaks and calculate the ratios of
PCr to P; peak integrations (PPR) at each time step. For obtaining a 3-dimensional im-
age of snake in the MR system, we perform a volumetric reconstruction procedure on the

acquired sequence of cross sectional images for each snake (inset of Fig.24a).

5.3 Energetics

In this section, we present mathematical relations for rate of mechanical and metabolic en-

ergy expenditure. To calculate mechanical energy, we consider the kinematics of concertina
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locomotion, a gait typically performed within a tunnel. During this gait, a snake wedges its
body against walls of the passage by folding its body into a series of bends, creating points
of static contact from which the snake propels itself forward [20, 52] (Fig.23a). As illus-
trated in Fig.23a, propulsion in concertina locomotion is accomplished by extending the
anterior elements of the body in the direction of motion (phase A), establishing new anchor
points and moving mid-section of body forward (phase B), and propagating the movement
posteriorly through the body (phase C). Consider a snake of mass m traveling through a
channel of width w and inclination 6.

Work is expended gravity and friction forces, as was reported by Marvi et al. [52]. The
total rate of mechanical energy expenditure is:
mgsinOAL N mgcosO (AL + pyw)

T

I mech S (24)

where m is snake mass, g is gravitational acceleration, 6 is the inclination angle, and w is
channel width. u, and u, are the conscious snake forward and transverse friction coeffi-
cients (U s =0.49 and u, = 0.40 on Styrofoam). 7 is period of motion, and AL is the distance
traveled by the snake in one period which are measured from video analysis (Table 3).

We now define the metabolic power of the snake as measured by the MR system. In
3P NMR, the CK conversion of PCr during a period of increased activity is measurable
by tracking the temporal integrated peak intensity of PCr. Integrated peak intensity is
proportional to the molar concentration of a compound:

necr  Ipcr
npiMp  Ipivp
where npc; and nppvp are number of moles of PCr and DIMP and Ipc, and Ippvp are inte-

(25)

grated intensity of signal corresponding to PCr and DIMP, respectively.

The change in integrated peak intensity of PCr is converted to the amount of energy
released by ATP during exercise. Considering that transient concentrations of ATP are
approximately constant due to buffering action by PCr, changes in PCr are indicative of the
quantity of ATP consumed during exercise. The energy released, E due to conversion of
PCer is as following [109, 110]:

E = npcr(AGatp + AGpcr—saATP), (26)

where AGarp is energy released in hydrolysis of ATP; ATP + HO = ADP + P;, AG° =
-30.5 kJ/mol. AGpc;_atp is also energy released in converting PCr to ATP; ADP + PCr
= ATP + Cr, AG° = -12.5 kJ/mol. Substituting npc, from Eq. (25) and considering field
inhomogeneity we find:

Ipcrnpivp (

E= Itrue
Ipivp

AGatp + AGpcr— ATP) (27)
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where [y 1s a field inhomogeneity correction factor used to correct for any spatial inho-
mogeneities in the magnetic field of the MR system. The value we calculate for [y is
1.458 in all of our experiments.

Metabolic power Ppe is defined as expended energy over duration of snake exercise:
Pet = (E; —E1) /T, where E| and E; are reference and post-exercise energies and 7 is total
time of exercise. Substituting E from Eq. (27) and considering the fact that entire snake
body does not fit in our MRI machine the total metabolic power expended is calculated as

follows:

p . hrue nDIMP (AGatp + AGpc; s ATP) o Ipcr,1 ” Ipcr2
met —
T Ipivp 1 Ipivp2

(28)

where & = Vinake/Vinterrogated 1S total volume of snake over its volume interrogated by MR
system. Subscripts 1 and 2 denote reference and post-exercise measurement, respectively.
The energetic efficiency 1) is then the ratio of mechanical power of concertina locomotion

from Eq. (24) to the metabolic power from Eq. (28):

B mech
= 29)
T P (

Minettei et al. define efficiency as vertical work rate, work due to climbing over time,
divided by the rate of aerobic energy expenditure [111]. However, we include work of
friction in mechanical work, Pyecn and thus we can calculate efficiency at zero degrees
inclination. We also include anaerobic metabolism in Ppe¢ to account for the total energy

expenditure.

5.4 Results

The pre-exercise !P spectrum of a corn snake is shown in Fig.24a. Peaks are exhibited
for P;, PCr, and y-, -, and B-ATP. Depending on the chemical structure experienced by
a particular 3'P nucleus, the emitted radio frequency will be slightly different from the
excitation frequency leading to an NMR spectrum with peaks corresponding to individual
chemical moieties [112, 113]. The reference spectrum for a diving turtle exhibits the same

peaks as that for a corn snake, confirming the validity of our experimental technique [107].
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Figure 24: (a) Pre-exercise 3'P time-averaged reference spectrum for a corn snake. Data
acquisition time for capturing this spectrum is 1.07 minutes. Inset shows cross section of
snake body in the MR system. (b) Phosphocreatine to inorganic phosphate ratio recovery

rate.

Fig.24b shows the time evolution of PPR. Full recovery is defined as a return of the
PPR from a post-exercise minimum value to approximately the value of the PPR for the
pre-exercise measurement. As shown in Fig.24b, the measured PPR recovery time varies
between 13 to 25 minutes for different inclinations (Fig.24b). Phosphorous metabolite
recovery rates in snakes are similar to those observed in turtles [107]. Moreover, the imme-
diate post-exercise intensities of PCr are smaller for larger inclinations corresponding to a
higher metabolic energy consumptions at higher incline angles.

The kinematics of concertina locomotion are tabulated in Table 3. We record concertina

locomotion of two corn snakes at inclinations of 0, 10, and 30 degrees. We mechanically
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stimulate snakes, by stroking their tail gently, to make sure they move at a constant speed.
We stop each experiment once the snake is exhausted and does not move any more. This
usually takes about 5-10 minutes corresponding to 4-9 meters of total displacement de-
pending on the inclination angle. We use 7 and AL to calculate mechanical power, Pyech
using Eq. (24). Total time 7', is used to calculate Ppe; using Eq. (28).

The mechanical power, Ppech metabolic power, Py, and energetic efficiency, 1 of corn
snakes are tabulated in Table 4. Py is calculated using Eq. (24) for a snake performing
concertina locomotion in a 5 cm wide channel as discussed in § 5.3. Py is also obtained
using Eq. (28) and thus, 7 is calculated according to Eq. (29). As discussed in § 5.2,
we conduct 3-4 experiments at each inclination (Table 3). The reported parameters in
Table 4 are the means and standard deviations of these four experiments at each inclination.
Alexander [78] reports efficiency of 10% for legged reptiles, mammals, and birds of mass

1 kg which is similar to our measurements in this study.

Table 4: Metabolic power, Pyer, mechanical power, Ppech, and efficiency, N = Prech/Pret
for two corn snakes moving on inclinations of 0, 10, and 30 degrees. The channel width

for all of the experiments is set to 5 cm.

8 (°) Pro (Watts) Preen (Watts) n
0 2.20 +0.23 0.24 +0.05 0.11 £0.02
10 3.35+0.14 0.27 +0.05 0.08 +0.01
30 3.98 +0.68 0.34 +0.16 0.09 +0.05

We used JMP software to conduct two-way ANOVA and determine the effect of animal
and slope on Pyech, Pmet, and 1. Using a significance level of o = 0.01 we find that ani-
mal does not have a statistical significant effect on any of the aforementioned parameters.
Moreover, slope has a significant effect only on Ppe (P-value < 0.001). Thus, mechanical
power Ppech (Which includes work of friction) and efficiency 7 are not statistically different

across the range of inclinations we study.

5.5 Discussion

Taylor et al. report respirometric cost of transport for a variety of legged animals including
mammals, birds, reptiles, amphibians, and insects over a wide range of body mass; 0.1
mg to 100 kg. Surprisingly, the cost of transport for all of them fall on the same line:
Tner = 10.7m =032 4 %ﬂ, where T,.; 1s metabolic cost of transport (J/kg-m), m is mass

in kg, and V is speed (m/s) [78, 114]. We measure total metabolic cost of a Elaphe guttatta

62



snake of mass m = 0.82 + 0.04 kg performing concertina at 0 degrees to be 196.4 £+ 26.9
J/kg-m. Walton et al. measure NCT of Coluber constrictor snake performing concertina
locomotion at an angle of inclination of 0° using respirometry technique (only aerobic
metabolism) [24]. For a Coluber constrictor snake of mass m = 0.12 kg, NCT is 170
J/kg-m [24, 78]. Using Taylor’s equation for snake of the same mass yields an NCT of
170.6 J/kg-m, which is similar to Walton’s measurement, as expected.

Our metabolic measurements capture both aerobic and anaerobic metabolism, thereby
improving in accuracy over previous techniques. Our measurement of mean NCT is 16%
more than that predicted by respirometry, indicating the importance of anaerobic metabolism.
Our study focused only on a single gait, and other snake gaits may have even larger contri-
butions from anaerobic metabolism. When snakes are performing energetically costly ac-
tivities such as striking or sprinting at burst speed, they can become physically exhausted:
in these cases, anaerobic metabolism can exceed 50% of the total energetic cost [97, 98].

The efficiency of snake locomotion as a function of inclination angle had not been pre-
viously measured. Minettei et al. measure the efficiency of human walking on slopes of 5
to 25 degrees and they show that efficiency remains constant at 18-23% across this range
of inclinations [111]. This is consistent with the efficiencies we calculate for concertina
locomotion of corn snakes on slopes of 0 to 30 degrees. We find efficiency of snake con-
certina locomotion remains constant at 8-11% over this range of inclinations. Marvi et
al. show that in concertina locomotion of snakes the effect of slope on velocity, period,
body extension, and transverse pushing is statistically significant [52]. We hypothesize that
with increasing inclination angle, snakes adjust their kinematics such that metabolic power
increases consistently with mechanical power and thus efficiency remains constant.

Our measurements show concertina locomotion has a low efficiency which does not
change significantly in the range of 0 to 30 degrees inclination. We hypothesize this low
efficiency is one of the main reasons snakes avoid this gait unless they encounter a terrain
in which other gaits are not feasible. Faced with high inclinations, narrow channels, or
low friction substrates lateral undulation, sidewinding, or rectilinear locomotion are not
effective. In such circumstances, snakes need to use concertina locomotion to provide
additional friction force and traverse those terrain successfully.

The size of the MRI machine was a limit to our study, specifically by preventing us from
snake’s entire snake body in the MRS. To compensate, we measure the interrogated volume
in the machine, and modified our calculations accordingly. This calculation adjustment is
based on the assumption that muscles are uniformly distributed in snake body. To resolve
this problem, future workers might consider using a smaller snake or an MRS with a larger

spectrometer. Noise in measurement is caused by movement of the snake during the 30
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minute MR spectroscopy. We minimized such noise by using a specially chosen snake
container that minimizes the available space for snake to move while recording data. Lastly,
the MRI technique is best for providing average measurements over some time because of
the inability to record data while conducting experiments. Not being able to start measuring
the spectrum at time t = 0 immediately after the snake exercise would also cause some error
in measuring energetic cost of locomotion. Although, the time it takes to put a snake in the

container and start recording 3!P spectrum is negligible compared to the recovery time.

5.6 Summary and future directions

We present an experimental technique for measuring both anaerobic and aerobic energy
use, improving in comprehensiveness compared to previous methods. We apply our method
on corn snakes to determine the energetic cost and efficiency of their concertina locomo-
tion. First of all, our measurement of total metabolic cost for corn snakes of mass m =
0.82 £ 0.04 kg performing concertina at O degrees is 16% higher than that measured using
respirometric techniques [24]. This indicates the importance of anaerobic metabolism in
concertina locomotion. Moreover, we discover the efficiency of concertina locomotion on
a horizontal surface is 11%, similar to the value of 10% for legged locomotion of reptiles,
mammals, and birds with similar mass [78]. Finally, we find snakes manage to maintain the
same efficiency across different inclinations. This is consistent with Minettei’s measure-
ments of human walking efficiency on slopes of 5 to 25 degrees [111]. The methodology
proposed in this study may be applied for measuring cost of locomotion for snakes and

other animals.
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CHAPTER VI

SNAKES MIMIC EARTHWORMS: PROPULSION USING
RECTILINEAR TRAVELING WAVES

6.1 Introduction

Snakes have long flexible bodies that enable them to easily traverse complex terrain such
as sand, foliage, narrow crevices or tree trunks. In narrowly confined terrain, snakes em-
ploy a gait called “rectilinear locomotion” to propel themselves in a straight line, similar
to earthworms. Understanding how snakes propel themselves unidirectionally provides a
more complete picture of why snakes are so versatile in environments where both legs
and wheels are known to fail. In terms of practical applications, rectilinear locomotion
may provide added versatility to limbless snake-like robots, designed for use in search-
and-rescue processes during natural disasters [10, 39]. Rectilinear locomotion may also
be implemented in the control of medical snake-robots used to reach parts of the human
body that physicians have difficulty accessing [115]. Such applications involve locomotion
through tight crevices and so require the application of rectilinear locomotion.

Rectilinear locomotion is one of four “gaits,” or modes of snake locomotion, each spe-
cialized for a particular type of terrain. Slithering is applied on flat surfaces or through
structured environments such as between rocks, used as push-points [17]. Sidewinding is
used on granular surfaces such as sand [116]. An accordion-like concertina motion is used
within intermediate-sized crevices which are much wider than the snake’s diameter [52].
Within more tightly confined crevices, snakes cannot use these gaits because of the lack
of space and so instead employ rectilinear locomotion. For example, rectilinear locomo-
tion is used to travel vertically upward along the interstices of tree bark, across narrow
tree boughs, and alongside walls. We have observed snakes using rectilinear locomotion
to crawl out of their own skin during shedding, a periodic event that removes parasites and
permits growth. The body trajectory for rectilinear locomotion is linear, which minimizes
the path length traveled by parts of the body and, in turn, the sounds produced. Thus,
rectilinear locomotion is naturally applied to stealthy activities such as stalking prey.

Rectilinear locomotion is the least studied of the snake gaits. Home published the first
study of rectilinear locomotion nearly two centuries ago, describing rectilinear locomotion
as “rib-walking” [117]. He observes that the ribs of Coluber constrictor move forward

in sequence, like the feet of a caterpillar. Since then, several studies have overturned the
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rib-walking hypothesis [28, 30, 31]. The most extensive experimental study on rectilinear
locomotion is conducted by Lissman [31], who studies two specimens of Boa occidentalis.
He uses x-ray imaging to show a snake’s ribs maintain their fixed spacing during propul-
sion. He reports ventral kinematics, proposing propulsion is achieved using traveling waves
of muscular contraction and expansion on the ventral surface. This finding draws attention
because it shows the snake’s skeletal structure performs no lever action, a rare occurrence
among locomotion of vertebrates. In rectilinear locomotion, a snake is propelled by virtue
of its soft body alone, as an earthworm [31].

The energetic expenditure of rectilinear motion is unknown, but promises to be low
given the low inertia and lateral movement involved. The traditional measure of the rate
of working is the Net Cost of Transport NCT of snakes, found by measuring the oxygen
consumption of snakes on treadmills. The most efficient gait is sidewinding (NCT = 8 J/kg
m), followed by slithering (23 J/kg m) and lastly concertina motion (170 J/ kg m) [24, 116].
The NCT of rectilinear locomotion has yet to be measured. To improve this situation, we
perform a calculation of the physical rate of work in rectilinear motion in § 6.5.4.

Unidirectional limbless locomotion has also drawn the attention of theoreticians. One
of the simplest models proposed is the two-anchor model, consisting of a two-segment
extensible worm that uses frictional anisotropy to propel itself [78]. Keller ef al. present
a continuous model for a series of these segments connected together [73]. They find
trends for period and average speed as a function of body mass that are qualitatively similar
to Gray’s observations of worms [74]. Moreover, they derive the relationship between
the time-rate of change of the worm’s internal pressure and body speed. Zimmermann et
al. also present a discrete model for worm locomotion considering nonlinear asymmetric
friction [118].

In this combined experimental and theoretical study, we report on the rectilinear lo-
comotion of three species of snakes on a horizontal substrate. In § 6.2, we describe our
methods. We proceed in § 6.3 with our theoretical model for rectilinear locomotion. In
§ 6.4 and § 6.5 we present our experimental results and our numerical predictions. We
discuss the unique wave frequency scaling in § 6.6. Lastly, in § 6.7, we summarize the

implications of our work and suggest directions for future research.

6.2 Methods

6.2.1 Animal care

To identify snakes that reliably perform rectilinear locomotion, we initially observe 21

species of snakes, listed in Appendix D.1. Among these species, the vast majority do
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not perform rectilinear locomotion reliably on our Styrofoam trackway. We here report
upon three species that perform well. Among them, we filmed six individuals, including

three juvenile red-tailed boa constrictors (Boa constrictors, Fig.25a-b), two Dumeril’s boa

constrictors (Boa dumerili, Fig.25c), and one Gaboon viper (Bitis gabonica, Fig.25d).

Figure 25: Snake species used in our experiments. (a-b), Boa constrictor, (c) Dumeril’s

boa, and (d) Gaboon viper. Snakes (b)-(d) perform rectilinear motion against a wall.

Red-tailed boas are purchased from Florida Herps. They are fed weekly and housed in
separate terrariums with controlled temperature and humidity conditions at Georgia Tech.
Dumeril’s boas and the Gaboon viper are housed at Zoo Atlanta, also in separate cages
with controlled conditions. All animal care and experimental procedures are approved by
TIACUC.

The lengths and masses of the snakes studied are given in Table 5. As reported in this
table, snake mass scales linearly with body length (m(kg)=0.027L(cm), R2 =0.73). Hereon

we report allometric results in terms of body length.
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Table 5: Animal subjects. The number of snakes (N) used in our experiments, their lengths
(L), masses (m), forward and backward sliding friction coefficients (1 and L), and number
of naturally-occurring spots (n). The data for each individual snake is provided in Appendix
D.11.

Species N L (cm) m (kg) We W n
Boa constrictor 3 533+1.5 0.06 £0.01 0.3 +0.06 0.42+£0.05 23+2
Dumeril's boa 2 175.5+10.6 57+1.1 0.017£0.002 | 0.06 +0.01 25+1
Gaboon viper 1 120 2.26 0.12 0.32 20

6.2.2 Friction measurements

We line the bottom of our trackway with open-cell rigid Styrofoam. In our previous work
[52], this surface was effective at engaging a snake’s ventral scales with surface asperi-
ties. We measure friction coefficients of conscious snakes using the inclined-plane method,

developed in our previous work [17, 52].

6.2.3 Trackway construction, filming, and image processing

We construct a 5 m x 60 cm rectangular trackway to provide a controlled environment
for studying rectilinear locomotion. A single wooden sidewall guides the snake along the
trackway, as shown in Fig.26. However, this sidewall does not provide snake with any
significant thrust force as discussed in Appendix D.2. The trackway’s substrate consists of
a series of 5 blocks of Styrofoam. Underneath the Styrofoam, reinforcement is provided
using 2 wooden planks of thickness 5 cm to reduce bending due to the combined animal
and trackway weight. The trackway length measures 10 snake body lengths for the boa
constrictor, 3 body lengths for the Dumeril’s boas and 4 body lengths for the Gaboon viper.

This length ensured a large number of periods are obtained from each trial.
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Figure 26: Schematic of the apparatus used to study rectilinear locomotion. Here 0 is the
inclination angle with respect to the horizontal. The front wall (not shown) is composed of
plexiglass. The ground coordinate frame (x) and moving coordinate frame (x’) are indicated
by the arrows. The direction of wave propagation in rectilinear locomotion is opposite to

the direction of motion.

Experiments are conducted outdoors. We film snakes from the side using a high def-
inition digital video camera (Sony HDRXR200). Open source Tracker, a Video Analysis
Modeling Tool (www.cabrillo.edu/~dbrown/tracker/), is used to measure the time
course of the positions of approximately 20 naturally-occurring spots on the snake. Aver-
age body speeds are measured over 7 - 15 periods. The wave processing algorithms and

peak detection method are discussed in Appendices D.3 and D.4.

6.2.4 Definition of reference frames

To describe body kinematics, we begin with a formal definition of two reference frames
illustrated in Fig.26. Most previous work on snakes uses two or three-dimensional coor-
dinate frames. However, for rectilinear locomotion, we require kinematics and dynamics
along a single dimension. Kinematics is described by unidirectional contractions and exten-
sions. Body lifting is prescribed using a direction-dependent friction coefficient in § 6.4.1.
Two reference frames are of interest: the first is the ground coordinate system x which is
fixed to the trackway. The second is a moving coordinate frame x’ fixed to the snake’s tail,
and travels with the snake’s steady body speed V. Appendices D.5 and D.6 show snakes
rectilinear motion in these two coordinate systems. Initially, the origins of both coordinate
frames coincide at the tip of snake’s tail. For each time ¢, the relation between the two

coordinate frames is:
X =x-Vt, (30)
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where distances are given in cm and time in seconds. The use of the snake coordinate frame
(x) permits prescription of kinematics without reference to center of mass. In this frame,
positions of points on the body are purely oscillatory due to the passage of a traveling
wave, as shown in Appendix D.6. The snake spans a distance from its tail (s = 0) to its
head (s = L), where L is the snake length. We characterize traveling wave kinematics using
time ¢ and distance s along the snake, measured from the tail. Traveling waves propagate

towards the tail, in the negative x’ direction.

6.3 Model

We model snakes as one-dimensional n-linked crawlers (Fig.27). For this purpose, we
adapt a model we developed previously for concertina locomotion [52]. Snakes are dis-
cretized into n nodes connected in series by n — 1 inter-nodal elements, or extensible “mus-
cles”, whose length dynamics characterize the traveling wave. The inputs to our model
are the snake’s traveling wave kinematics and friction coefficients, both measured in our
experiments. The output to the model is the snake’s center of mass position X. For each
node in contact with the substrate, we use a sliding friction law in which the friction force
is

F; = —;Fysgn(x;) (31)
where Fy is the normal force due to the node’s weight, and X; the node’s speed. The
sliding friction coefficients y; of the ventral surface are uy and p,, respectively, for the
forward and backward directions. We apply Newton’s second law to each of the n nodes,
considering both friction and inter-nodal forces. Details are given in Marvi ef al. [52]. The

non-dimensionalized governing equation for the center of mass is:

. cosf@
Frx =

n

—Hp Y H(%)+pp ) H(—%) | —sin6, (32)
i=1 i=1

where H(x) = %(1 + sgnx) is the Heaviside step function, 0 is the inclination angle, and Fr
is the Froude number defined as
inerti L
Fr— 1ner.1a - L (33)
gravity  7°g

where L is body length, 7 the period of the extension-contraction, and g the gravitational ac-

celeration. According to our experiments, the Froude number is very small (Fr <2 x 107%)
indicating inertial force is extremely small compared to gravitational force. In compar-
ison, Froude numbers for other snake gaits are one to two orders of magnitude larger:
Fr~0.002 —0.016 for concertina motion [52] and Fr ~ 0.02 [17] for slithering. Clearly,

rectilinear locomotion has lower inertial forces than the other snake gaits.
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Figure 27: Mathematical model for rectilinear locomotion. (a) Schematic of n-link crawler

and (b) forces applied to each block.

The low Froude number for rectilinear locomotion is consistent with the high repeata-
bility of our experiments. If a snake has negligible inertia, snakes need very little lead time
to reach steady speed. Moreover, each period of motion is dynamically similar to the first
period starting from rest. We see evidence of these attributes in our experiments. Body
speed is constant from beginning to end of the trial. Moreover, we observe a nearly instan-
taneous ramp up to steady speed at the beginning of the trackway. A similarly instantaneous

deceleration is observed at the end of the trackway.

6.4 Experimental results

In this section, we present measurements of snake body-lifting, frictional properties, and
kinematics, which together will be employed in our model to predict snake speed. Kine-
matics are presented in terms of traveling waves along the ventral surface. We lastly present
scaling of kinematics among the three snake species we used in this study.

6.4.1 Snakes lift ventral surfaces to move forward

Fig.28 shows a video sequence of a boa crawling forward by lifting its ventral surface
(Appendix D.7). We visualize this body lifting by shining a purple light from one side of
the snake. In the first frame, the majority of the body is pressed against the ground, which
prevents the side lighting from reaching the camera. At ¢ = 0 s, the front of the body is
lifted. Att = 2.5 s, this wave progresses backwards 15 cm at a speed of 6 cm/s, and is
marked by a newly lifted segment of the snake. The continuous motion of this lifted region
is shown in the Appendix D.7. We observe the wave of lifting propagates at the same speed
as the wave of contraction, in correspondence with the assumptions of our model. We
estimate lift height to be 1mm by measuring the thickness of the light sheet visible beneath

the ventral surface.
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t=0 sec

t=2.5sec

Figure 28: A boa constrictor lifting parts of its body during rectilinear locomotion. We
shine a purple light from the side which passes underneath the snake to reveal lifted parts.
For clarity, lifted regions are denoted by a black outline and an arrow indicating direction
of lifting. The body is lifted approximately 1 mm and the corresponding wave speed is 6
cm/s.

Why do snakes lift 1 mm in height? We can rationalize this length scale using a simple
scaling argument. The primary reason for lifting is to save energy. Thus, we hypothesize
the energy expended to lift must be less than the frictional dissipation of sliding forward
without lifting. The energy spent on lifting is m;gAh where m; is the mass of the snake’s
lifted section, g is the gravitational acceleration and A# is the lift height. If the snake did
not lift, it would dissipate a frictional energy urm;gAx, where ps is the forward friction
coefficient, and Ax is body displacement in the direction of motion. For a boa constrictor
with iy = 0.3 and a forward displacement corresponding to the wave amplitude, Ax=0.27
cm, we find Ak should be less than 0.8 mm to keep the lifting cost less than friction dis-
sipation. This value is comparable to that measured, in confirmation of our hypothesis.
Using similar methods, we predict the Gaboon viper must lift to a comparable height of
1.9 mm. We find the Dumeril’s boa has the smallest required lift height, a value of only
0.3 mm, because it has has the lowest friction coefficient of the three snakes studied. These
estimates of ventral surface lifting will be incorporated into our prediction of snake energy

expenditure in § 6.5.4.
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6.4.2 Friction coefficients

Table 5 shows the sliding friction coefficients of conscious snakes, measured on an inclined
plane. The Gaboon viper (u, = 0.32) and red-tailed boas (u, = 0.42 4+ 0.05) have the
highest friction coefficients, nearly 5-7 times that of Dumeril’s boas (u, = 0.06 £0.01).
This difference is likely due to the difference in their habitat: Gaboon vipers and red-
tailed boas live arboreally in rain forests and woodlands and so need high friction to climb
trees. Dumeril’s boas are terrestrial snakes, whose low friction coefficients make them poor
climbers [119].

We observe in our experiments that snakes lift their bodies to move forward, an analo-
gous behavior to legged animals which lift the leading foot rather than drag it on the ground.
This indicates the forward friction coefficients reported in Table 5 are not dynamically rel-
evant during locomotion. Thus, we prescribe the effective forward friction coefficient fi¢

be zero in our modeling:
Uy = 0. 34)

6.4.3 Tracking of body markers

To characterize the traveling wave, we track the position of 20 - 26 naturally-occurring body
markers, whose spacings are roughly equal on a given snake. Appendix D.8 illustrates the
tracked markers on a Dumeril’s boa. As discussed in Appendix D.9 we consider only the
ventral surface anterior to the tail. Fig.29a,c show the muscular traveling waves across
the snake body. As shown in Fig.29c the ventral surface has the largest wave amplitude
compared to middle and dorsal levels. Hereon, we report only on waves at the ventral
surface, which is in contact with the substrate. Each point on the snake undergoes a periodic
motion (period T = 2 - 5 seconds). The combination of a long trackway (3 -10 body lengths)
and slow speed of the snakes (1 - 6 cm/s) permits us ample data on the traveling wave. We
discard the first and last period of motion along the trackway and analyze the remaining
9 periods of motion for red-tailed boas, 7 periods of motion for Dumeril’s boas, and 15

periods for the Gaboon viper.
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Figure 29: Unidirectional contraction-extension wave during rectilinear locomotion. (a)
Image sequence of a boa constrictor performing rectilinear locomotion. The black lines
follow the naturally occurring patterns on the snake skin and their spacing demonstrates
the muscular strain at varying heights along the body. (b) One period of our n-link crawler
model. The red blocks correspond to anchorage points. (c) Time course of the distance
travelled by the 22nd spot on the snake, as shown in the inset. The colored lines indi-
cate muscular traveling waves at three different elevations across the snake body: ventral,

middle, and dorsal.

Consider the locomotion of the red-tailed boa; analysis of other snakes proceeds sim-
ilarly. Fig.30a shows the time course of position for n = 25 naturally-occurring markers.
The markers lie low on the snake’s flanks but are visible just above the ground, as shown in
Fig.28. In Fig.30a-b, we plot position in the ground reference frame x in order to show the
distance travelled. The green curve on this plot corresponds to the position of the snake’s
head. Purple and red colors represent the snake’s middle and tail, respectively.

The black arrows in Fig.30a indicate the direction of the traveling wave; the magnitude
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of the slope of these arrows corresponds to the sum of magnitudes of the snake speed V
and wave speed V,,. Fig.30b shows a magnified view of three points near the snake’s head.
These points perform a forward-backward oscillation combined with a constant speed in

the forward direction.
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Figure 30: Body kinematics. (a) Time course of positions of 25 dots on the snake’s body.
The slope of the arrows has magnitude equal to absolute snake speed plus wave speed. (b)
Time course of points 15, 19, and 23, as labeled in (a). (c) Peak detection of the traveling
wave in the snake coordinate system. The noise in this plot has amplitude of around 0.2

mm, and is due to image processing noise.
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The blue curve next to i = 19 in Fig.30a shows the position of the 19th marker from the
snake’s tail. Fig.30c shows this position x’ in the moving frame of the snake. We curve fit

the position data x’ to the traveling wave equation,
¥ (s,t) = Asin(@t +ks) + s, (35)

To determine the parameters in Eq. (35), we use the curve-fitting algorithm discussed
in Appendices D.3 and D.4. This algorithm is applied to each marker along the snake for
7-15 periods, yielding values for the wave parameters. Fig.31 the relation between these
wave parameters and the snake’s body length. Averages and standard deviations are taken
across all n body markers on a snake performing rectilinear locomotion for several periods
(where n for each individual is given in Table 5). We report means and standard deviations
of different experimental parameters for each individual snake in Fig.31-Fig.33. Wave
parameters were quite uniform: standard deviations of less than 20 percent were found for

all, with the exception of a single red-tailed boa specimen which had a standard deviation

of 40 percent.
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Figure 31: Scaling of wave kinematics. (a) Wave speed V,,, (b) wavelength A, (c) wave

amplitude A, and (d) wave frequency @ of snakes in rectilinear locomotion.

We used JMP software to determine statistical significance of measured wave param-

eters. The results of our statistical analysis are summarized in Table 6. We determine the
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effect of body length L on several parameters including snake mass m, speed V, wave speed
Vv, wave amplitude A, wave frequency f, and wavelength A. Body length has a statisti-
cally significant effect on all parameters, with a significance level of o = 0.01, with the

exception of wavelength A.

Table 6: The effect of snake body length L, on mass m, body speed V, wave speed V,,,
wave amplitude A, wave frequency f, wavelength A, percentage of body at rest, and Partial
Cost of Transport PCT. Body length has a statistically significant effect, up to a significance
level of ¢ = 0.01, on all parameters except A, percentage of body at rest, and PCT. F is the

F-statistic and p is the p-value.

L (cm)
Slope Intercept R? F P
Mass m (kg) 0.0267 0 0.73 29.15 0.0029*
Body Speed V (cm/s) 0.0275 0 0.79 4435 0.0012*
Wave Speed V. (co/s) 0.107 0 0.95 367.19 <0.0001*
Wave
*
Amplitude A (cm) 0.01 0 0.86 93.35 0.0002
Wave £ (Hz) 0.0028 0 0.81 191.02 <0.0001%
Frequency
Wavelength A (cm) 0.158 15.4 0.64 6.99 0.0573
Percentage of 1, o1 4y atrest|  -0.0002 0.27 0.024 0.098 0.77
Body at Rest ° Y ’ ’ ' ’ ’
Partial Costof | pop o) 0.003 132 0.005 0.018 0.9
Transport

6.4.4 Scaling of kinematics

Waveform parameters are found to depend upon body size, as shown in Fig.31a-d. In
previous studies, such trends are typically described using power laws. However, the small
range in body length (factor of four) prevents us from properly extrapolating power laws.
We instead report in Table 6 the slopes of linear trend lines for wave speed, amplitude, and
frequency as a function of body length. As a consequence of these trends, body speed also
increases linearly with body length as shown in Fig.32 (R?> =0.79). Curve-fitting is quite
accurate across these variables, despite our physical constraint that the lines have zero-
intercept (R> =0.81 - 0.95). We comment on the physical significance of these trends in

turn.
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Figure 32: Snakes body speed V compared to model predictions.

Traveling waves have exceedingly small amplitude compared to body length: their ratio
is 0.004 - 0.013. Such small amplitudes is atypical compared to other snake gaits. For
instance, the amplitude in concertina and slithering is 0.1-0.14 body length [17, 52]. As
we will show in our modeling in § 6.5.2, the low amplitude in rectilinear locomotion is the
primary reason the gait is so slow.

Rectilinear locomotion is a slow mode of locomotion: speeds are only 0.2 - 6 cm/s, or
0.02-0.07 body lengths per second, for the 50-180 cm snakes studied. It typically takes
14 to 50 seconds to travel a single body length. The speeds of the boas in our study are
comparable to those found by Lissman. He measured a speed of 0.37 cm/s on glass for
two Boa occidentalis (length 58.5£2.2 cm) [31]. Other gaits performed by related species
are much faster. For example, a 90 cm Rosy Boa (Lichanura trivirgata) can slither at 10
cm/s on horizontal ground partially covered with small plants [120]. Indeed, rectilinear
locomotion is not employed for its high speed.

Traveling waves are fast, ranging from 5 cm/s in the red-tailed boas to 25 cm/s in the
Dumeril’s boa. The high speed of the traveling wave is clearly visible in Appendices D.5-
D.8: waves tend to zip down the body while the snake lumbers forward slowly. Across the
snakes studied, wave speed is three times body speed (R? = 0.82).

Wavelength indicates how many waves are visible at a given moment. The ratio of
wavelength to body length is 0.35 +£0.14. Thus, at each instant, 2-3 waves are present
along the body. This is consistent with previous reports by Lissman of two simultaneous

traveling waves in Boa occidentalis [31].

6.5 Numerical results

We now present predictions from our numerical model. We investigate the effect of changes

in kinematics and friction coefficients on snake body speed. We report results only for the
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female Dumeril’s boa, the fastest snake in our study, but these methods may be applied to
other snakes in our study. The inputs to the model include snake friction coefficients, given
in Table 5 and Eq. (34) and traveling wave kinematics, given in Fig.31. We change each of
these inputs systematically in the following parameter study. We begin in § 6.5.1 by using
the model to predict the stationary points of the snake on the ground. We then proceed in
§ 6.5.2 to predict how changes in one kinematic variable affect snake speed. In § 6.5.3,
we predict how body lifting would improve body speed. Lastly, in § 6.5.4 we discuss the
energetic cost of rectilinear locomotion.

We use numerical simulation to integrate the model presented in § 6.3. The inputs to the
model are described in Appendix D.10. The snake’s prescribed traveling wave, Eq. (35), in
conjunction with the governing differential equation Eq. (32) provide a system which we
integrate over several periods to determine steady body speed. We use MATLAB to find the
numerical solution to this system. We apply the Dormand-Prince pair method, a member
of the Runge-Kutta family of ordinary differential equation solvers, to find the solution of
Eq. (32) numerically [77]. Using a dimensionless time step Af = 10~4, we solve Eq. (32)

iteratively to determine the position of the snake’s center of mass x(z).

6.5.1 Model predictions of stationary points and body speed

Fig.29a-b and Appendix D.8 compare one period of rectilinear locomotion of our n-linked
crawler model to that of a snake. Red blocks correspond to stationary points on the snake’s
ventral surface, where we define stationary points as those with velocities less than 15%
of body speed. These stationary points are important to track because only these points
generate thrust.

Fig.33 shows the relation between body length and percentage of the body that is in-
stantaneously stationary, as found using our image analysis. We found 18 - 35% of the
snake body is instantaneously stationary. The uniform distribution of such ”push points”
along the body enables the snake to generate thrust even if the body is on heterogeneous
slippery terrain. For example, if the middle of the snake is crossing a puddle, both the front

and back end can still generate thrust to push it across.
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Figure 33: Fraction of the snake body that is instantaneously stationary.

Fig.32 shows the relation between body length and speed. Experiments are given by the
red symbols and the model prediction by the blue. The model predictions based on friction
coefficient and body kinematics are highly accurate. Accuracy ranges from 97% accuracy

for the Dumeril’s boa to 73% accuracy for the red-tailed boa.

6.5.2 Optimality in rectilinear locomotion

In rectilinear locomotion, snakes generate traveling waves prescribed by three kinematic
variables, period 7, amplitude A, and wavelength A. We hypothesize rectilinear locomo-
tion is optimal with respect to these variables. Consequently, we expect changes in these
variables to result in lower body speed. In this section, we test this hypothesis using our
model.

Fig.34a-c show changes in body speed due to variation of one kinematic variable, while
keeping the other two variables and the friction coefficients fixed at their observed values
for the Dumeril’s boa. We find wave period and amplitude most influence body speed,
whereas wavelength has little effect. We discuss these variables each in turn.

As shown in Fig.34a, snake speed peaks at period T =1 s. The period of snake locomo-
tion from our experiments (T = 2.1 s) is close to the optimal period of wave propagation
(t =1 s) as shown in Fig.34a, suggesting that snakes indeed choose the optimal period
for maximizing speed. Deviations from the optimal period of 1 s result in slower speeds.
Larger periods corresponding to slower wave propagation, or fewer steps per second, result
in slower body speed. Less intuitively, smaller periods also reduce speed, a phenomenon

we may rationalize using Froude number.
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Figure 34: The relation between predicted body speed and changes in body kinematics.
Variation in body speed as a function of (a) the period of wave propagation 7, (b) wave
amplitude A, and (c) wavelength A as predicted by our mathematical model. Red data

point shows experimental measurements for Dumeril’s boa.
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To compare inertia to friction in rectilinear locomotion, we redefine the Froude number

as
Fri=A/(up7%g). (36)

In this formulation, we replace body length L in Eq. (33) with amplitude A, which, for
rectilinear locomotion, is a more accurate measure of local speed relative to ground. The
friction coefficient u;, is used to account for friction force. If period of motion is smaller
than 0.18 s, Fr* will be larger than unity and thus the inertial force will be greater than
backward friction force. This inertia causes the snake to slip backwards during rectilinear
locomotion and slow down accordingly. An optimal wave period can be rationalized thusly:
snakes should keep their wave periods sufficiently high to remain in the low-Froude number
regime, but not so high that they begin to decrease their speed.

Fig.34b shows the snake’s choice of wave amplitude is sub-optimal. In fact, increasing
amplitude will increase body speed in the same way that taking longer steps increases the
speed of walking. The maximum amplitude that can be taken before slipping occurs can
also be rationalized using Froude number: a wave amplitude larger than 2.6 m will make
the inertial force greater than the friction force and the snake will begin to slip. As a result,
we expect a reduction in speed for amplitudes larger than 2.6 m. We do not observe such
large amplitudes in nature because of the limiting strain in snake muscle.

Fig.34c shows wavelength does not affect body speed, at least on the homogenous
substrates we have studied. Wavelength prescribes the number of waves along the body at
a given instant. In our simulation, we increase the number of waves from 1 to 200. We
do not observe an optimum because the number of waves does not affect Froude number.
As long as Froude number is small, friction force is larger than inertial force, and the body
continues to maintain its grip with the ground. Consequently peak body speed is set by the
wave amplitude and period; additional waves do not move the body faster.

The trends in Fig.34 are qualitatively accurate for other snakes. We conducted the same
optimality analysis for other species of snakes used in our experiments and we observed
similar trends for all of them. Specifically, both red-tailed boas and Gaboon viper have
wave periods that are larger than the optimum values such that snakes are in the non-
slipping regime. Moreover, their wave amplitudes are sub-optimal and wavelength does

not impact body speed.

6.5.3 Benefits of lifting on surfaces of various roughness

Fig.35 shows the predicted relation between body speed and backwards friction coefficient.

We present two trends, the body speed with body lifting (blue open points) and without
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lifting (red closed points). For the latter, we use our measured forward friction coefficients,
which is 0.017 £0.002 for the Dumeril’s boa. The friction coefficient and body speed
measured for the Dumeril’s boa is denoted by the black square. For this friction coefficient,
lifting increases body speed by 31%, indicating the importance of lifting behavior, at least
on the surfaces tested in our experiments. On other surfaces, lifting remains beneficial for
forward movement. We investigate numerically the effects of lifting on speed for a range

of values in backward friction coefficient.
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Figure 35: The relation between predicted body speed V, and backwards friction coefficient
Up. Speed of a snake lifting its body is compared to one without body lifting. The black

data point shows experimental measurements for Dumeril’s boa.

At low values of backwards friction coefficient, locomotion is poor. If friction is zero
(up = 0), the lifted snake remains stationary during rectilinear locomotion. Such inability to
move has also been seen in previous work on other gaits. Slithering on a featureless surface
yields no net motion [17]. Correspondingly, the non-lifted snake remains stationary if the
backwards friction coefficient is equal to the the measured value of the forward friction
coefficient, 0.017.

At low friction coefficients, lifted and non-lifted snakes differ in speed as shown on
the left hand side of Fig.35. In this regime, the combined effects of Froude number and
friction anisotropy each affect locomotion. For non-lifted snakes, as friction coefficient
decreases, Froude number increases and frictional anisotropy decreases. Both these effects
cause slipping and so decrease body speed. In contrast, the lifted snake has infinite friction

anisotropy for any non-zero backwards friction coefficient. Thus, it can undergo larger
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Froude numbers and thus larger inertial forces without a decrease in body speed. Thus,
lifted snakes move more robustly than non-lifted snakes.

At intermediate friction coefficients, snakes increase in speed with increasing friction
coefficient. Speed asymptotes at 5.5 cm/s. This asymptotic behavior begins at a friction
coefficient of 0.01 for lifted snakes and 0.1 for non-lifting snakes. Thus, lifted snakes have
a larger range of surfaces they can climb upon while still maintaining their high speed.

At the highest friction coefficients (t; > 0.5), lifting no longer improves body speed. In
this regime, Froude number Fr* is smaller than 0.0008, and so the inertial force is infinites-
imal, minimizing backwards body sliding during locomotion. Given that both simulations
are prescribed by the same body kinematics, they converge to the same speed of 5.5 cm/s.
Thus, on the roughest surfaces, which provide high friction coefficients, lifting does not

necessarily increase body speed.

6.5.4 Energetics

Previously we investigated how kinematics and friction coefficients affect body speed. A
lumbering gait like rectilinear locomotion should have a low rate of working, or NCT.
We hypothesize rectilinear locomotion has a smaller NCT than other gaits since it is the
slowest and less energy is expended on inertia and lateral motion of body. We define a
physical rate of work, or the Partial Cost of Transport PCT, which is a fraction of the net
cost of transport, NCT, previously measured in snake metabolic experiments. We here use
our model to estimate the scaling of PCT with body size.

The PCT of a snake performing rectilinear locomotion is the combination of work due
to gravity Weravity, dissipation associated with body lifting Dyiting, and inertia Diperia- These
terms are divided by snake mass m and the distance travelled in one period AL. Accord-

ingly, this summation may be written

Wgravity + Dlifting + Dinertia
mAL .

The gravitational work performed by a segment of mass m; is m;gz; where z; is the vertical

PCT = (37)

displacement. Since i m;z; = mz. where z. = sin @ AL is the vertical displacement of center
of mass, the work ofl zrlravity may be simplified as mgsin OAL, where m is the mass of the
snake.

A snake lifts its segments to move them forward. We assume the energy used to lift a
segment is not regained by the snake as useful work. Since all segments of the snake are
lifted once during a period, from the view of energetics, we can consider the entire body mg
lifting simultaneously. The energy dissipation due to a snake lifting its body is mgcos OAh

where Ah is the highest elevation of a segment.

85



The inertial losses associated with changing the snake’s speed is given by Diperia- Con-
n

sidering the change in speed of each segment, Diyeri, may be written as Y. m;|X;Ax;| where
i=1
m; is the mass of ith segment, ¥ is the second time derivative of x(, s) presented in Eq. (35),

and Ax; is the displacement of ith segment. As a result, Eq. (37) may be written as
gcos OAh N ,-El milixi|
AL mAL

PCT = gsin§ + (38)

Fig.36 illustrates PCT for three red-tailed boas, a Gaboon viper, and two Dumeril’s
boas. The PCT for these snakes ranges between 0.22-7.5 J/kg m. We do not account for the
effect of snake metabolism in our calculation. Notwithstanding, our PCT estimates are up
to an order of magnitude less than the NCT measures found for other snake gaits, consistent

with the notion that rectilinear is indeed the most efficient gait.
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Figure 36: Calculated rate of working, or partial cost of transport (PCT) for three red-tailed

boas, two Dumeril’s boas, and a Gaboon viper.

By examining the relative magnitudes of the energies expended in the PCT, we can
gain insight into the dominant energetics. Work done to lift the snakes, Di;fiing, is dominant
for red-tailed boas (92 4+ 5% of PCT). Conversely, work done against body inertia Dijpertia
is dominant for both Gaboon viper (97% of PCT) and Dumeril’s boas (90 & 1% of PCT).
Why does the red-tailed boa spend more energy on lifting than the other two snakes? As
shown in Eq. (38), the lifting energy scales as the dimensionless Ah/AL. The red-tailed
boa lifts the highest of the snakes. Consequently, it has values of Ah/AL which are 2 - 15

times that for the other snakes, and so a correspondingly high lifting energy.
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6.6 Discussion

6.6.1 Unique wave frequency scaling

Our study of rectilinear locomotion yields new insight into the fundamental differences be-
tween legged and legless locomotion. In both types of locomotion, we can characterize a
frequency of bodily contacts with the ground. Legged animals exhibit decreasing frequen-
cies with increasing body size. For example, elephants have lower leg frequencies than
much smaller animals such as mice. The reason for this trend is well known [78, 121]:
larger animals are more massive, and given the same specific muscular power, move more
slowly and so have lower frequencies. This trend also extends to certain gaits in limbless
locomotion. In concertina and lateral undulation, larger snakes also have lower frequencies
[72, 122, 123].

Surprisingly, we find the opposite trend in rectilinear locomotion: larger animals tend
to have higher frequencies, increasing by more than a factor of two, from 0.2 Hz to 0.5
Hz, as snake length increases from 52 to 183 cm. This trend is clearly limiting for large
snakes. Is this trend universal across other animals that use unidirectional motion? To
answer this question, we compare rectilinear kinematics to those previously measured for
other animals, including maggots [2], caterpillars [3—6], and earthworms [7, 8]. Fig.37a-c
shows the results of this comparison.
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Figure 37: The relation between body length L and (a) wave frequency ®, (b) wave am-
plitude A, and (c) body speed V for several rectilinear movers, including maggots [2],

caterpillars [3—6], earthworms [7, 8], and snakes.

Fig.37a shows the relation between frequency and body length. We find snakes are
the only rectilinear movers to have increasing frequency with increasing body size (P <
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0.0001). Caterpillar, maggots and earthworms maintain nearly constant frequency with
size (P=0.35, 0.56, and 0.78, respectively). In particular, the earthworm maintains a rela-
tively constant frequency over a factor of 10 increase in body length (only 17% decrease
in frequency). This is very different from the trend for snakes. Nevertheless, both earth-
worms and snakes appear to fit well along the same power law scaling (@ = 0.12L0143,
R? = 0.84). The accuracy of this trend line suggesting that their motion is indeed similar,
despite quite different methods for generating force (hydrostatic pressure versus muscles).
Earthworms and snakes also tend to fit in the same category if their frequency range
is compared to other animals. In Fig.37a, there exist two discrete regimes in frequency.
Large animals such as snakes and earthworms ( @ = 0.14 — 0.5 Hz) have ten times lower
frequencies than small animals such as maggots and caterpillars (w = 1.1 —5 Hz).
Fig.37b-c show trends for amplitude and speed among maggots, caterpillars, earth-
worms, and snakes. Larger animals, with the exception of caterpillars, have greater ampli-
tudes and faster speeds. This trend is typical in legged locomotion as well [78]. In terms of
amplitude, maggots, caterpillars and worms again fall on a single trend line (A = 0.168L,
R? = 0.98): their amplitudes are 17% of their body length. In comparison, snakes perform-
ing rectilinear locomotion have much smaller amplitudes (1% of body length). As we saw
earlier in § 6.5.2, snakes would benefit from increasing their amplitude in rectilinear loco-
motion. This inability likely arises from the contractile-extensile limits of their muscles,

which can be bypassed by worms because of their reliance on hydrostatic pressure.

6.6.2 Improving rectilinear locomotion

Rectilinear locomotion is quite a slow gait, achieving only 0.2-6 cm/s for snakes of length
50-180 cm. It is best used for creeping up on prey and other activities requiring stealth.
Are there any behaviors that can increase the speed or efficiency of the gait?

We measured the range of inclination angles that snakes can perform rectilinear loco-
motion. We observed the maximum angles snakes can climb on Styrofoam are all quite low:
they are 159, 6°, and 3, respectively, for red-tailed boas, Gaboon vipers, and Dumeril’s
boas. At higher inclination angles, snakes will attempt to climb using rectilinear motion,
but inevitably slide down. Thus rectilinear locomotion alone cannot be used to climb sheer
vertical surfaces. Tree-climbing snakes ascending trees by using different parts of their
body performing concertina or rectilinear locomotion, exploiting interstices and other fea-
tures of the tree opportunistically. Thus, rectilinear locomotion should be used in combi-

nation with other snake gaits to be effective.
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6.7 Summary and future directions

In this study, we report on the rectilinear locomotion of snakes. We characterize the kine-
matics of a snake’s traveling wave using measurements of wave speed, amplitude and fre-
quency. We discover scaling trends in rectilinear locomotion which contrast strikingly to
those of other snake gaits and animal locomotion in general. In particular, wave frequency
increases with increasing body size for snakes performing rectilinear motion. Such a trend
is anomalous for legged animals [78, 121] and other rectilinear movers such as maggots,
earthworms and caterpillars.

We report a theoretical crawler model to investigate how snake behaviors, such as lifting
and kinematics, influence performance in terms of body speed and efficiency. Inputs to our
model are the kinematics of the traveling wave and the frictional properties of snakes. The
model output is the speed of a snake’s center of mass, which compares favorably with
experiments (73 -97% accuracy). During our experiments we observe snakes lift parts
of their bodies during rectilinear locomotion, and we hypothesize they do so to reduce
frictional dissipation. Our model shows that localized body lifting increases the speed of a
Dumeril’s boa rectilinear locomotion by 31%. This result is similar to previous simulations
on slithering locomotion, in which lifting increases body speed by 35% [17].

We identify which wave parameters are optimal in rectilinear propulsion. We show this
result by using our model to calculate snake speed over a range of kinematic variables. The
wave frequency chosen by a Dumeril’s boa is close to optimum: higher frequencies cause
slipping and lower frequencies decrease thrust and slow the snake. The snake’s amplitude,
however, is sub-optimal and is likely limited by anatomical constraints. Lastly, we find
wavelength does not influence body speed on uniform surfaces. Instead, it may help with
robustness of the gait’s interactions with ground contacts. Having a smaller wavelength is
similar to walking with a greater number of feet, which may help in tackling surfaces with

frequent imperfections.
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CHAPTER VII

SIDEWINDING: AN ANTI-SLIP CONTROL TEMPLATE

7.1 Introduction

Studying biological systems has resulted in developing robots with new capabilities includ-
ing rapid running [124], slithering [41, 53], flying [125], and swimming [126]. In a few
systems, an effective loop of biological and robotic hypothesis testing have proven effective
[124, 127]. In this work, we consider limbless snake robots mainly because snake robots
possess advantages over conventional wheeled and legged devices in that they can thread
through tightly packed volumes. Choset’s group at Carnegie Mellon University (CMU)
has developed snake robots which can perform a suite of biologically inspired behaviors,
including slithering, tree climbing, etc. [41, 92, 128, 129]. One gait that has proven useful
in navigating on flat and bumpy terrains is sidewinding [50].

While there have been many biological studies of snakes, there have been few studies of
snakes that have translated into new capabilities in robots [15, 16, 53, 130]. These studies
would be of considerable value when studying locomotion over snake natural environment
such as sand and loose soil. Sand-adapted snakes use such a gait, consisting of a rolling
contact with the ground without slipping. Sidewinding motion of snakes has been studied
for nearly a century [1, 19, 34-36]. However, there is not yet a clear understanding of
sidewinding on sand.

Mosauer, Gray, and Cowles study sidewinding from a qualitative perspective [19, 34,
35]. Jayne reports on muscular activities of sidewinder rattlesnakes moving on a treadmill
[1]. There have been a few measurements [36] that indicate this gait confers energetic
advantages on such surfaces, mainly through lack of slipping at the points of contacts.
Secor et al. use respirometry technique to measure the energetic cost of sidewinding. They
put sidewinders on a treadmill and report on their burst speed, endurance, and the net cost
of transport. They show that Net Cost of Transport (NCT) of sidewinders is 8 J/kg m
compared to 23 J/kg m for slithering and 170 J/ kg m for concertina motion [16, 24, 36].

Sidewinding is an efficient and robust gait and is suitable for traversing a wide range
of terrain. Implementation of such sidewinding gaits in snake-robots yields effective high-
speed locomotion. Thus, several roboticists have revealed interest in studying sidewinding
and have tried to develop this gait for hyper-redundant robots [50, 131]. Hatton and Choset

use an elliptical helical wave to generate sidewinding for a snakebot. They study the role
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of ellipse aspect ratio on climbing performance of the snakebot on hard ground [50]. This
robot is successful on climbing on sand on slopes of up to 10 degrees. In our experiments,
we find when this robot is challenged on sloping granular surfaces at inclinations of higher
than 10 degrees, the robot causes material to yield along axial (along the body) and lat-
eral (direction of motion) directions. This phenomena significantly decreases locomotor
performance of this snake robot on loose material.

The study of locomotion on granular media, both for natural and artificial systems, is
challenging for a variety of reasons. The first has to do with modeling. Unlike locomotion
on solid ground, the deformation of the sand causes the region of contact unpredictable;
prior works in snake robot locomotion often requires precise placement of ground con-
tact. Moreover, the contact may induce large shear force, and as a result, the sand may
fail to provide enough force to propel the system without slipping. In previous studies of
snake locomotion, it was assumed that the ground is solid such that frictional forces were
sufficiently large to ensure no slip.

We conduct the first set of quantitative sidewinding experiments on sand. We specifi-
cally focus on the impact of animal interaction with the granular substrate on its climbing
performance. We discuss our methods in § 7.2. We proceed with our snake experiments in
§ 7.3. We then introduce our drag measurements in § 7.4. We finally present our snakebot
experiments in § 7.5 and then summarize our findings and discuss possible future direction
in § 7.6.

7.2 Methods

7.2.1 Animal care

We collected six sidewinder rattlesnakes, Crotalus cerastes, (N =6,m=97.8 £ 184 g, L =
48.0 4+ 6.4 cm) and 180 kg of sand from Yuma Arizona (Fig.38a). All of these snakes are
housed at Zoo Atlanta where the experiments are conducted. We use nail polish to paint

7-10 marks on each snake for tracking purposes (Fig.38a).

7.2.2 Experimental setup

We designed and built an air-fluidized bed of size 2 x 1 m? to control the sand compactness
and inclination angle (Fig.38c). 3 AOS high-speed cameras were used to record sidewind-
ing of both snakes and the robot. We recorded videos at 1024 x 1280 pixels and 250 frames
per second (fps). We used a Matlab code developed by Hedrick [132] to analyze the videos.
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Figure 38: Sidewinder rattlesnakes and snakebot. (a) A sidewinder rattlesnake climbing a
slope of 20 degrees on loose sand. (b) Snakebot developed at Carnegie Mellon University
(Credit: Biorobotics lab, CMU). (c) Schematic of trackway (credit: Nick Gravish), and (d)

snake robot in skin.

7.3 Snake experiments

A Sidewinder snake makes two static contacts with the substrate at each time. The position
of these contact points move from snake head to its tail. Snake tracks look like straight
lines in parallel. The length of each track line is the same as snake body length and the
spacing of tracks is determined by the spacing of contact points on snake body. Fig.38a
shows a sidewinder snake climbing loose sand at slope of 20 degrees.

Sidewinders can climb on sand without any axial (along the body) or lateral (direction
of motion) slip. We challenge the snakes over sand and record their 3D kinematics. We find
that sidewinders maintain static contact with sand across angles. Inset of Fig.39b shows the

time course of x-displacement for a sidewinder snake climbing at inclination of 20 degrees.
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We expanded this plot in the vertical direction for clarity. The highlighted region shows
the horizontal segments of these plots corresponding to static contact with substrate. We
observe that as angle is increased the animals replace the traditional sidewinding contacts
with lengthened contacts such that no points along the body slips down the hill. Fig.39a
shows a sidewinder rattlesnake at slopes of 0 and 20 degrees on loose sand. The contact
regions highlighted by black lines become larger on higher inclination angles. As shown
in Fig.39b the normalized contact length is almost doubled from O to 20 degrees. We
hypothesize this control mechanism allows sidewinders to minimize slip on loose granular
media. To test this hypothesis we need to conduct our own drag measurements in loose

sand at different inclinations as detailed in § 7.4.
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Figure 39: Contact length versus inclination angle for sidewinders and snake robot. (a) A

sidewinder snake climbing slopes of 0 and 20 degrees. The black lines highlight parts of

snake body that are in contact with sand. Contact length, / normalized by the body length,

L as a function of inclination angle, 6 for (b) six sidewinder rattlesnakes and (d) snake

robot. The insets show x-displacement at inclination of 20 degrees expanded in the vertical

direction for clarity. The highlighted regions illustrate the contacts snake and snake robot

make with sand. Horizontal lines correspond to static contacts. (c) Snakebot climbing slope

of 15 degrees at wave frequency of 0.08 Hz and contact lengths of 0.240.03 (slipping and

rolling) and 0.294-0.01 (successful).
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7.4 Sand reaction forces

In order to understand the interaction of sidewinder rattlesnakes with sand we need to
measure drag forces sand could provide as a function of penetration depth and inclination
angle. Challenged by lack of models of shear in granular media, we performed our own
drag measurements. Fig.40b shows drag force, F' as a function of horizontal displacement,
D at different penetration depths, d. Force increases substantially for a small displacement
until it reaches the yield force, F,. After this point, there is a significant decrease in the
slope of force-displacement curve. As shown in Fig.40b, the yield regime is not as distinct
for loose sand since it behaves like a ductile material as opposed to compact sand that
behaves like a brittle material. Thus, we fit a function to the force-displacement curve
and call its slope at x = O the stiffness of material. The function we fit to this curve is
F =ax(1—exp(x/b))+ c=x. This accounts for an exponential saturation at the onset of
drag, plus a linearly increasing term which accounts for the pile buildup during the drag.
From this we can get a scale free estimate of ground stiffness by plotting the slope of the
fit curve at x = 0, k = a/b + ¢ as shown in Fig.40c.

Fig.40c illustrates sand stiffness, k is decreased by half due to an increase in inclination
angle, 6 from O to 20 degrees. The drag force, F is linearly proportional to the contact
length, [ and stiffness, k as following [133, 134]:

F=k(6,d)l5 (39)

where 0 is a small displacement (smaller than yield displacement). According to Eq. (39)
from O to 20 degrees inclination, a snake needs to double its contact length to compen-
sate for the decrease of sand stiffness. This control template is one of the main behaviors

sidewinders demonstrate for successful climbing on high inclinations.
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Figure 40: Granular drag. (a) Fundamental interaction. The zoom box shows side view of
snake body where it makes contact with the substrate. (b) Drag force, F versus horizontal
displacement, D and (c) sand stiffness, k versus inclination angle, 8 for different penetration
depths, d (credit: Nick Gravish).

7.5 Snakebot experiments

Our biological measurements suggests a strategy for improvement of the snake robot. Since
the robot does not make the proper contact length, it is not successful in climbing inclina-
tions larger than 10 degrees. Increasing the portion of the body in contact with the surface
can increase both stability of the robot and yield forces of the granular substrate. This is
accomplished by adjusting the elliptical helix aspect ratio. As shown in Fig.39d, the mini-
mum contact length for successful climbing on loose sand (for neither rolling nor slipping
to occur) is almost doubled from 0 degrees to 20 degrees. This is consistent with the similar
measurement we did for sidewinders.

Fig.39d illustrates the normalized contact length for different wave frequencies that
snakebot can follow with minimum position error. In this range, wave frequency does
not have an impact on minimum contact length for successful climbing. We observed

this contact length reduces for a wave frequency of 0.31 Hz, which is due to high inertial
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forces. However, the experiments at frequencies higher than 0.25 Hz are not very repeat-
able as a result of significant position errors. The inset in Fig.39d shows the time course
of x-displacement for the snakebot climbing inclination of 20 degrees. This plot is also
expanded vertically for clarity. The highlighted region corresponds to the contacts with

sand.

7.6 Summary and future directions

Snake robots could be used for effective and fast search and rescue or exploratory opera-
tions to save people in disaster situations. However, they have limited mobility on complex
terrain involved in such scenarios. Sidewinding is a robust and efficient mode of motion
that is suitable for traversing a wide range of slippery and loose terrain. Although, the first
paper on sidewinding was published around a century ago there has never been a quan-
titative study of this gait on snakes natural environments. We look to nature to see how
sidewinder rattlesnakes, champion of sidewinding on sandy terrain, traverse loose sand.
We find they never slip even when subjected to extreme hills. We notice they increase con-
tact length with sand on higher inclinations. We hypothesize this control template is the
key to their successful climbing.

Very little is known about yielding of granular media on slopes. Thus, to understand
how the snake prevents slipping we perform the first drag measurements in loose sand
at different inclinations and penetration depths. We find that increasing the contact area
with sand on higher inclinations would balance the decrease in sand stiffness and minimize
slipping. We try this control template on the first sidewinding snake robot developed at
CMU and we observe it helps the robot to successfully climb slopes of up to 20 degrees
on loose sand. We now understand more about sidewinding locomotion of snakes on their
natural environment, behavior of granular media at different inclinations, and how to make

better effective search and rescue robots for traversing complex terrain.
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CHAPTER VIII

CONCLUDING REMARKS

In this thesis, the mechanics and energetics of snake locomotion is studied through a series
of experimental and theoretical techniques. The focus of this study is on physics of inter-
actions a snake makes with its deformable or granular environment. We take this approach
to investigate concertina, rectilinear, and sidewinding gaits of snake locomotion.

Functional bio-inspired surfaces have been of great interest to researchers for many
years and have a wide range of applications. We are specifically interested in designing
such a surface for making effective interactions with the environment and reducing cost of
locomotion. In chapter 2, we report on the remarkable proficiency of snakes in controlling
their frictional properties to effectively traverse a variety of complex terrain. Several studies
have shown the friction coefficients of a snake sliding towards its tail is larger than that of
sliding towards its head. Passive mechanisms such as geometry and surface texture of
scales are considered as the key players leading to this friction anisotropy. However, the
active mechanisms involved in friction adjustments of snakes have never been explored.
We report on a snake ability to control the angle between its ventral scales and the substrate
by lifting parts of its body. In addition to conducting experiments using a corn snake, we
develop a model to study the interaction of two elastic beams. We verify our model using
experimental data and use it to explore the effect of torsional stiffness, bending stiffness,
and angle of attack of an individual scale on frictional properties of a snake. These are the
parameters that could actively be controlled by snakes. We find that bending and torsional
stiffnesses do not have a significant contribution to the frictional forces. However, angle
of attack, 6 is an important player and increasing 0 from 30 to 60 degrees decreases peak
horizontal force by 37%.

Narrow crevices are challenging terrain for most organisms and biomimetic robots.
Snakes move through crevices using sequential folding and unfolding of their bodies in the
manner of an accordion or “concertina.” In chapter 3, we elucidate this effective means
of moving through channels. We measure the frictional properties of corn snakes, their
body kinematics and the transverse forces they apply to channels of varying width and
inclination. To climb channels inclined at 60°, we find snakes use a combination of inge-
nious friction-enhancing techniques including digging their ventral scales to double their

frictional coefficient and pushing channel walls transversely with up to nine times body
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weight. Theoretical modeling of a one-dimensional n-linked crawler is used to calculate
the transverse force factor of safety: we find snakes push up to four times more than re-
quired to prevent sliding backwards, presumably trading metabolic energy for an assurance
of wall stability.

Snakes adaptations for movement across complex dry terrain serve naturally as inspi-
rations for search-and-rescue robotics. In chapter 4, we present experiments on inclined
surfaces to show a snakes scales are critical anatomical features that enable climbing. We
find corn snakes actively change their scale angle of attack by contracting their ventral
muscles and lifting their bodies. We use this novel paradigm to design Scalybot, a two-link
limbless robot with individually controlled sets of belly scales. The robot ascends styro-
foam plates inclined up to 45°, demonstrating a climbing ability comparable to that of a
corn snake in the same conditions. The robot uses individual servos to provide a spatial
and temporal dependence of its belly friction, effectively anchoring the stationary part of
its body while reducing frictional drag of its sliding section. The ability to actively mod-
ulate friction increases both the robots efficiency over horizontal surfaces and the limiting
angles of inclination it can ascend.

Metabolic cost measurements can be used to compare the efficacy of various locomo-
tor strategies, a particular useful technique for studying snakes which have several modes
of locomotion. Traditionally, respirometry techniques have been used although they can-
not measure anaerobic metabolism of snakes. In chapter 5, we present a methodology to
measure total metabolic cost of concertina locomotion using Magnetic Resonance Spec-
troscopy (MRS). We measure metabolic power and calculate mechanical power and ef-
ficiency at slopes of various inclination. Our measurement of mean metabolic power of
concertina locomotion on horizontal surfaces is 16% higher than previously reported val-
ues using respirometry, indicating the importance of anaerobic metabolism. Efficiency of
concertina locomotion remains constant at 8-11% across inclinations, a trend which is sim-
ilar to that for human walking. This low efficiency is the main reason this gait is used
only to climb narrow channels or traverse slippery substrates. The methodology proposed
in this study may be employed for energetic studies of animals moving at any terrestrial
locomotory mode.

In rectilinear locomotion, snakes propel themselves using uni-directional traveling waves
of muscular contraction, in a style similar to earthworms. In chapter 6, we study rectilin-
ear locomotion of three species of snakes, including red-tailed boa constrictors, Dumeril’s

boas, and Gaboon vipers. The kinematics of a snake’s extension-contraction traveling wave
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are characterized by wave frequency, amplitude, and speed. We find wave frequency in-
creases with increasing body size, an opposite trend than that for legged animals. We pre-
dict body speed with 73 - 97% accuracy using a mathematical model of a one-dimensional
n-linked crawler that uses friction as the dominant propulsive force. We apply our model to
show snakes have optimal wave frequencies: higher values increase Froude number caus-
ing the snake to slip; smaller values decrease thrust and so body speed. Other choices of
kinematic variables, such as wave amplitude, are sub-optimal and appear to be limited by
anatomical constraints. Our model also shows that local body lifting increases a snake’s
speed by 31%, demonstrating that rectilinear locomotion benefits from vertical motion sim-
ilar to walking.

Current search and rescue robots have difficulties traversing sandy and rocky surfaces.
However, there are several animal species successful moving on such terrain. In chapter
7, we analyze one of the most successful animals on such environment, sidewinder rat-
tlesnakes. They can climb on sand at inclination angles very close to angle of repose. In
this chapter, we talk about a snake robot developed at Carnegie Mellon University that is ca-
pable of performing all of the snake gaits including sidewinding. However, it cannot climb
on sand. We perform the first study of sidewinding snakes on their natural environments
to understand the physics behind their successful locomotion on sand. We hypothesize
sidewinding is a gait which saves energy and proves kinematic efficiency by minimizing
granular deformation and slip. We find that at inclinations of up to 20 degrees, snakes climb
without any axial or transverse slip. We observe their contact length at 20 degrees is almost
twice as that at 0 degrees. Drag measurements reveal that downhill yield forces decrease
by half over the same range of inclinations. Thus, snakes increase the length of body in
contact with the ground to compensate for that. We use these insights to improve the per-
formance of the first sidewinding robot on granular media. We find this control template
is effective for the CMU snake robot and could potentially benefit other search and rescue
robots.

Over the past two years, 700 natural disasters were registered worldwide affecting more
than 450 million people. Robotic search and rescue is crucial for fast and effective rescue
operation. These scenarios involve moving on complex terrain on which current search and
rescue robots have difficulties locomoting. However, snakes are the champions of maneu-
vering on such terrain. In this work, we investigate the role of snakes’ functional surfaces
in making effective interactions with their complex environment. Snakes can remarkably
control frictional and drag forces on a variety of substrates using different mechanisms. On

a compliant non-granular surface, snakes can adjust their scales angles of attack to increase
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their backwards friction coefficient. They can also push sides of a channel to provide addi-
tional frictional force, or lift parts of their body to create infinite friction anisotropy. Facing
with a granular substrate, they use a different control template to attain enough drag force.
Controlling their contact lengths with the substrate, snakes can successfully climb loose
sand at inclinations close to angle of repose. The findings of this research have resulted
in building two snake-like robots in our lab and developing sidewinding gait for CMU
snake robot. We believe our discoveries could help roboticists develop all-terrain search

and rescue and exploratory robots.
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APPENDIX A

SNAKESKIN TRIBOLOGY

A.1 Experimental techniques

A.1.1 Measuring geometry of snakes’ ventral scales

Parameters such as scale width and length are measured conventionally, with a fine mi-
crometer. The thickness and radius of curvature of the scale tip are both obtained from a
number of SEM images. Using computer software to best fit a circle to the cross-section of

a scale tip SEM image, we find the scale tip radius of curvature.

A.1.2 Measuring elastic modulus of transparent films

We use ASTM D 882 - Tensile Testing of Thin Plastic Sheeting standard for measuring
elastic modulus of a transparent film. The equipment used for this test is a DDL Instron

tensile test machine as shown in Appendix Fig.A.1a. The force-displacement curve for a

transparent film is shown in Appendix Fig.A.1b.

001 002 0.03 0.04 0.05
Displacement (m)

Supplementary Figure A.1: (a) Tensile test machine. (b) Force-displacement curve for a

transparent film used in our experiments.
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A.1.3 Calibration of transparent films

In order to calibrate the transparent films we look at their interaction with glass. We attach
a glass cantilever to the end of a weight micro scale (Appendix Fig.A.2a) and put the
transparent array on a micrometer platform. Placing the tip of the glass cantilever close
to the tip of the film and adjusting the platform dial, a force-displacement curve could be
made for the transparent film (Appendix Fig.A.3). As shown in this figure, increasing the
contact height, a would decrease the slope of force-displacement curve. Moreover, load
increases linearly with increasing displacement until the limit of static friction is reached.
Then the slope of force-displacement curve decreases as glass slides towards the tip of
transparency. We use the data from this experiment to verify our numerical model. As
illustrated in Appendix Fig.A.3, there is a good match between the experimental data and

simulation results.

(a) (b) K

3mm L,

0.12 mm 4mm

Supplementary Figure A.2: (a) Experimental setup for calibrating the transparent film and

(b) schematic for interaction of snake scale with a transparent film.
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=¥—a =2.8 mm, Experiment
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Horizontal Force (N)
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Displacement at contact (mm)

Supplementary Figure A.3: Interaction of glass and a transparent film at two different con-
tact heights, a. The plot illustrates horizontal force as a function of horizontal displacement

of transparent film where it makes a contact with glass.

A.1.4 Friction measurements

Friction is measured using an inclined plane experiment. Placing an object on the surface
and tilting the plane increases the static friction force felt by the object. The incline at
which the object begins to slide down the slope reflects the static friction coefficient of that
object on the substrate. The details of this experiment are discussed by Marvi et al [52]. We
use this technique to measure the friction coefficient of glass, transparent film, and snake
ventral scales sliding on a transparent film. We also measure the friction coefficient of a
snake on Styrofoam using this technique. This experiment is conducted while the snake is
conscious and unconscious. We use Styrofoam for this experiment because its roughness
is greater than the corn snake scale thickness of 45 um and as shown in Fig.1a scales can

have a good grip on the surface [52].

A.2  Input Parameters

The input parameters to the model are tabulated in Appendix Table A.1.
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Parameter Scale Transparency
L 6 mm 4 mm
0, n/a 90 deg
B 10-60 deg n/a
k, 5,10, 15 N-mm/rad n/a
b 12 mm 24.2 mm
h, 0.45 mm 0.12
h, 0.045 mm 0.12
E 200, 400, 1000 MPa 2280 MPa
Nodal points 21 21
Description Value

Friction coefficient (max ratio of shear
force to normal force) at contact point 0.13
between scale and transparency

Step size for scale base translation 0.05 mm

Initial vertical overlap between scale

and transparency 0.5 mm

Supplementary Table A.1: Input parameters.

A.3 Outline of computational algorithm

1. Define initial angle of scale.

2. Set relative base horizontal positions of scale and transparency so that tip of scale
just touches left face of transparency.

3. Set relative base vertical positions of scale and transparency to achieve desired verti-
cal overlap.

4. Define current contact point on scale as tip of scale.

106



5. Define current contact point on transparency as intersection point of scale and trans-

parency.
6. Translate base of scale to the right one translation step.

7. Through a 2D Secant-Method search, find the horizontal force, F, and vertical force,
W, that correspond to the current contact point on scale coinciding (within a specified

tolerance) with current contact point on transparency.

8. Based on computed F' and W and the slope of the transparency at the contact point,

calculate the normal, N, and tangential, T, forces exerted on scale.

9. Compute the ratio: |T'|/N. If this ratio exceeds the assumed coefficient of friction,

execute slip:

a. If T > 0, scale tip is being restrained by friction from sliding upward, so set new

contact point slightly higher on the transparency.

b. If T < 0, scale tip is being restrained by friction from sliding downward, so set

new contact point slightly lower on the transparency.

10. Check for interpenetration (which would be unphysical): See if any points on scale
are directly to the right of points on transparency (beyond a specified tolerance). If
so, adjust contact points on scale and on transparency in direction of location where

max interpenetration is found.
11. After contact point adjustment return to Step 7.

12. When friction and interpenetration conditions are met, execute next scale base trans-

lation step and return to Step 7.

Note: The last point of scale-transparency contact is defined as the last equilibrium con-
figuration for which friction and interpenetration conditions can be satisfied. It is generally
found that the contact point on the transparency continues to adjust all the way to the tip of
the transparency, but the friction ratio remains too high. Thus, it appears that the instability

point associated with the scale slipping past the transparency has been reached.
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APPENDIX B

CONCERTINA LOCOMOTION

B.1 Video 1

The role of active control of snake’s scales in increasing its backward friction coefficient
while climbing a steep slope.

www . youtube. com/watch?v=kw8vRuncg2c

B.2 Video 2

A corn snake climbing a tree using concertina locomotion. Snakes seek crevices to ascend
trees.
www . youtube . com/watch?v=PZEk6x07Mz8

B.3 Video 3

A corn snake performing concertina locomotion through 5 channels of different widths
(from top to bottom: 2 cm, 3 cm, 4 cm, 5 cm, and 6 cm). The effect of width on concertina
locomotion is emphasized in this video. The gait changes from concertina to lateral undu-
lation at width of 5 cm.

www . youtube. com/watch?v=gbCXeD_2580

B.4 Video 4

The top and side views of a corn snake moving in concertina mode. The snake lifts parts
of its body during concertina locomotion; however, we neglect this effect in our model.
www.youtube.com/watch?v=42wzVEGtY18
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APPENDIX C

SCALYBOT

C.1 Video 1

Concertina locomotion of a corn snake.
youtube.com/watch?v=1TMfD_u01XA

C.2 Video 2

A corn snake climbing an inclination of 45 degrees on Styrofoam. Snake uses its ventral
scales as an emergency braking system to avoid sliding down the hill.
youtube.com/watch?v=HZyWNn4ou2A

C.3 Video 3

Scalybot uses an open-loop control system to adjust its scales angles of attack and climb
an inclination of 45 degrees on Styrofoam.

youtube.com/watch?v=--LkMsDfzls
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APPENDIX D

RECTILINEAR LOCOMOTION

D.1 Snake species originally used for rectilinear experiments

The snake species we originally used for our rectilinear experiments include Rhino vipers,
Madagascan giant hognose, Green anaconda, Pine snake, Red-tailed green ratsnake, North
American ratsnake, Scarlet kingsnake, Reticulated python, Carpet python, Blood python,
Burrowing python, Egg-eating snake, Greet-tree python, Emerald tree boa, Amazon tree
boa, Rosy boa, Woma, and Boelens python. They will not be reported on further in this
study.

D.2 Sidewall effect

We observe snakes tend to do rectilinear locomotion when they are close to a sidewall.
We investigate whether the wall can aid to propel the snake using an array of micro-scales
[52] to measure the force a boa constrictor applies to the side wall. We observed the force
a boa constrictor applies to the sidewall is around 10% of its body weight. We found the
sliding friction coefficient is 0.4 for a boa’s flank and a plexiglass sidewall. We incorporated
the friction force between the snake flank and the sidewall into our model and found a
negligible 1% reduction in the speed prediction. We thus safely neglect this effect in our
model, and assume sidewalls do not affect body speed. This is likely due to the snake’s

applying little force to the wall compared to the ground.

D.3 Wave processing algorithms

The snake’s traveling wave is characterized by three parameters that are determined through
the the algorithms below. These parameters include the wave frequency @, the wave ampli-
tude A, and the wave number k. Below, we describe our MATLAB algorithms to determine
these parameters.

To determine the amplitude and frequency of the wave, we apply a peak detection
algorithm. Fig.30c shows the resulting peak detection of position data x’. The algorithm
begins by using first and second derivatives of position x’ to find local minima and maxima.
In general, a trough is reached when the first derivative of position x is zero and the second

derivative is positive; similarly for a peak. Due to presence of noise in the data we take extra
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steps to make sure peaks and troughs are captured correctly. The details of the algorithm
we used for this purpose are explained in Appendix D.4. Elapsed time between two peaks
is equal to the wave period 7 ; the wave frequency is @ = 27 /7. The difference in positions
of peaks and troughs is equal to twice the wave amplitude A.

Having solved for amplitude and frequency, we then determine the traveling wave speed
V. This variables cannot be measured by following a single marker alone. Instead we
must compare information between adjacent markers to determine how quickly the wave
travels down the snake. To this end, we have written a special wave-speed measuring
algorithm. The algorithm first determines the maximal contracted and extended positions
of each ventral surface marker on the snake. Starting with the head, peaks in motion for
one ventral surface marker are matched to those occurring down the ventral surface at later
points in time. The process continues until each peak is matched to the next one occurring
most closely in both space in time. This process is equivalent to drawing diagonal lines
linking adjacent peaks on the position-time diagram shown in Fig.30a. These diagonal
lines mark the traveling wave path. Wave speed V,, is calculated by subtracting body speed
from the slope of black arrows shown in Fig.30a. Wavelength A is given by the product
A =V, 7. Wavenumber is k = 27 /A.

D.4 Peak detection algorithm

Different steps of the algorithm we used to detect the peaks and troughs of each tracked

spot are as following:

1. Find the difference between the highest and lowest x’ and find the highest slope in

the entire time frame.
2. Run linear and quadratic maps along the data using 5% of the data set.

3. If the slope of the linear fit is sufficiently close to zero (less than 2% of the high-
est slope found in step 1) record the center of the map’s x and y coordinates and
sign of the second order term in quadratic map (corresponding to the sign of second
derivative). An extreme with positive/negative second order derivative would be a

trough/peak.

4. Create a running tally of all the peaks/troughs.
A: New troughs are not accepted unless the previous marker is a peak, and vice versa.
B: New peak/trough is not accepted unless its distance from the previous trough/peak

is at least 15% of the max deviation found in step 1.
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5. Wave amplitude for each tracked spot will be half the average difference in x’ of each

peak/trough from its previous trough/peak.

6. Wave period for each tracked spot will be twice the average difference in time ¢ of

each peak/trough from its previous trough/peak.

In order to make sure about the accuracy of this algorithm in properly detecting all
of the peaks and troughs, we plotted x’ versus time for all of the tracked spots with a

marker on the detected peaks/troughs as shown in Fig.30c.

D.5 Video 1

A red-tailed boa constrictor performing rectilinear locomotion. Time is sped up 3 times.
www.youtube. com/watch?v=40g91dVHEHs

D.6 Video 2

A Dumeril’s boa performing rectilinear locomotion relative to the snake coordinate frame.
www . youtu.be/2CbGw00u59Q

D.7 Video 3

A red-tailed boa constrictor lifting parts of its body during rectilinear locomotion. There is
a purple light shining from the side to illustrate lifted parts.
Www . youtube.com/watch?v=Gyx-h7uyN1Y

D.8 Video 4

Spots tracked on the snake’s flanks compared to our model predictions for a female Dumeril’s
boa of length 183 cm. The red blocks correspond to stationary parts of the body.
www . youtube.com/watch?v=d_qe2UhBSiU

D.9 Kinematics of non-ventral surface and tail

Although propulsive forces applied by the snake occur on its ventral surface, the muscles
extend from the ventral to the dorsal surface. In this section, we present qualitative obser-
vations of this muscular movement in order to give insight into how forces are generated.
Fig.29a illustrates the passage of the contraction traveling wave. We draw black lines to

denote the inclination of the naturally-occurring diamond patterns on the snake’s skin. The
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spacing of these lines indicate the level of strain on the snake’s skin. Blue and red endpoints
denote the lines’ intersection with the dorsal and ventral surface, respectively.

Initially, the lines are parallel indicating the dorsal and ventral surface each have zero
strain. Throughout the image sequence, the blue dorsal points have fixed spacing and
travel forward at constant speed. Red ventral points exhibit sinusoidal traveling waves of
contraction, varying from maximum spacing at 1.3 s to minimum spacing at 2.6 s. At 4
s, the cycle ends with the lines oriented parallel again. Points downstream then undergo a
similar cycle, as the traveling wave makes its way down the snake.

We analyze videos of the snake’s motion to quantify the traveling wave of contraction.
Fig.29c shows the displacement as a function of time of a single cross-section of the boa’s
body (i = 22). The purple, green and red curves show the distance traveled of points on
three elevations, dorsal, middle and ventral. We observe the skin exhibits increasing strain
with increasing distance from the snake’s backbone. In particular, the ventral surface,
shown in red, has the largest wave amplitude. There is little contraction at the dorsal level
due to the inextensible spine and so points on the snake’s backbone move at nearly constant
speed. Only the ventral surface of the snake generates frictional propulsive force so we
hereon report only ventral waveforms.

A snake’s tail is often short, 0.1 £0.02 times their body length, and so lightweight as
to be dynamically negligible. In our videos, we observed the tail muscles oscillate at a
much lower amplitude, 10% — 20% relative to the amplitude in the snake’s middle. This
low amplitude is due to the snake’s tail having relatively fewer muscles than the rest of
the snake. As a result, the tail does not generate its own thrust but instead is dragged by
the body during locomotion. We track the wave amplitude to determine the “beginning of
the tail,” where there is a sudden drop in wave amplitude. For modeling considerations we
consider only the pre-tail wave amplitudes and assume they propagate from the head to the

tail tip.

D.10 Input to model

Since our model is discrete, we must use a discrete approximation to the traveling wave
as the prescribed kinematics. The input to our model is dx';(¢) /dt = Awcos(wr + ki/nL)
where i is the number of the segment. Solving Eq. (32) we can calculate the acceleration x
and speed of model center of mass, V, at each iteration knowing the initial conditions of the
model. As discussed in § 6.3, ode45 function in MATLAB to find the numerical solution
to this system. This function uses a Runge-Kutta ordinary differential equation solver to

iteratively find the solution of Eq. (32).
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According to Eq. (32), for our numerical simulation, we require the snake’s body kine-
matics (the speed and direction of each point on the snake’s body) in order to estimate its
center-of-mass speed. For each snake in our study, we tracked naturally occurring markers
on the ventral surface as the snake moved forward. These markers ranged between 20 and
26. These spots are not equally spaced on the snake body and the average spacing is also
different in different species. We track these spots to get the wave kinematics along the
body and once we characterize the traveling wave, we can estimate x'(¢) at any point along
the body using Eq. (35). For our simulation we use the same number of masses as the

number of spots tracked. However, we equally space these masses along the body.

D.11 Individual animal subjects

Species L (cm) m (kg) e Wy n
Boa constrictor 1 53 0.057 0.25 0.43 23
Boa constrictor 2 52 0.054 0.31 0.38 25
Boa constrictor 3 55 0.074 0.36 0.46 25

Dumeril's boa 1 183 495 0.02 0.05 25
Dumeril's boa 2 168 6.45 0.02 0.07 26
Gaboon viper 120 2.26 0.12 0.32 20

Supplementary Table D.1: The lengths (L), masses (m), forward and backward sliding
friction coefficients (Uy and ), and number of naturally-occurring spots (n) of snakes

used in our experiments.
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APPENDIX E

SCHOLARLY ACHIEVEMENTS

E.1 Publications
E.1.1 Book

1. H. Marvi, D. Hu, Locomotion of Snakes, Springer, Heidelberg, Germany (In Prepa-
ration, Scheduled to Appear in 2014).

E.1.2 Patent

1. H. Marvi, G. Meyers, D. Hu, J. Glisson, A. Hirabayashi, A. Pavone,“Scalybot,” U.S.
Provisional Patent, 61/561,574, November 2011.

E.1.3 Journal papers

1. H. Marvi, J. Cook, J. Leisen, D. Hu, “Evaluation of energetic cost of concertina

locomotion via in vivo 31P NMR spectroscopy.” (In Review)

2. H. Marvi, J. Bridges, D. Hu,*“Snakes Mimic Earthworms: Propulsion Using Recti-
linear Traveling Waves,” Journal of the Royal Society Interface, 10(84), 2013.

3. H. Marvi, D. Hu,“Friction Enhancement in Concertina Locomotion of Snakes,”
Journal of the Royal Society Interface, 9(76), pp 3067-3080, 2012.

4. H. Marvi, J. Cook, J. Streator, D. Hu,“Tribology of Snakeskin,” (In Preparation)

5. H. Marvi, N. Gravish, C. Gong, J. Mendelson, H. Choset, D. Goldman, D. Hu,“An

anti-slip control template for limbless locomotion on loose terrain,” (In Preparation)

E.1.4 Refereed Conference Proceedings

1. H. Marvi, G. Meyers, G. Russell, D. Hu,“Scalybot: a Snake-inspired Robot with
Active Frictional Anisotropy,” ASME Dynamic Systems and Control Conference, Ar-
lington, VA, November 2011. (Invited Paper, Best ASME Student Paper of the Year

in Mechatronics)
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E.2 Academic presentations

E.2.1 Conference oral presentations

1. H. Marvi, ‘Friction Control in Snakes and Snake Robots,” Milliken Graduate Re-
search Symposium, Spartanburg, SC, March 2013. (Invited Presentation)

2. H. Marvi, R. Chrystal, J. Shieh, J. Mendelson, R. Hatton, H. Choset, D. Goldman, D.
Hu,“Sidewinding Snakes on Sand,” Society for Integrative and Comparative Biology
(SICB) Annual Meeting, San Francisco, CA, January 2013.

3. H. Marvi, J. Streator, D. Hu,*“Snakeskin Tribology,” Materials Research Society
(MRS) Fall Meeting, Boston, MA, November 2012.

4. H.Marvi, D. Dimenichi, R. Chrystal, J. Mendelson, D. Goldman, D. Hu,““Sidewinding
Snakes on Sand,” 65th Annual Meeting of APS Division of Fluid Dynamics, San
Diego, CA, November 2012.

5. H. Marvi, D. Hu,”“The Role of Functional Surfaces in the Locomotion of Snakes,”
Physics of Living Systems Student Research Network (PoLS SRN) meeting, New
Haven, CT, July 2012.

6. H. Marvi, J. Streator, D. Hu,“Snakeskin Tribology: How Snakes Generate Large
Frictional Anisotropy,” American Physical Society (APS) March Meeting, Boston,
MA, February 2012.

7. H. Marvi, J. Cook, and D. Hu,“Rectilinear Locomotion of Snakes and the Design of
Scalybot 2, Society for Integrative and Comparative Biology (SICB) Annual Meet-
ing, Charleston, SC, January 2012.

8. H. Marvi, D. Hu,“Concertina Locomotion of Snakes,” 63rd Annual Meeting of APS
Division of Fluid Dynamics, Long Beach, CA, November 2010.

E.2.2 Poster sessions

1. J. Cook, H. Marvi, J. Leisen, D. Hu,“Measuring Energetic Cost of Snake Loco-
motion Using NMR Spectroscopy,” Air Products Undergraduate Research Fair at
Georgia Tech, Atlanta, GA, April 2013. (Third Place)

2. J. Shieh, G. Tamayo, Q. Tran, H. Marvi, J. Mendelson, H. Choset, D. Goldman, D.
Hu,*“The Mechanics of Sidewinding on Sand,” 8th Annual Undergraduate Research
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Symposium at Georgia Tech, Atlanta, GA, April 2013. (Second Place in College of

Engineering)

. J. Cook, H. Marvi, J. Leisen, D. Hu," Measuring Energetic Cost of Snake Locomo-
tion Using NMR Spectroscopy,” 8th Annual Undergraduate Research Symposium at
Georgia Tech, Atlanta, GA, April 2013.

. H.Marvi, G. Meyers, J. Cook, E. Chang, D. Hu,““Scalybot: A Snake-inspired Robot,”
Physics of Living Systems Student Research Network (PoLS SRN) meeting, New
Haven, CT, July 2012.

. H.Marvi, G. Meyers, J. Cook, E. Chang, D. Hu,““Scalybot: A Snake-inspired Robot,”
Georgia Tech Research and Innovation Conference, Atlanta, GA, February 2012.
(Best Poster)
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