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Mechanics defines motion; curiosity shapes science.
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LIST OF FIGURES

Diverse limbless robot designs composed of serially chained rigid links
and joints in the limbless robotics literature for versatile tasks and en-
vironments. From A) to (J): [11, 12, 13, 14, 15, 16, 17, 18,19, 20]. . . . . 2

Versatile limbless locomotion facilitated by bilateral actuation. Nema-
tode Caenorhabditis elegan@\) and Mojave shovel-nosed snakdion-
actis occipitalis(B), along with cross-sectional anatomy [88, 89, 9Q].
elegangC) andChionactis occipitaligD) move on obstacle terrainsk)
A schematic of snake muscle activation during obstacle negotiation[4]. .. 8

A hierarchical framework for limbless locomotion. Locomotor intelli-

gence emerges through the integration of mechanical and computational
intelligence layers. Low-level adaptation arises from body compliance and
passive mechanics (mechanical intelligence, Layer 1). Mid-level gait op-
timization encodes of ine, feedforward planning based on environmen-

tal context (computational intelligence, Layer 2). High-level online feed-
back control and decision-making enable task-oriented autonomy (compu-
tational intelligence, Layer 3). Together, these layers form a uni ed frame-
work for full-body intelligence and all-terrain locomotion. . . ... .. .. 11

The mechanically intelligent limbless robot, MILR. (A) The robot fea-

tures a bilateral actuation mechanisid) A conceptual illustration of body

postures and antagonistic cable activities over one gait period in MILR. (

An example of MILR fully equipped for experiments and computer-aided

design drawings detailing the components. Figures are adapted from [89]. . 18

lllustration of a single MILR joint. Geometry of the joint mechanical
design for the calculation of exact lengths of catlésandL! to strictly
form a suggested anglg. The gure is adapted from[89]. . . . . .. . .. 21

Visualization of waveforms in the 2D shape space(A) An undulator

with a continuous bodyQG. elegans (B) A 9-link limbless robot with a
discretized body. Figures are adapted from [112]. . . . . ... ... .. .. 24

XV



2.4 Programmable and quanti able body compliance in MILR. Three rep-
resentative compliant states of the robot under varied generalized compli-
anceG: (A) bidirectionally non-compliant R) directionally compliant and
(C) bidirectionally compliant. The rst column illustrates schematics of
cable activation, where red cables are shortened whereas blue cables are
lengthened. The second column shows how cables are lengthened at varied
suggested angles according to the control scheme, where solid lines rep-
resent implemented cable lengths whereas dashed lines represent “exact”
lengths of cables to form the suggested angle. The third column shows
how much a feasible emergent anglg/ellow region) is allowed to deviate
from the suggested angle (dashed line), where solid blue and red lines
represent upper and lower boundaries .of he last column shows the how
much a feasible emergent gait path in the shape space (yellow region) is al-
lowed to deviate from the suggested circular gait path (dashed line), where
solid blue and red lines represent outer and inner boundaries of feasible
emergent gait paths. Figures are adapted from[89]. . .. ... ... .. .. 28

2.5 An overview of behaviors that one single joint and MILR can display
with varied generalized compliance values. The rst schematic in each
row shows the state of the joint, left and right cables depending on which
region the suggested joint angle falls into. The second plot in each row il-
lustrates the actual lengths according to the control scheme comparing with
the exact lengths of left and right cables on either sides of the joint as a
function of the suggested joint angle. The third plot in each row illustrates
the feasible range of all possible emergent joint angle, showing how much
a single joint angle could deviate from the suggested joint angle by pertur-
bation of external forces. The last gure in each row depicts the feasible
region of all possible emergent gait paths of the robot in the shape space.
Figures are adapted from[89]. . . . . . . ... . ... ... ... ... .. 33

2.6 Extended de nition of negative generalized compliancés. A represen-
tative compliant states of the robotwith= 0:2. . ... .. ... .. .. 34

3.1 Nematode kinematics and performance imply the role of mechanical
intelligence. (A) Overlaid snapshots, effective body curvature, gait paths
in the shape space, the rst two dominant modes (solid lines are the princi-
pal components and dashed lines are the best $&tandcosshape bases)
of nematode locomotion in laboratory environments with varied pillar den-
sity. (B) Locomotion speed (wave ef ciency) as a function of obstacle
density (measured as the ratio of body length and obstacle sgasidor
nematodes. Error bars represent SDs (n = 26 individuals in open and sparse
lattices, n = 20 individuals in the medium lattice, and n = 24 individuals in
the dense lattice). Figures are adaptedfrom [89].. . . . . .. .. ... ... 37
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3.2 Open-loop robot performance reveals the importance of mechanical in-
telligence. (A) Overlaid snapshots, emergent joint angles, gait paths in the
shape space and shape basis of robophysical locom@ien((:75) in lab-
oratory environments with varied obstacle densiB) l(ocomotion speed
(wave ef ciency ) of the robot as a function of generalized compliance
G in environments with varied obstacle density (open, sparse, medium and
dense). Error bars represent SD across three repetitions per experi@jent. (
Comparison of locomotion speed as a function of obstacle density between
the biological modeC. elegansnd the robot witlc = 0:75, accompanied
with example time traces of splined points along the body as the nematode
and the robot move in the open and dense environments (insets). Error
bars represent the SD across three repetitions per experiment. Figures are
adapted from[89]. . . . . . . . ... 39

3.3 Force-deformation characterization for the robot. (A) The experiment
setup. B) External force versus emergent joint angle curves that show
behaviors of a joint reacting to external forces under different compliance
states. C) Force-deformation maps of the robot with vari@dhat show
the robot body compliance can be programmatically tuned. Figures are
adaptedfrom|[89]. . . . . . . . . ... 41

3.4 A simplied model to understand the functional mechanism of me-
chanical intelligence. (A) Schematic illustration of an undulator facing
inhibitory interactions (left) and thrust producing interactions (righB) (

De ection angle in response to a point forégy; either parallel or anti-
parallel toveow at G = 0:75for different commanded angles, showing the
response of the “easy” or high compliance direction and the “hard” low
compliance direction.@) The geometry of easy (black triangles) and hard
directions (orange triangles) for a single posture across three representa-
tive values ofG. Small arrows show point forces that are thrust producing
(green arrows), are jamming (red arrows), or result in deformation of the
undulator from the commanded shape (blue arrows), with bend directions
indicated by the dashed blue lines. Figures are adapted from [89].. . . . . .
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3.5

3.6

3.7

3.8

Lattice collisions match the symmetry of the gait.Contact maps and cur-
vature map for a wheeled\j and wheellessR) robot, both withG = 0:75.
Contact maps of collisions of the robot and lattice points on the left (top
row) and right (middle row) side of the body show at what body point and
at what times contact with the lattice occurs (contact shown in white, ab-
sence of contact in black). These contact patterns show similar patterns to
the gait, as visualized in a curvature map (bottom row) with collisions on
the left-hand side of the robot corresponding with regions of positive cur-
vature and right-hand side collisions with negative curvature. Wheeled and
wheelless robots show qualitatively similar contact patterns, highlighting
the dominance of lattice collisions in producing thrust (relative to ground
contact) in dense lattices. Note that the head often shows longer durations
of contact relative to the rest of the body, a result of the dynamics of buck-
ling and gliding collisions. Figures are adapted from[89]. . . . . . .. . .. 44

Open-loop robotic terrestrial capabilities in various types of complex
environments facilitated by mechanical intelligence(A) The robot tra-

verses a randomly distributed obstacle arr®y.The robot transitions from

at ground to a densely distributed obstacle arr&y) The robot locomotes

in granular media (5 mm plastic sphere$)) The robot moves in a narrow
channel (18 cm width) formed with two parallel rigid walls. Figures are
adaptedfrom [89]. . . . . . . . . ... 45

Robot locomotion speed (wave ef ciency, ) and mechanical cost of
transport (cy) in different environments: (A) at ground, (B) granular

material (5 mm plastic spheres; ) a narrow channel (18 cm widthDf a

sparse lattice §) a medium lattice, and~) a dense lattice. Error bars rep-

resent standard deviations across three repetitive trials of each experiment.
Figures are adapted from[89]. . . . . . . . .. ... .. ... ... .. .. 47

Open-loop robot capabilities in real-world complex environments.(A)
Time-lapse photos of the open-loop robot traversing over a tightly packed
rock pile with an intermediate generalized compliance valsie=(0:75).

(B) Comparison of locomotion speed (wave ef ciencywith variedG on

the rock pile. Error bars represent SDS) The survivor function for varied

G with respect to displacement, measuring the robot's traveling distance
before getting stuck or failing in motorsD) Mechanical cost of transport
(cny) for variedG on the rock pile, measuring the robot's energy ef ciency
of locomotion. Box central mark indicates the median, edges indicate the
25-th and 75-th percentiles. The whiskers cover data points within a range
of 1.5 times the interquartile range, whereas outliers outside of this range
are marked with a + symbol. Figures are adapted from [89]. . . . . . . . .. 52
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3.9

4.1

4.2

4.3

Robustness of locomotor performance across gait parametergA) Av-

eraged speed and mechanical cost of transpaitdcross all combinations

of amplitudeA, spatial frequency, and complianc&. Speed peaks at

G = 1, while ¢y is minimized atG = 1 andG = 1:25. (B) Heatmaps

of ¢y as functions ofA and for G = 0 andG = 1, illustrating that
compliance expands the region of low-cost, high-performance gaits. These
results demonstrate that appropriate mechanical compliance can enhance
locomotion ef ciency and robustness across diverse gait parameters. . . . .

Sidewinding snakes capable of performing sidewinding locomotion in
diverse, rheologically complex terrestrial environments(A) The sidewind-

ing behavior observed in rattlesnake®) Sequential images showing a
snhake sidewinding through a row of post€) (A diagram of sidewinding
motion. Gray areas in the body indicate static contact with the substrate,
and white areas represent body segments lifted and in motion. Gray rect-
angles denote tracks. The red arrow shows the center of mass direction of
motion. O) A diagram of the vertical and horizontal waves propagating
from head to tail in sidewinding, characterized by=& phase difference.
Grey areas denote static contact. Figures are adapted from [144, 100].

Design of Sidewinding MILR, inspired by sidewinding snakes. (A)
Computer-aided design representation of the robot. The design features 8
lateral bending joints (cyan) and 3 vertical bending joints (piR)FRicture

of the robot with zoomed-in view of 2 joints — one vertical bending and one
lateral bending.€) Picture and labeled schematic of a single robot module.

Figures are adapted from [100]. . . . . . . . . . . . . ... .. ... .. 61

Sidewinding locomotion speed (red) and mechanical cost of transport

¢t (blue) as a function of body complianceG. Locomotion speed is
measured by the averaged center of mass displacement normalized by the
body length of the robot over a gait cycle. Mechanical cost of transport is

a unit-less quantity calculated by the work done by cables divided by the
product of the robot's weight and distance traveled. Error bars represent
standard deviations. The inset shows a time lapse of the bilaterally com-
pliant (G = 1) robot sidewinding on hard ground. Figures are adapted
from [100]. . . . . . . 63
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4.4

4.5

5.1

5.2

5.3

5.4

Robot performance when sidewinding through an array of obstacles.

(A) Diagram of the experimental setup. Obstacle spadingbot initial
condition, robot wavelength and the generalized compliance parameter
G were varied for different experimentsB) Time-lapse photos of (i) a
failure (G = 0) and (ii) a succesg3 = 1). Success counts when the en-
tire robot body passing the center line intersecting the obstadi®sTHe
traverse (success) probability of the robot for differe®) ¢alues across
different obstacle spacing (normalized by the robot's wavelengih)The
traverse (success) probability of the robot for differéd} yalues with dif-
ferent robot wavelengths and xed obstacle spacing of 70 cm (the axis is
obstacle spacing normalized by the robot's wavelength). We tested three
different gaits withAy = 82:5 ;75 ;675 and 4 = 1:1;1:0;0:9, respec-
tively, which are noted by their corresponding wavelengths of the robot
body shape = 79;91;104cm. (E) The average traverse time (in number

of cycles) to traverse through the obstacles for each successful trial, sorted
by G value. ) The average robot reorientation angle (in degrees) for each
successful trial, sorted b$ value. Figures are adapted from [100]. . . . . . 65

The robot demonstrates its capability of sidewinding in complex nat-

ural environments with bidirectional compliance (G = 1). (A) Time-

lapsed images of the robot traversing pine straw and fern environnignt. (
Time-lapsed images of the robot traversing coarse granular media environ-
ment. Figures are adapted from [100]. . . . .. .. .. .. ... .. .... 68

Design of Morphing MILR and rolling joint module. (A) Assembled
Morphing MILR composed of six rolling-compliant modules capable of
three-dimensional body morphing B) Structural layout of one module

that preserves the MILR actuation principle while enabling continuous ax-

lal rotation. ) Sectional view of the rolling module that provides non-
backdrivable 360-degree rotation for morphing capability. . . . . . . .. .. 73

Rolling and bending motions of a single Morphing MILR module. (A)

Rolling motion about the longitudinal axis generated by the worm-helical-

spur gear transmission, enabling 360-degree reorientation for body mor-
phing. B) Bending motion driven by bilateral cable actuation. Together

these two degrees of freedom provide independent control of orientation

and curvature, forming the mechanical foundation of the morphing capability. 74

Versatile gaits of Morphing MILR. Lateral undulation4), sidewinding
(B), rolling (C), and screwing@). . . . .. ... .. ... .. ....... 77

Gait transition demonstration in Morphing MILR. Sequential snapshots

showing Morphing MILR transitioning from lateral undulation in the ob-
stacle lattice to sidewinding on atterrain. . . . . . ... ... ....... 79
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6.1

6.2

6.3

6.4

6.5

6.6

Mini MILR, a cable-driven three-link limbless robot (swimmer). (A)

Mini MILR mounted on a gantry and immersed in a granular mediuj. (

Mini MILR (skin off), with bilateral cables routed through pulleys and ac-
tuated by servo motors to produce in-plane bending and body compliance.
Figures are adapted from [101]. . . . . . . . . . . . . ... .. .. .. ... 84

Tools from geometric mechanics for modeling and optimization.(A)

An example of local connection vector eld, which maps joint velocities

to body velocities and provide the foundation for displacement prediction.
(B) An example of height function, the curl of the local connection vector
eld. The net displacement from a gait (purple) corresponds to the areas

it encloses on the height function. The unit of the height function is body
length/rad, and its values are scaled by a factor of 100. Figures are adapted
from[101]. . . . . . . 85

Analytical model of Mini MILR. Analytical three-link model with a body

frame corresponding to a weighted average of the link positions and ori-
entations. Each joint includes a motor connected in series with a spring.
Insets illustrate both linear and nonlinear springs, which can be captured

by the model. Figures are adapted from [101]. . . . . . .. .. .. ... .. 88

Optimization ow for identifying optimal gaits under body compliance.

First, the optimal emergent gait is identi ed by deriving the height function.

Then, by incorporating the inverse body dynamics, the corresponding opti-
mized gait is obtained. Figures are adapted from [101]. . . . ... .. ... 90

Cable actuation and joint compliance mechanism.Schematic of bilat-

eral cable actuation at a single joint, where left and right cables tensioned to
form the exact suggested joint anghe){ and left and right cable slacked to

form a compliant region, so that the emergent joint angle can deviate from
the suggested anglB). Figures are adapted from [101]. . .. .. .. ... 91

Effect of generalized complianceG on joint behavior. (A) Emergent

joint angle trajectories () across different compliance regimes: rigid (non-
compliant,G = 0), directionally compliant@ = 0:25), and bidirectionally
compliant G = 1). Compliance enlarges the range of joint motion within

which the suggested angle)(can deviate, illustrated by shaded blue re-

gions. B) Within the compliant region, the joint is governed primarily by

the skin's restoring torque 4in). (C) At the rigid boundary, cable tension
engages, introducing an additional restoring torqug,{ that stiffens the

joint response. Figures are adapted from [101]. . . ... .. .. ... ... 93

XXi



6.7 Experimental setup for robophysical experiments in granular media.
Mini MILR is immersed in granular media and mounted on a gantry, which
constrains its motion to the horizontal plane while allowing both translation
and rotation. The gureis adapted from [101]. . . ... ... ... .. ..

6.8 Validation of system dynamics for predicting emergent shapes under
compliance.Emergent gait trajectories in shape spacg (,) for increas-
ing generalized compliandg. Dashed circles indicate prescribed circular

motor inputs, gray lines show experimental measurements, and red lines

denote simulation predictions. With no complian€z € 0), emergent
gaits closely follow the commanded circular inputs, while body compliance

causes distorted and collapsed trajectories. Simulation results capture the
deformation trends observed in experiments across all compliance regimes.

Figures are adapted from [101]. . . . . . . . . . . . . ... ...

6.9 Veri cation of locomotor performance predictions under varied body
compliance. (Top Experimental snapshots of Mini MILR displacement
after four gait cycles for moderate compliané& € 0:25) and high com-
pliance G = 1). Red and blue dashed lines indicate start and end posi-

tions, respectively. At higher compliance, displacement per cycle decreases

markedly. Bottom) Quantitative comparison of displacement per cycle (in
body lengths, BL) as a function of generalized complia@GcePredictions

from resistive force theory (RFT, blue) and geometric mechanics height-
function integral (red) closely match experimental measurements (black
points with error bars representing standard deviation), capturing the initial
plateau at low compliance and sharp performance drop at high compliance.
Figures are adapted from [101]. . . . . . . . . . . . . . . . ... ... ...

6.10 Gait optimization maximizes performance in Mini MILR. (A) Displace-
ment per cycle as a function of generalized complia@ceCircular-input
gaits (black points) show rapid performance degradation with increasing
compliance, consistent with geometric mechanics predictions (red). Opti-
mized gaits (purple points), identi ed through the proposed optimization
framework, maintain consistently high performance across all compliance
levels. B8) Emergent gait trajectories in shape space for high compliance
levels G = 0:75; 1; 1:.25). Despite variations in compliance, the optimized
motor inputs yield emergent gaits that closely match the theoretical optimal
trajectory (purple), enabling robust high performance. Figures are adapted

95

97

from [101]. . . . . . . 98
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6.11 Execution of optimized gaits in Mini MILR. (A) Shape-space trajecto-

riesG = 1. The optimized suggested gait (black dashed) differs substan-
tially from the theoretical optimal emergent gait (purple), and by executing
the optimized suggested gait, the robot can successfully realize the opti-
mal emergent gait (orange).B) Joint angle traces over one gait cycle.
The emergent joint angles (orange) follow the optimal trajectories (pur-
ple), demonstrating that environmental perturbations and compliance are
exploited to reinforce performance. Figures are adapted from [101]. . .. . 99

6.12 An optimized gait with body compliance enables the robot to traverse

obstacles.(A) Three cylindrical rigid obstacles immersed in the granular
medium. B8) When operating the optimized gait without body compliance

(G = 0), the robot becomes stuck by obstacles in the granular medium

(). With body compliance@ = 1), the robot executing the optimized gait
successfully passes through the obstacles while maintaining the speed (ii).
Figures are adapted from [101]. . . . . . . . . . . . . . .. ... ... ... 101

6.13 Passive responses from compliance augment locomotion capabilities.

7.1

7.2

(A) Compliance in the head joint enables a passive hooking behavior that
aids locomotion upon contact with obstacle®) Compliance in the tail

joint allows passive de ection, reducing resistance from obstacles. Figures
are adapted from [101]. . . . . . . . . ... 103

The bio-inspired omega turn allows agile limbless robot in-place and
in-plane reorientation. (A) The omega () shaped turning behavior of the
nematode wornC. elegandn a gait cycle. Limbless robot reorientation

on various types of terrainB( at hard ground, C) rough grassland[X)

granular media, ande) a pile of rocks. Figures are adapted from [103]. . . 107

The height functions on three 2-dimensional sub-shape spaced.he
height function {op) and self-collision regionkotton) on the shape space
(A)f[ oA, 0 2 S A, 2 Rlg, B) [+ Af]; + 2 SYAr 2 Rig, and
(©fl¢ o, f 2 S o 2 S'g. The red and black colors represent the
positive and negative values of the height function on the top gures. The
dark blue regions in the bottom gures represents the shapes that lead to
self-collision. The blue curve shows the gait pathsf , andf 3, designed

to maximize the surface integral while not passing through the collision
regions. The surface integrals in (A) and (B) is the integral of surface en-
closed by the gait path and the dashed line; in (C) is the integral of surface
enclosed in the lower right corner (shadow by solid line) minus the sur-
face enclosed in the upper left corner (shadow by dashed line). Figures are
adapted from [103]. . . . . . . . ... 109
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7.3

7.4

7.5

7.6

7.7

Effectiveness of omega turn(A) Time evolution of the angular displace-
ment in the simulation and the robot experiments during an omega turn.
Each point represents the average over three trials. Error bars correspond
to standard deviation in all plots/graphs. A sequence of video frames of the
robot depicts the time evolution of the robot's body shape in 10 seconds.
(B) The angular displacement for the turning gaits over a range of turning
wave spatial frequencie&d) on at ground. Error bars indicate the stan-
dard deviation. Omega turns have the largest angular displacement both
in simulation and reality. ) The area swept by the body for the turning
gaits with varied turning wave spatial frequengy The results are normal-

ized by the robot body length squared @LThe time evolution of robot's

con gurations executing the designed gaits over a period are shown in the
red dashed boxes, where the gait fraction is indicated by colors from the
beginning (blue) to the end (red). Figures are adapted from [102].. . . . . . 113

Amplitude modulation of turning gaits. The omega turnk, = 1, high-

lighted) displays the largest tunable range of angular displacement. Three
time-lapse frames of robophysical experiments depicts the courses of turn-
ing with joint amplitude60 ; 75 and90 in one gait cycle. Figures are
adapted from [103]. . . . . . . . .. 116

Turning gaits with spatial frequency variation. The omega turnk, = 1)
performs robustly over different spatial frequencies of the forward Wwave
(number of waves on the body). Starting and ending positions of the omega
turn with variedk; are shown in the robot pictures. Figures are adapted
from [103]. . . . . . . 117

Omega turn with different numbers of joints. The omega turn can be
generalized to different body lengths with ne tuning of omega wave spatial
frequency, as the local maximum of angular displacement shifkg to

0:75 as the joint number decreases. Robot pictures show the key frames
when the robot has the largest local body curvature to form theshape.

Figures are adapted from [103]. . . . . . . . . . . . . ... ... ... ... 118

Omega turns in granular media. The omega turnk, = 1) produces the
angular displacement that approaches that on the at ground. A series of
robot pictures show the course of omega turning in granular media. Figures
areadapted from [103]. . . . . . . . ... 120
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7.8

7.9

8.1

8.2

8.3

Omega turn in a pillar array. (A) Time-lapse images of a limbless robot
executing the compliant omega turn in a pillar array with 0.3 BL spacing.

(B) The omega turn with the compliant control applied in the pillar array
with varied pillar spacing (in body lengths, BL). The compliant omega turn
generates larger averaged turning angle compared to the open-loop turn, as
well as performs more consistently (smaller error bars). Figures are adapted
from[103]. . . . . . 121

Field test of omega turn.(A) Comparison of different turning strategies on

hard ground and on an outdoor rock pile. The omega turn outperforms other
common turning strategies in both environments, and its performance on

the rock pile (001 6:4 ) approaches that on hard groud®80 2:1).

(B) Time-lapse frames show the omega turn enables agile reorientation of

a limbless robot on the rock pile. Figures are adapted from [103]. . . . . . . 123

Obstacle-aided locomotion of a robot and a theoretical modelA) Top

view of the robot navigating among multiple obstacld®). The theoretical

model for obstacle-aided locomotion witleff) a single obstacle andght)

multiple obstacles. Figures are adapted from [104]. . . . . .. ... .. .. 127

Modeling interactions between the robot and obstacles(A) (Leff) The

vector eld V; assuming the obstacle has interactions with the head link

(i, = 1). (Right Force relationship illustrations for interactions between
robot and obstacle.B{) (Left) The vector eldV, assuming the obstacle

has interactions with the head link,(= 1). (RighY) Two conditions are
compared. €) OAL with multiple obstacles. Three conditions are com-
pared. Note that in condition (c), obstacles constrain the lateral and ro-
tational oscillation of robot's central body axis (blue arrow). Figures are
adapted from [104]. . . . . . . . . e 133

Identi cation of gait templates. (A) Collection of effective OAL gaits

for (left) ip = 1, (middle iy = 2, and fight) ip = 3. We consider a gait

to be effective if it can produce displacement greater than 0.1 BL (body
length). Note that there is no effective gait figr= 3. We illustrate the

optimal gait withD = 0:05for i = 3. (B) Height function for OAL

among densely-distributed obstacle€) Parameter variation.Léft) An
illustration of ellipse eccentricity variation by manipulating (Righ An
illustration of ellipse orientation variation by manipulating Figures are
adapted from [104]. . . . . . . . ... 136
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8.4

8.5

8.6

9.1

Robophysical OAL experiments.(A) Sparsely distributed obstacle3o0)

OAL performance as a function of (for xed = =4). Elliptical gaits

( =4) leads to the best OAL performance. (i) Snapshots of robot exe-
cute elliptical gaits ( = =4) among sparsely distributed obstacleBott

tom) OAL performance as a function of(for xed = =4). Elliptical
orientation ( = =4) lead to the best OAL performance. (ii) Snapshots
of robot execute uncoordinated elliptical gaits{ 0) among sparsely dis-
tributed obstacles. B) Densely distributed obstacles. OAL performance
as a function of . Circular gaits ( = =2) leads to the best OAL per-
formance. (iii) Snapshots of robot execute traveling-wave gaits (= 2)
among densely distributed obstacles. Figures are adapted from [104]. . . .

Advantage of elliptical gaits. (A) Snapshots of robots executintpg)
standing wave,nid) elliptical wave, andl§otton) traveling wave locomo-
tion among sparsely-distributed obstacles. Attack angle and contact dura-
tion are labelled.B) (top) Attack angle as a function of. Traveling wave
( = =2)have signi cantly lower attack angle than standing wave=(0)
and elliptical wave ( = =4). (Bottorm) Contact fraction as a function of

. Standing wave have signi cantly lower attack angle than traveling wave
and elliptical wave. *** denotes statistical signi cance with< 0:001

. 138

Figures are adapted from [104]. . . . . . . . . . . . . ... .. ..., 140

Different types of contacts with obstacles.(A) Snapshots of traveling
wave top) and standing wavénpttorm) locomotion among densely-distributed
obstacles. Bene cial, detrimental, and neutral obstacles are lab&ggy, (

the probability of encountering detrimental obstacles, plotted as a function

of . pq decreases asincreases. Figures are adapted from [104]. . . . . . 141

Height functions for designing sidewinding gaits to produce motion in

the desired direction. Height functions on torus (top panel) and on un-
folded Euclidean cover space (lower panel) are shown. The height function
for (A) horizontal spatial frequenc(, = 1:5, V-L ratio K,=K; = 1:3

in lateral direction (the direction perpendicular to body axis) @dhor-
izontal spatial frequenciK, = 0:9, V-L ratio K=K, = 1:2 in rotational
direction. The purple curve in each plot maximizes the surface integral en-
closed in the upper left corner (marked in solid lines) minus the surface
integral enclosed in the lower left corner (marked in the dashed lines). The
assistive lines are shown as lines with green arrows. Figures are adapted
from [106]. . . . . . . .. e 152
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9.2

9.3

9.4

9.5

Examples of statically stable and unstable con gurations(A) The con-

tact state pattern and an example of a statically stable con guration for
gaits with high spatial frequency in both the horizontal wave and the ver-
tical wave. B) (i) The contact state pattern and an example of a statically
unstable con guration for gaits with low spatial frequency in both the hor-
izontal wave and the vertical wave. (ii) Stabilizing the statically unstable
con guration by increasing the vertical spatial frequency. The label and the
axis in panel (A) are the same as in (A)(Example of an unstable con-
guration (left) and an unexpected touchdown (right). Figures are adapted
from [106]. . . . . . . . e 153

Effect of spatial frequency on static stability. (A) (Top) The relationship

between the spatial frequenc{ { = K; = K) and the static stability.

(Bottorm) Robot experiments showed that signi cant turning was observed

in gaits with low static stability and the turning vanished at gaits with high

static stability. B) The relationship between the body rotation and static
stability. The curve appeared to be a piece-wise linear function. In the
range where the static stability is less than 0.5, the body rotation grows
almost linearly with the loss of static stability (R = 0.99). Whereas in the
range where the static stability is higher than 0.5, the body rotation is almost
negligible. Figures are adapted from [106]. . . . . . . . .. ... ... ... 157

Contact pattern comparison of the sine wave prescription (SWP) and

the contact pattern realization method (CPR).(A) Comparison of body
rotations in low-stability (LSK = 0:5), intermediate-stability (ISK =

1:2), and high-stability (HSK = 1:5). Both SWP and CPR cause low

body rotations in LS case and high body rotations in HS; whereas in IS case,
signi cant body rotation is only observed in the SWB-D) Snapshots of

robot experiments implementing gaits using SWP (i) and CPR i) The
comparison of IS body contact pattern from simulation (i), SWP (ii) and

CPR (iii). Figures are adapted from[106]. . . . . .. ... ... ... ... 161

Discrepancy between robot experiments and simulation at low spatial
frequency. We compared the low spatial frequency g#) @nd high spa-

tial frequency gaitB). (Left) Trajectories of body motion in 6 gait cycles.

The colors represent gait periods. Initial positions of the robot indicated

by the black circles. Nliddle) Comparisons of time evolution of displace-

ment of the simulation and robot experimentRigh) The simulation-
experiment discrepancy. Large discrepancies occur in low spatial frequency
gaits. The unit and the axis labels in all panels are the same. Figures are
adapted from [106]. . . . . . . . . . . .. 162
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9.6 Temporal frequency dependency of unstable gaitsDependence of the
rotation angle (per cycle) on the temporal frequency/of gtatically un-
stable translational sidewinding gaits am) étatically unstable rotational
sidewinding gaits on robot experiments. The subplots (i) and (ii) show the
snapshots of the robot implementing gaits in low temporal frequency (0.2
Hz, red) and high temporal frequency (2.0 Hz, blue) over three gait cycles.
Figures are adapted from [106]. . . . . . . . . . . . ... .. ... ..... 164

9.7 Robustness of statically stable gaits as a function of temporal frequency.
Dependence of the rotation angle (per cycle) on the temporal frequency of
(A) the stabilized translational sidewinding gaits aBil the stabilized ro-
tational sidewinding gaits on robot experiments. In both cases, the rotation
angle is steady over a range of temporal frequencies. The unit and the
axis labels in all panels are the same. The subplots (i) and (ii) show the
shapshots of the robot implementing gaits in low temporal frequency (0.2
Hz, red) and high temporal frequency (2.0 Hz, blue) over three gait cycles.
Figures are adapted from [106]. . . . . . . . . . . . . ... ... ... ... 165

10.1 The aquatic limbless robot AquaMILR+ designed for locomotion in
complex and cluttered environments.(A) Full robot assembly, featuring
a modular self-contained untethered architectui&). AQquaMILR+ navi-
gating a laboratory obstacle-rich environment (vertical posts). Figures are
adapted from [107]. . . . . . . . ... 171

10.2 Detailed design of AquaMILR+. (A) An assembly of 4 modules with
3 joints. B) The electronics module contained within the head module,
features onboard power, a single-board computer, and a waterproof power
switch. () An internal diagram of each module and inter-module en-
closure, including the depth control and cable-driving servo motors, cable
routing, and revolute joint.¥) The primary waterproo ng method between
modules, including a gasket seal to clamp modules with in between O-ring.
Figures are adapted from [107]. . . . . . . . . . . . . ... ... 172

10.3 Self-contained depth control system(A) A telescopic leadscrew design
for syringe activation, granting extra stroke in a compact spaBg.Tke
water channel used by the syringes to change AquaMILR+'s buoyancy.
Figures are adapted from [107]. . . . . . . . . . . . . ... 177

10.4 Demonstration of locomotion and depth control capabilities of AquaMILR+.
(A)(i) Straight locomotion across a 3-m-long pool; (ii) implementation of
a turning gait, where the robot can turn with a tight sweeping af@pA (
demonstration of a controlled, slow descent to 1.52 m deep while locomot-
ing forward 1 m. Figures are adapted from [107]. . . . . . ... ... ... 180
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10.5 Evaluation of AquaMILR+ locomotor capabilities, with independent
depth control during undulation. (A) The path of the robot in the tank,
showing control authority over movement directionB) (Video frames
throughout the locomotion from a front-camera view. Figures are adapted
from [107]. . . . . . e 181

10.6 A scale comparison of three generations of AquaMILR(A) AquaMILR
without the waterproof coatB) AquaMILR+, and C) a re ned version of
AquaMILR+. Figures are adapted from [108, 107]. . . .. ... .. .. .. 182

11.1 The effect of the generalized compliance parametei@) on locomotion
performance. (A) The survivor function for varie® values with respect
to distance traveled.B|) Time-lapsed frames showing examples of (i) the
robot becoming stuck & = 0 and (ii) the robot successfully traversing
the lattice atG = 1. Figures are adapted from[108]. . . . . . .. .. .. .. 187

11.2 The effect of gait parameters on locomotion performance(A) Success
traversal rate as a function of spatial frequency (B) Success traversal
rate as a function of amplitud@j. Figures are adapted from [108]. . . . . 188

11.3 The effect of undulation temporal frequency ( ) on locomotion perfor-
mance.(A) Success rate as a function of temporal frequerigyAyeraged
absolute speed of the robot as a function of temporal frequency. Error bars
indicate standard deviations. Figures are adapted from [108]. . . . . .. .. 189

11.4 Inertia-induced body ipping observed in the rigid lattice at high un-
dulation frequency (! = 0:2 Hz, G = 0). When the robot approaches
a near-jamming con guration, accumulated momentum and obstacle re-
action forces generate a torque that ips the body about its longitudinal
axis. The ip reorients the robot and enables continued forward locomo-
tion, demonstrating a new mechanical intelligence principle unique to high-
coasting, three-dimensional movementregimes. . . . . . .. ... ... .. 191

11.5 Locomotion performance in the exible lattice environment. (A) Ex-
pected speed as a function of undulation frequéndgr three body com-
pliance levels. The expected speed was computed as the product of aver-
age successful speed and traverse success BieRefpresentative time-
lapse images comparing performance betw&en 0 (i) andG = 1 (ii)
at! = 0:1Hz. The rigid body failed to progress through the deformable
terrain, whereas moderate compliance enabled continuous propulsion and
successfultraversal. . . . . . . . . .. L L 192
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11.6 Locomotor performance in the oating clutter environment. (A) Av-
eraged speed as a function of body compliaGcat! = 0:2 Hz. Each

data point represents the mean of three traversals, and error bars denote

standard deviation.B) Representative trajectories comparing robots with

G=0andG =05 .. ... . . . .. 193

11.7 Demonstration of AquaMILR swimming upstream in a turbulent ow
environment (G = 0:5,! = 0:4 Hz). Despite the unsteady hydrodynamic

disturbances produced by the pumps, the robot maintained stable forward
ProgresSSIiON. . . . . o o e e e e e e e 194

11.8 Demonstration of AquaMILR navigating a 3D obstacle terrain using
open-loop depth modulation.The robot alternated between ascending and
descending motions while performing undulatory swimming with bidirec-
tional compliance@ = 1). This strategy enabled it to bypass both vertical

and lateral obstacles without feedback control, showcasing the extension

of mechanical intelligence into 3D aquatic environments. The gure is
adapted from [108]. . . . . . . . ...

12.1 Active reversals augment mechanical intelligence in MILR.(A) The

FLP dendrite structure in nematodes and the head collision sensor in the

robot. B) Wave ef ciency (normalized speed) as a function of gener-
alized compliancés for open-loop and closed-loop MILR, showing that
reversals expand the range of effective locomoti®@). Head collision an-

gle probability distributions classi ed by post-collision direction (forward
or reverse) in the robot across differéhvalues, compared wit@. elegans
Figures are adapted from[89]. . . . . . . ... . ... ... ... ... .

12.2 Decentralized real-time compliance tuning enhances aquatic locomo-
tion robustness in AquaMILR. (A) Block diagram of the decentralized
feedback controller implementing real-time lo&@tuning based on torque
feedback. B) Video snapshots illustrating the robot navigating a randomly
distributed lattice. €) Time evolution of localG values along the body,

from head (H) to tail (T). Figures are adapted from [108]. . . . . .. .. ..

12.3 Implementation of the decentralizedG controller in transitioning aquatic
terrain. AquaMILR navigates from arigid lattice into oating clutter while
maintaining forward progression. . . . . . . ... ..o
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AquaMILR Aquatic Mechanically Intelligent Limbless Robot
Cl computational intelligence

MI mechanical intelligence

MILR Mechanically Intelligent Limbless Robot

NDC negative directional compliance
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SUMMARY

Limbless animals such as snakes and nematodes exhibit remarkable capability in nav-
igating complex environments, inspiring the development of limbless robotic systems.
However, most existing designs consist of rigid segments actuated by rotational motors
and often face limitations in mobility and adaptability within heterogeneous or unstruc-
tured terrains. This thesis introduces a new design paradigm centered on mechanical intel-
ligence (MI). A novel actuation mechanism is presented, featuring bilateral actuation along
a exible spine that models the musculoskeletal systems of animals. This mechanism en-
ables effective open-loop locomotion in complex environments through the exploitation of
passive body mechanics and body-environment interactions, thereby reducing reliance on
complex control algorithms while guaranteeing adaptability. Building on this foundation,
computational intelligence (CI) techniques such as gait optimization, tactile sensing, and
closed-loop control are incorporated to achieve enhanced performance across both terres-
trial and aquatic environments. The thesis is organized around three aims: (1) to develop
bilaterally actuated limbless robots to identify and quantify the principles of Ml, (2) to de-
sign and optimize gaits that take advantage of Ml for improved performance, and (3) to
extend established MI principles and discover new ones in aquatic environments, explor-
ing the synergy between MI and CI for robust, adaptive amphibious autonomy. This work
contributes to the development of versatile limbless robots with enhanced autonomy and
resilience, supporting applications in search-and-rescue operations, industrial inspections,

precision agriculture, and planetary exploration.
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CHAPTER 1
INTRODUCTION AND BACKGROUND

1.1 Overview

Locomotion in complex and dynamic environments presents a fundamental challenge for
both biological organisms and engineered robotic systems [1]. From the apping of hawk-
moths [2] to the prancing of gazelles [3], and from the undulation of snakes [4] to the
crawling of nematodes [5], these organisms achieve directed movement through a sophis-
ticated interplay of neural and mechanical control. Neural circuits play a crucial role by
integrating sensory input and generating locomotor commands through intricate signaling
networks, allowing organisms to navigate ever-changing environments by adjusting motor
actions based on external cues. Signi cant progress has been made in unraveling the neu-
ral aspects of locomotor control, including the structure, function, and dynamics of neural
circuits, particularly with well-studied genetic models suclCagnorhabditis elegari$],
Drosophila melanogastdi7], and mice [8].

Beyond neural control, the concept of “neuromechanical” integration has emerged, de-
scribing how active neural commands and passive mechanical processes interact within
body-environment systems. These approaches, primarily explored in ying and walking
systems, demonstrate how organisms utilize re exive or passive responses to maintain sta-
bility in unpredictable conditions [9, 10]. In limbless locomotion, studies have shown that
many limbless organisms move through bilateral actuation, where muscles on opposite
sides of the body contract and relax in coordinated wave patterns. This combination of
active force generation and passive compliance facilitates ef cient movement over uneven
terrains. For example, the Mojave shovel-nosed sn@keofiactis occipitaliy navigates

sandy, obstacle-rich environments using a characteristic sinusoidal motion, bending pas-



Figure 1.1:Diverse limbless robot designs composed of serially chained rigid links and
joints in the limbless robotics literature for versatile tasks and environments.From (A)
to (J): [11, 12, 13, 14, 15, 16, 17, 18, 19, 20].

sively around obstacles rather than relying on active sensing.

Motivated by the remarkable ability of limbless organisms like snakes and nematodes
to adapt and move through complex terrains [21, 22, 23, 4, 24, 25, 26], researchers have de-
veloped limbless robots aimed at traversing challenging environments. These robots show
potential in applications where traditional wheeled and legged systems struggle, such as
search-and-rescue missions, industrial inspections, precision agriculture, and planetary ex-
ploration. However, despite often being referred to as snake-like [12, 13, 27, 28], these
robots have yet to match the locomotion capabilities of even the simplest limbless organ-
isms like nematodes, particularly in complex environments. Most existing limbless robots
employ rigid, rotary-actuated modules [11, 12, 13, 28, 15, 16, 17, 18, 19, 20], which
lack passive mechanical adaptability and struggle to cope with unpredictable terrains that

natural counterparts navigate with ease (Figure 1.1). While soft limbless robots with com-



pliant bodies have emerged over the past decade [29, 30, 31], challenges related to air/ uid
handling mechanisms and the complexity of modeling intrinsic material properties have
limited their practical applications. Hence limbless robots have yet to ful Il their promised
potential.

To address these challenges, this thesis proposes a new class of limbless robots that
employ bilateral actuation along a exible spinal structure, modeling the actuation mecha-
nisms of biological musculature. By adopting a decentralized cable-driven musculoskele-
tal system, this design introduces programmable body compliance, signi cantly reducing
the reliance on computationally intensive control algorithms for terrain adaptation. This
approach enables the robot to spontaneously react to terrain heterogeneities through pas-
sive environmental interactions, mirroring the effectiveness observed in biological systems
while enhancing the robot's navigation capabilities in diverse and dynamic environments.

Current approaches to limbless locomotion in complex environments only emphasize
computational intelligence (Cl)—the utilization of sensing, reasoning, and decision-making
to process information, recognize patterns, and adapt behavior for effective perception,
control, and autonomy. In contrast, our approach relies fundamentally on mechanical in-
telligence (MI)—exploiting the robot's physical properties to facilitate movement and sta-
bility in natural, unpredictable environments, thereby reducing computational load. This
paradigm shift of oads the complexities of sensorimotor control to MI, freeing onboard
resources for higher-level Cl tasks such as objective-oriented motion planning and control.

The primary aim of this proposal is to advance the development of bilaterally actu-
ated limbless robots that capitalize on Ml principles for locomotion in complex, cluttered,
and unpredictable environments. The research is structured around three key aims: (1)
to develop bilaterally actuated limbless robots to identify Ml principles, (2) to develop
models for gait optimization and explore diverse bilateral actuation morphologies to max-
imize terrestrial capabilities, and (3) to validate the bilateral actuation strategy in aquatic

environments and explore the synergy between Ml and CI for robust, adaptive amphibious



multimodal locomotion. Achieving these aims will enhance the robot's ability to navigate
diverse environments, advancing the practical applications of limbless robots in agriculture,

aquaculture, planetary exploration, and search-and-rescue operations.

1.2 Related work, state of the eld

1.2.1 Limblessrobotmorphologyanddesign

The development of limbless robots dates back to Hirose's 1972 design [11], which intro-
duced a serially actuated articulated body with rotary motors at its joints, enabling move-
ment in the horizontal plane. This early design, like many subsequent limbless robots,
relied on passive wheels to create anisotropic friction, facilitating forward movement on
at surfaces. Over the years, numerous advancements have re ned this approach, leading
to serially connected modular robots designed for planar movement using passive wheels,
such as those in [27, 32, 33, 34].

To expand beyond planar motion, a class of limbless robots incorporated yaw and
pitch joints, allowing three-dimensional locomotion. These robots, often retaining pas-
sive wheels [12, 17, 35, 36], could generate anisotropic friction for effective movement
on at surfaces and transitions between smooth surfaces but remained limited in uneven
and cluttered environments, where passive wheels became ineffective. To address this,
researchers explored wheel-free designs [28, 13, 16] that rely on environmental contact
forces to generate thrust, such as pushing against obstacles [37, 13] for planar motion or
employing intermittent contact strategies [38, 39, 40, 41, 42, 43].

In recent years, the emergence of soft limbless robots has introduced an alternative
paradigm, leveraging functional soft materials powered by pneumatic, hydraulic, or elec-
troactive actuators [44, 29, 45, 46, 47, 48]. These robots naturally conform to their sur-
roundings, offering whole-body compliance that traditional rigid robots lack. However,
soft robots suffer from low actuation bandwidt (L0 Hz), and limited motion precision

and controllability, restricting their practical applications where higher actuation speed and
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force generation are necessatry.

1.2.2 Formsof locomotionanddevelopmenof gaits

While the hyper-redundancy of limbless robots enables high exibility, coordinating their
many degrees of freedom for effective locomotion remains a signi cant challenge. Re-
searchers have extensively studgait (the sequencing of body movements) design to
achieve ef cient forward motion, turning, and terrain adaptation. One of the most widely
used bio-inspired gaits in 2D limbless robots is lateral undulation, modeled after snake un-
dulatory movement [49]. By commanding joints to follow sinusoidal waves propagating
from head to tail, robots can generate propulsion under anisotropic ground friction con-
ditions [11, 50]. Robots with yaw and pitch actuation have enabled more complex 2.5D
and 3D locomotion modes, such as sidewinding [39, 38, 40, 41], sinus lifting [51, 52],
crawling [53, 54, 55], and concertina [56, 57] gaits, which are particularly useful for nav-
igating uneven and structured terrains. Beyond biologically inspired motions, engineered
gaits such as rolling [58, 59] and climbing [60, 61] have demonstrated effective movement
in speci ¢ environments.

To optimize locomotion performance, geometric mechanics [62] has emerged as a key
tool for linking body shape changes to locomotion velocity. By mapping the relationship
between joint velocity in shape space and resulting displacement in global position space,
geometric mechanics enables the systematic optimization of gait templates [63, 64, 65].
This framework has been instrumental in optimizing gait template parameters, and devel-
oping new locomotion strategies for diverse environments. Despite these advances, most
gait optimization studies have been conducted on rigid-body robots without signi cant
consideration for MI. This proposed research aims to integrate compliance into geomet-
ric mechanics frameworks, optimizing MI-driven gaits that enhance agility and robustness
across heterogeneous substrates. To complement geometric mechanics, other modeling

approaches include dynamical system modeling [66, 67] and pure geometry-based curve



tting [43, 68, 69, 70]. These methods provide parallel strategies for gait analysis and

optimization and have contributed signi cantly to the eld.

1.2.3 Motion planningandcontrolin complexenvironments

Building on fundamental locomotion strategies such as lateral undulation and sidewind-
ing, researchers have developed high-level motion planning techniques to enable limbless
robots to operate in diverse and dynamic environments. Two primary challenges in mo-
tion planning involve path following in structured spaces and target-oriented exploration in
unknown environments [71].

In homogeneous, obstacle-free settings, motion planning focuses primarily on modu-
lating locomotive direction to reach a target [72, 73]. However, in cluttered and unstruc-
tured environments, robots must interact with obstacles, leading to two major planning
approaches: obstacle-avoidance and obstacle-aided locomotion. Obstacle-avoidance strate-
gies use precomputed routes to navigate around obstacles [74, 75], but these methods often
fail in real-world scenarios where prior environmental knowledge is limited. Obstacle-
aided locomotion, on the other hand, actively leverages environmental contacts to generate
propulsion, allowing robots to maneuver through con ned or obstacle-rich spaces [13].
While more adaptable, this approach requires designing the body shape to precisely match
the density and distribution of obstacles, which must be determined in advance. Otherwise,
improper contact may occur, potentially trapping the robot between obstacles.

Most existing motion planning strategies rely heavily on Cl—using sensing, mapping,
and control algorithms to continuously adjust the robot's body shape based on environ-
mental feedback [37, 76, 71, 77, 78]. While effective in structured environments, these
approaches struggle in unpredictable terrains where sensory input may be unreliable or
computationally expensive. Motion planning for specialized environments, such as climb-
ing ladders, rolling through pipes, and transitioning between substrates, has also been ex-

plored [16, 59, 79]. However, these methods typically assume that the robot's rigid body



can precisely achieve the planned geometry, overlooking the role of Ml in adapting to en-

vironmental uncertainties.

1.2.4 Tendon-/cable-drivemechanism othertypesof robotplatforms

Cable-driven robots encompass a wide range of robotic systems that utilize cables for ac-
tuation, offering advantages such as exibility, lightweight construction, and the ability to
generate complex motions. Continuum robots [80, 81] are designed primarily for manip-
ulation tasks. They employ centralized actuation from a xed base to bend a continuous,
exible structure, making them well-suited for applications requiring dexterity and pre-
cision, such as minimally invasive surgery [82, 83] and industrial manipulation [84, 85].
The continuous and smooth bending motion of these robots allows for intricate manipula-
tion within constrained environments. Cable-driven parallel robots (CDPRS) [86, 87] are
another class of cable-actuated systems designed to manipulate or position a rigid end-
effector. These robots consist of multiple cables attached from xed anchor points to a
mobile platform, which moves by precisely controlling cable tension. CDPRs are partic-
ularly advantageous for large workspace manipulation and tasks requiring high stiffness,
such as heavy load handling and precise positioning.

While both continuum robots and CDPRs are primarily designed for manipulation and
positioning, the proposed cable-driven limbless robots are fundamentally different in their
use of cable actuation. Instead of focusing on manipulation, they employ distributed actu-
ation along the robot's body to achieve self-propelled locomotion for traversing complex

and unstructured terrains.

1.3 Biological inspiration of bilateral actuation

Many limbless organisms achieve locomotion through bilateral actuation, in which mus-
cles on opposite sides of the body contract and relax in coordinated traveling waves (Fig-

ure 1.2A, B). This coordination integrates longitudinal and oblique muscle groups along



Figure 1.2:Versatile limbless locomotion facilitated by bilateral actuation. Nematode
Caenorhabditis eleganfA) and Mojave shovel-nosed snakiionactis occipitalis(B),
along with cross-sectional anatomy [88, 89, 9D].elegangC) andChionactis occipitalis
(D) move on obstacle terrain€E) A schematic of snake muscle activation during obstacle
negotiation [4].
the axial skeleton, producing curvature waves that propagate from head to tail. Snakes
possess a bilaterally symmetric axial musculature, where paired epaxial and hypaxial mus-
cles contract antagonistically to generate undulatory bending [22, 88]. The axial system
consists of three major longitudinal columns of epaxial musclesspi@lis-semispinalis
longissimus dorsiandiliocostalis Each column contains overlapping segments that ex-
tend across multiple ribs and vertebrae, forming a continuous series along the trunk. These
muscle bundles are interconnected by tendinous linkages that transmit forces between ad-
jacent segments. Ventral and hypaxial muscles occupy the lower body wall and connect
to the ribs and abdominal structures. Together, this bilateral musculoskeletal architecture
forms a continuous, segmented framework surrounding the vertebral axis and providing the
primary structural basis of the body wall in snakes [88].

Beyond vertebrates, the nematddaenorhabditis elegangrovides a complementary
model at the millimeter scale. Its body-wall musculature is arranged into four longitudi-
nal quadrants along the dorsal and ventral surfaces [90]. Each quadrant contains spindle-

shaped muscle cells that attach to the cuticle through dense bodies and M-line analogs,

forming obliquely striated sarcomeres with actin and myosin laments. Alternating con-



traction of dorsal and ventral muscles generates curvature that propagates as a traveling
wave along the body. Muscle cells extend arms toward the nerve cords, forming neuromus-
cular junctions and gap junctions that synchronize contractions between quadrants [91].
This bilateral arrangement, together with the compliant cuticle and hypodermis, forms an
integrated body-wall structure in which muscles, extracellular matrix, and epidermal layers
are mechanically coupled.

The biological mechanisms described above manifest clearly in observed locomotor
behaviors (Figure 1.2C, D). The nematddeelegangenerates traveling curvature waves
through alternating activation muscle bands, producing smooth undulations in homoge-
neous media and adaptive gait changes in structured environments. Similarly, the Mo-
jave shovel-nosed snak&hionactis occipitalisnoves through obstacle-rich terrains using
a stereotyped sinusoidal waveform that allows the body to buckle passively around posts or
obstacles [4]. This passive accommodation arises from the bilateral activation of muscles
that resist shortening while yielding to lengthening, enabling smooth de ection and for-
ward progress (Figure 1.2E). Together, these examples demonstrate how bilateral actuation
integrates active force production with passive mechanical compliance, allowing limbless

organisms to maintain propulsion and stability across heterogeneous terrains.

1.4 Concepts of mechanical intelligence (MI) and computational intelligence (CI)

Locomotion in animals and robots arises from the coordination of body mechanics, sensing,
and control. Two complementary forms of intelligence contribute to this coordination:
mechanical intelligence (MI) and computational intelligence (CI).

Mechanical intelligence (MI) is a concept proposed and discussed in recent works that
explore how physical structure, material properties, and passive dynamics can simplify
perception and control in robotic systems [92, 93, 94, 95, 96]. In this thesis, Ml refers
to mechanisms that make challenges for perception, control, and autonomy easier or more

robust for natural, unstructured, and often unpredictable environments by virtue of their



physical properties. This perspective emphasizes that the body's morphology and intrinsic
mechanics can contribute directly to adaptive behavior, allowing the system to stabilize
motion, absorb perturbations, and interact effectively with complex terrains without relying
entirely on computation or sensing. MI therefore captures the functional role of physical
embodiment, in which mechanical design performs part of the control and decision-making
normally handled by algorithms.

Computational intelligence (CI) has been widely used in robotics and control to de-
scribe processes that involve sensing, reasoning, and decision-making to process infor-
mation, recognize patterns, and adapt behavior in response to perturbations for effective
perception, control, and autonomy [97, 98, 99]. In this thesis, CI captures the capability of
a system to sense, reason, and make decisions that enable perception, planning, and adap-
tive control for goal-directed behavior. Cl includes both feedforward (of ine) form, which
involves motion planning and gait optimization based on predicted/known environmen-
tal conditions, and feedback (online) form, which governs real-time decision-making and
closed-loop control. Together, these forms of CI provide the ability to interpret sensory in-
formation, plan trajectories, and continuously adjust actions to achieve speci c objectives.

Although MI and CI arise from different mechanisms, they are most effective when
integrated. MI provides robustness and adaptability, whereas CI supplies precision and
autonomy. Effective locomotion depends on their hierarchical coordination, in which me-
chanical mechanisms handle fast, local adaptation and computational processes manage
higher-level planning and decision-making.

This thesis follows the hierarchical framework shown in Figure 1.3, progressing from
MI as the foundation for spontaneous adaptation, through feedforward CI for environment-
speci ¢ gait optimization, to feedback CI for high-level real-time capability and autonomy.
The integration of these levels de nes a pathway toward full-body intelligence, enabling

robust and effective locomotion across complex and unpredictable terrains.
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Figure 1.3:A hierarchical framework for limbless locomotion. Locomotor intelligence
emerges through the integration of mechanical and computational intelligence layers. Low-
level adaptation arises from body compliance and passive mechanics (mechanical intelli-
gence, Layer 1). Mid-level gait optimization encodes of ine, feedforward planning based
on environmental context (computational intelligence, Layer 2). High-level online feed-
back control and decision-making enable task-oriented autonomy (computational intelli-
gence, Layer 3). Together, these layers form a uni ed framework for full-body intelligence
and all-terrain locomotion.

1.5 Ouitline of chapters and thesis organization

This thesis consists of three parts and thirteen chapters, organized to follow a progressive
framework of full-body intelligence. As illustrated in Figure 1.3, full-body intelligence
emerges from the synergy between mechanical and computational mechanisms operating
across different levels of physical and algorithmic abstraction. Together, the three parts
complete this hierarchy by moving from local-level body adaptation to mid-level motion
planning and optimization and, ultimately, to high-level closed-loop control for environ-
mentally responsive locomotion across diverse terrains.

Part | focuses on identifying and implementing the principles of Ml that enable limb-
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less robots to achieve robust and adaptive locomotion via pure passive body mechanics

alone.

» Chapter 2 introduces the bilaterally cable-driven limbless robot MILR, establishing
programmable body compliance as a quantitative measure of MI. This chapter is

adapted from [89].

» Chapter 3 demonstrates how passive body compliance and environmental interac-
tions produce emergent open-loop locomotion without sensing or feedback. This

chapter is adapted from [89].

» Chapter 4 extends Ml principles to a sidewinding variant of MILR, showing that me-
chanical intelligence stabilizes sidewinding motion on complex terrains. This chapter

is adapted from [100].

» Chapter 5 upgrades MILR into a morphology-varying variant, which adds out-of-

plane rolling joints to realize three-dimensional, multimodal gaits.

Together, these chapters de ne the physical foundation of mechanical intelligence and
show how passive body mechanics can generate stable and versatile terrestrial locomotion
on complex terrains.

Part Il builds upon the mechanically intelligent platforms developed in Part | to intro-
duce computational frameworks that enhance their performance through modeling, control,

and optimization.

» Chapter 6 formulates a cable-driven model within a geometric-mechanics frame-
work to predict locomotor behavior and optimize actuation patterns. This chapter is

adapted from [101].

» Chapter 7 develops omega-turn gaits, demonstrating effective in-place turning be-

haviors inspired by nematode motion. This chapter is adapted from [102, 103].
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» Chapter 8 expands gait modeling to obstacle-aided locomotion, mapping environ-
mental constraints into shape-space dynamics to improve the ability to utilize sur-

rounding obstacles. This chapter is adapted from [104].

» Chapter 9 explores sidewinding gait optimization, revealing how frequency and con-

tact modulation balance speed and stability. This chapter is adapted from [105, 106].

Collectively, these chapters show that computational modeling and optimization can achieve
globally improved locomotor performance while preserving the system's ability to exploit
mechanical intelligence for handling local environmental perturbations.

Part lll extends the study of mechanical intelligence to aquatic environments and in-
tegrates sensing and control strategies toward amphibious autonomy. It revisits Ml princi-
ples under hydrodynamic conditions, and explores decentralized feedback mechanisms for

adaptive interaction with complex media.

» Chapter 10 introduces the AquaMILR series, extending mechanical intelligence to
underwater environments through waterproofed, untethered designs. This chapter is

adapted from [107].

» Chapter 11investigates mechanical intelligence in aquatic contexts, exploring how
compliance and hydrodynamics jointly shape movement under varied environmental

conditions. This chapter is adapted from [108, 107].

» Chapter 12 incorporates sensing and decentralized feedback control, bridging me-
chanical and computational intelligence for context-responsive behavior and advanc-

ing toward amphibious autonomy. This chapter is adapted from [89, 108].

Together, these chapters demonstrate how the integration of mechanical and computational
principles broadens the operational envelope of limbless robots and drives their evolution

toward fully autonomous amphibious locomaotion.
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Collectively, the three parts realize the complete hierarchy of locomotor intelligence
envisioned in Figure 1.3 and establish a uni ed framework for full-body intelligence and

all-terrain locomotion in limbless robots.
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Part |

Developing bilaterally actuated limbless
robots to identify mechanical intelligence
principles for versatile terrestrial

locomotion in complex environments
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Part | of this thesis focuses on identifying and implementing the principles of mechan-
ical intelligence that enable limbless robots to achieve robust locomotion in complex and
unpredictable terrestrial environments. Mechanical intelligence refers to mechanisms that,
through their inherent physical properties, simplify challenges associated with perception,
control, and autonomy in natural, unstructured settings. With a focus on bilaterally actu-
ated systems that model the bilateral actuation morphology in organisms such as snakes
and nematodes, this part explores a substantially different locomotor strategy designed for
environments where traditional wheeled, bipedal, or even myriapod robots struggle.

Building upon this foundation, the following chapters develop a family of bilaterally
actuated robots that embody mechanical intelligence through symmetric antagonistic ac-
tuation and tunable body compliance. These include the baseline MILR platform, along
with the sidewinding and morphing variants that extend mechanical intelligence to diverse
and three-dimensional terrestrial motions. Together, they establish the physical basis of
mechanical intelligence and demonstrate how passive body mechanics alone can facilitate

stable, adaptive, and versatile locomotion.
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CHAPTER 2
DEVELOPMENT OF A NOVEL CLASS OF BILATERALLY CABLE-DRIVEN
LIMBLESS ROBOTS

2.1 Introduction

To model the bilateral actuation mechanisms of organisms such as snakes and nematodes [88,
109, 90], we developed a cable-driven limbless robot, Mechanically Intelligent Limbless
Robot (MILR) [89]. MILR (Figure 2.1) is a hybrid hard-soft robot featuring an 86 cm long
body with seven single-degree-of-freedom passive bending joints. Each joint is actuated by
two non-elastic cables on opposite sides, with independent control over each cable's length
through a cable-pulley-servo system. By coordinating the cable lengths to generate angu-
lar oscillations of the joints along the body, MILR replicates the undulatory locomotion
observed in natural limbless organisms. The design allows for programmable and quan-
ti able body compliance through cable actuation, which is essential for enabling passive
body mechanics and effective body-environment interactions. This programmable compli-
ance represents a physical manifestation of mechanical intelligence (Ml) in the proposed
limbless robotic system.

Building upon this design, this chapter establishes the foundation for implementing
and quantifying Ml in bilaterally actuated limbless robots. We rst describe the detailed
structure of the cable-driven mechanism, emphasizing how the bilateral cable architecture
enables distributed control of joint angles and stiffness. We then formulate a generalized
compliance paramet& that regulates the tightening and relaxation of the cable pairs. This
parameter provides a simple yet powerful means to describe and modulate the robot's body
compliance, allowing the emergence of passive mechanical behaviors during undulatory

motion.
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Figure 2.1:The mechanically intelligent limbless robot, MILR. (A) The robot features

a bilateral actuation mechanismB)(A conceptual illustration of body postures and an-
tagonistic cable activities over one gait period in MILE) (An example of MILR fully
equipped for experiments and computer-aided design drawings detailing the components.
Figures are adapted from [89].

Through a combination of static deformation tests and dynamic wave generation ex-
periments, we characterize hdi governs the effective stiffness, torque response, and
deformation symmetry of the system. These analyses demonstrate that body compliance
can be precisely tuned and exploited. The resulting framework establishes the mechanical
foundation for subsequent chapters, extending the concept of programmable compliance to
locomotion across varied terrestrial and aquatic environments.

This chapter is adapted from my previously published peer-reviewed work [89].

2.2 Robot design

MILR is constructed from a chain of linked identical modules. Each individual module
consists of a two-axis servo motor housed inside a case. The cases are attached to one
another with a unilaterally bending joint linkage. Pulleys are then attached to each axis
of the motor, and the pulleys are spooled with strings, which are referred to as cables. To
complete the design, the cables are unspooled through the case and xed onto the case

ahead of the current one.

18



Each module contains a Dynamixel 2XL430-W250-T servo motor (ROBOTIS), which
has two axes that can be controlled independently. This feature enables the left and right
cables to be adjusted to different lengths as needed. With a stall torque of 1.4 Nm, the motor
provides ample support for the cable tension resulting from body-environment interactions.
Additionally, the motor offers precise and continuous position control, with small enough
resolution for multiple rotations. This feature allows for accurate cable length controls,
where it is assumed that the cable length was approximately proportional to the motor
position within the range between the maximum and minimum cable lengths.

The case that houses the servo motor serves as the main structural component and skele-
ton of the body. It is custom designed (55 mm length, 68 mm diamater) and manufactured
to t the motor's geometry and is 3D printed using PLA material. To attach the case to
other components, such as the joint and wheels, heat-insets are inserted into all the holes.
All the cases are identical, except for the one at the anterior end (head) of the robot, which
has a spherical surface for smoother head-obstacle interactions.

The joint (28 mm length) connecting adjacent modules in the system provides one
degree of freedom rotation, with the axis of rotation perpendicular to the ground surface.
We 3D print joints with PLA material. Each joint allows a full range of 180 degrees of
rotation, from 90to +90 degrees, with the neutral position @tlegrees where the two
links align. The joints are secured to the cases with two screws that connect directly to the
heat insets, facilitating easy rearrangement and replacement.

The cables are the component that drives the movement of the robot. To achieve this,
we utilize nonelastic shing lines (Rikimura) that boast high tensile strength of U8
pounds and demonstrate negligible deformation and shape memory upon stretching. To
control the shortening and lengthening of the cables, we employ pulleys (9.5-mm diameter)
that are 3D printed using PLA material and attached to each rotational shaft of the servo
motor. One end of each cable is xed to the pulley, whereas the rest is tightly wound around

it. This con guration allows the length of the cable to vary proportionally with the rotation
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angle of the pulley, which can be accurately controlled by the servo motor. The other end
of each cable is threaded through a small guiding hole on the edge of the case and attached
to the other case linked by the joint. For each joint, two cables are present on either side,
controlling the full range of motion of the joint. A cable shortens when it is taut and under
tension, whereas it lengthens when it is slack and has no tension.

Our robot is controlled using code developed with the Dynamixel SDK library and
programmed in MATLAB. Control signals are transmitted to the robot from a PC via U2D2
(ROBOTIS). We power the motors using a DC power supply with a voltage setting of 11.1
V. As the servo motors are connected in a daisy chain con guration for both power and
communication, we connect the U2D2 and power supply to the last motor in the series.

In some experiments and applications settings, we use an mesh sleeve (1.75-inch ID
polyester fabric expandable sleeving, McMaster-Carr) to wrap around the robot body. Note
that the sleeve cannot create anisotropy to provide any extra propulsion. The benet of
using an isotropic sleeve is twofold. The robot is made of discretized hard modules and
joints; therefore, it can get wedged unexpectedly in the heterogeneities because of the
irregular structures, such as edges of the case. The sleeve can smooth the discretization of
the body to allow for more continuous body contact with the environment. The sleeve also
provides weak passive elasticity, facilitating a weak but inherent “potential” for the robot
to return to the straight posture.

In some experiments and applications settings, we equip the robot with wheels. The
wheels are attachable components that can be attached or removed from the bottom of each
case. To attach wheels onto the case, a base is 3D printed using PLA and screwed to the
base. Then, the wheel frame (LEGO) is screwed into the base. The wheels are passive,

non-actuated.
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Figure 2.2:lllustration of a single MILR joint. Geometry of the joint mechanical design
for the calculation of exact lengths of cablesandL! to strictly form a suggested angle
i. The gure is adapted from [89].

2.3 Basic shape-based control

To implement a basic traveling-wave locomotion pattern on MILR, we developed a shape-
based control scheme based on the “serpenoid” template [11]. The template can generate a
central pattern that enables a wave to propagate from head to tail,iithheint angle ;

in the spine at timé follows

i(t)= Asin(2 I\Il_ 2t )

A cos(2!t )sin(2 ,\il—) Asin(2!t )cos(2 |\i|_) (2.1)

= wa(t) (i) + wa(t) 5 (0);

whereA, and! are the amplitude, the spatial and temporal frequencies of the wave,

the joint index, andN is the total number of joints. The joint anglegiven by this tem-

plate will be further referred to as the “suggested” angle (the angle that would be realized
absent all external and internal forces apart from those applied by the cables). Thus, the
suggested gait path (the trajectoryvef(t) andw,(t)) forms a perfect circle in the shape

space spanned by, andws,.
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We calculated the exact lengths of the left and right cables that can form a joint angle
,L'( i) andL"( ;), based on the geometry of the joint mechanical design (Figure 2.2).

“Exact length” means the cable is in a shortened state, forming a straight line.LTrars

L' follow q L
L'( )=2 L2+ L?cos Ei+tan YT
L . (2.2)
— i 1 c
L'( )=2 LZ+ L?cos E+tan L
Considering design parameters of MILR, the equations simplify to
L'( )=79:2cos — + — mm
2 4 (2.3)
e .\ = . 0 + .
L'( i) =79:2cos >t 2 mm:

Thus, by controlling the length of each cable in MILR following Equation 2.3, the
robot can accurately form any desired body shape, thus can achieve any capability that a

conventional serially actuated limbless robot can achieve.

2.4 Shape space kinematics

To simplify the analysis of locomotion kinematics, we employed dimensionality reduction
techniques. Previous studies have applied principal component analysis (PCA) to undula-
tory systems such as nematodes and snakes, showing that most body postures can be repre-
sented as linear combinations of sine-like shape-basis functions, despite the inherently high
dimensionality of postural data [110, 111]. By considering the rst two dominant principal
components, we assume that the body curvature pro & timet and positions (s = 0

denotes the head asd= 1 denotes the tail) can be approximated by:

(s;t)

wi(t)sin(2 s + )+ wy(t)cos(2s + )
(2.4)

wi(t) 1(s) + wa(t) 2(s);
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where is the spatial frequency of body undulation obtained from direct tting, and

is the emergent phasew;(t) andw,(t) are the reduced shape variables describing the
instantaneous posture of the locomotor at timBy projecting curvatures onto the shape-
basis functions ;.5(s), locomotion can be visualized as a trajectory in a two-dimensional
“shape space” de ned by, andw;, (Figure 2.3A).

However, robots such as MILR are composed of a nite number of discrete joints. To
understand how the shapes of a discretized, jointed body correspond to a continuously
curving undulator, we rst evaluate the curvature of a continuous body at a discrete set of
points along its length:

(i;t) = Asin(it + kqi); (2.5)

wherei is the index of the discretized points.

We further decompose the serpenoid traveling wave into temporal and spatial compo-

nents:

(50 (it poghl « pogs ) inf

wi(t) 10 w3 (1) 2(0)
= wy(t) 1) + wa(t) oi); (2.6)

where (i) and (i) are time-invariant shape-basis functions that describe a serpenoid
traveling wave.

Next, we apply the serpenoid curve to a robot composed of discretized joints and links.
De ne T(i) as the tangent vector evaluated atittile point along the curve. Note tha{i)
has unit lengthjT(i)j = 1. LetT(i + 1) denote the unit tangent vector at thier 1) -th
point. The distance between two consecutive pointsss= L=N, whereL is the total

length of the curve anll is the total number of points. The curvatur@) is de ned as

()= fim ITA*D TOI

N1 s (2.7)
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Figure 2.3:Visualization of waveforms in the 2D shape spacgA) An undulator with a
continuous body(. elegany (B) A 9-link limbless robot with a discretized body. Figures
are adapted from [112].

We de ne (i) as the joint angle between the tangent vec®fis+ 1) andT(i). From

geometry,
jT@+1) TWj=j Tj=2sin( (i)=2): (2.8)

Substituting Equation 2.8 into Equation 2.7, we obtain

i = tim 25NC0=D),

N 11 L=N (2.9)

Sincelimyy;,  2sin( (i)=2) = (i), we have (i)= N (i)=LasN !'1 . Therefore, in
a discretized system (such as a robot), the joint angld ) serves as a discrete analog of

curvature in the continuous case, describing the system kinematics:

(1) = wa(t) (1) + wa(t) ,(i); (2.10)

as in Equation 2.1. Projecting the joint-angle trajectoriegt); »(t);:::; ~(t)gonto the
shape basefls ; (i); ,(i)gyieldsw;(t) andw,(t) in the shape space, which describe the

robot's kinematics (Figure 2.3B).
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2.5 Generalized compliance, de nition of programmable and quanti able body com-

pliance

The bilateral cable actuation mechanism enables body compliance in MILR. However, in
contrast to soft limbless robots that inherit compliance from soft materials which are usually
hard to modulate, cables in our robot are non-elastic, and thus their lengths can be explicitly
controlled. This allows the body compliance in our robot to be quanti able, programmable,
inhomogeneous, and anisotropic, simply by appropriately coordinating the lengthening and
shortening of cables.

To implement programmable body compliance in MILR, we developed a cable length
control scheme based on the suggested angle template, where the lengths of the left and

right cables ! andL!) for thei-th joint following

8
o Z LIl A min(1;2G; DI+l [(2G 1A+ ] if (> (2G 1A
2 r i i . .
Li( )= LiC ) if i (26 1A

z LITA min(1;2G; D]+ 1o [(2G 1)A ] if < (2G 1A

(2.11)
where ; is the suggested angla,is the wave amplitude as in Equation 2.4,andL! are
the exact lengths of left and right cables to form|, is a design parameter that determines
how much a cable will be lengthened and is xed throughout this w@rkis the general-
ized compliance for theth joint, a key controller parameter to enable programmable body
compliance. Notice that unless speci cally stated, we keep the generalized compliance
value to be the same throughout all join®s, = = Gy = G. The generalized compli-
anceG 2 [0;+1 ) is a parameter that expands the range of possible angles that can occur
for a given suggested angle by altering the lengths of the cables on alternate sides; thus

G intuitively works as a standalone “knob” in the control that allows for programmable

body compliance—increasing leads to more compliance. Moreov&,is a dimension-
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less quantity that quanti es body compliance and not related to the robot's geometry and
characteristics of the environment that the robot locomotes in.

We followed Equation 2.11 to control the lengths of the left and right cab:lzésfor
thei-th joint. We converted the linear motion of shortening and lengthening cables to the
rotary motion of pulleys by spooling cables onto them. Since arc length is proportional to
the center rotational angle, which we can directly control via servo motor (4096 positions
per full rotation,0:088 resolution), we commanded the motor positi®rio achieve the

shortening and lengthening of cable lengthising
P(L)=Po L (2.12)

wherePy is the position of the motor when the cable length is O (calibrated for each ca-

— Motor positions per full rotation . 4096 — . 1
ble), and = Cable coil length per full rotation”™ D puiey 137:2mm *. Note thatl 0 and

we regulated the positive direction of motor rotation corresponds to the shortening of the
cable, according to our mechanical design, tRy$s the maximum motor position and

is positive. Also note that, we neglected the change of pulley radii due to the thickness
of the cable € 0:5 mm). By substituting Equation 2.11 into Equation 2.12, we obtained
the control policy in terms of motor position that we directly programmed to run the robot.
Practically, we setl o to be a constant with a magnitude 00 throughout this work,
yieldinglo = 0:73mm/degree.

To provide a better understanding of the generalized compli&)cee narrate the
robot's compliant states under three representative generalized compliance values below.
At G = 0 the robot is bidirectionally non-compliant (Figure 2.4A), where all cables are
shortenedl(!( ;) = L!( ;) andL!( ;)= L{( ;)) so that joints are non-compliant. When
G =0, joint angles can precisely track the suggested angles. The projection of joint angle
trajectories in the con guration space to the shape space (following the method given by

Equation 2.10) then is a perfect circular orbit. Speci callyGat 0 the robot behaves as a
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conventional rigid limbless robot; all joints can resist forces from either sides.
At G = 0:5 the robot is directionally compliant (Figure 2.4B), where either the left

or right cable of a joint is lengthened |(or L| departs fromL! or L!) so that the joint is
directionally (anisotropically) compliant, thus can admit forces to bend further but reject
forces from the other side which would otherwise cause the bend to decrease. In the direc-
tionally compliant state, a joint is allowed to form an angle (the emergent ahgkh a
larger absolute value than the suggested angtewhen a joint is suggested to bend to the
right ( > 0), the left cable will be lengthened (with an amountif;) so that the joint
can be bent further to the right direction, thus its emergent anghkn be larger than the
suggested angle, ; and vice versa, the right cable will be lengthened when 0
so that . Note that when =0, L!(0) = L!(0) andL{(0) = L{(0)so =0. As
a result, the projections of all feasible joint trajectories ahto the shape space yield a
feasible region for gait paths to be perturbed by external forces, where the inner boundary
is the “suggested” circular gait orbit.

At G = 1 the robot is bidirectionally compliant (Figure 2.4C), where both the left and
right cables of a joint are lengtheneld! @ndL! departs fronlL! andL!) so that the joint
is bidirectionally compliant, thus can admit forces from either side. In the bidirectionally
compliant state, the emergent anglef a joint can vary in both directions around
at any given , the left and right are both lengthened (with amountd,0A + ) and
lo(A )). Note that when = A, L{(A) = L{(A) so A, and similarly, when

= A, LI( A)=LI( A)so A, meaning the joint will only be directionally
compliant when the suggested angle hits its maximum and minimum. In this state, the
feasible region of the gait path in the shape space correspondingly expands as the inner

boundary shrinks.
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Figure 2.4:Programmable and quanti able body compliance in MILR. Three repre-
sentative compliant states of the robot under varied generalized comptan@e) bidi-
rectionally non-compliant,R) directionally compliant andQ@) bidirectionally compliant.

The rst column illustrates schematics of cable activation, where red cables are shortened
whereas blue cables are lengthened. The second column shows how cables are lengthened
at varied suggested angles according to the control scheme, where solid lines represent im-
plemented cable lengths whereas dashed lines represent “exact” lengths of cables to form
the suggested angle. The third column shows how much a feasible emergent gregie

low region) is allowed to deviate from the suggested anglelashed line), where solid

blue and red lines represent upper and lower boundaries ©he last column shows the

how much a feasible emergent gait path in the shape space (yellow region) is allowed to
deviate from the suggested circular gait path (dashed line), where solid blue and red lines
represent outer and inner boundaries of feasible emergent gait paths. Figures are adapted
from [89].

As a continuous quantity, when the generalized compliance value falls between repre-
sentative values described above, the joint can exhibit a hybrid state. For example, when
G = 0:75, the joint will be bidirectionally compliant when 2 ( 0:5A; 0:5A), and be
directionally compliant otherwise.

Note that although the three representative values ¢& = 0; 0:5; 1) are not related
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to the robot's geometry and gait parameter selection, the fully passive value, the value
over which G exceeds the robot will become fully passive, is related to the geometry and
parameter selection. The accurate fully passive value can be calculated using the fourth

equation given in Equation 2.11,

L'[A min(1;2G 1]+ 1lo [2G 1A A]l= Lumax; (2.13)

meaning that when the commanded angle is set to the maximum amplitueeA(), the

right cable is loosened to the maximum length such that the joint can freely bend to the
minimum amplitude ( A); thus the joint is fully passive. Note that without the loss of
symmetry, using the left cable equation (the second equation in Equation 2.11) will lead to

the same result. Give@ > 0:5, it can be simpli ed as

L'(A) +210A(G 1) = Lumac: (2.14)
Solveing forG, we getG = 1 + LmaszLAr(A), the fully passive valuel ma andL"(A) can

be directly calculated using Equation 2.3, by letting0 =2and = A. Practically, in
the robophysical experiments we vari@dralue with a0:25interval,G = 1:75works as a
general approximated fully passive value throughout the work.

To sum up, generalized complianGeworks as a “knob” that we tuned to “program”
how strongly the robot is driven by the suggested shape, regulating the level of mechanical
intelligence. A full schematic of properties that the robot displays under difféesge
Figure 2.5. Figure 2.5 provides a detailed explanation of the behaviors that one single joint
and the whole robot can display whénfalls in different ranges. The rst schematic in
each row shows the state of the joint (either bidirectionally non-compliant, directionally
compliant, or bidirectionally compliant) and the state of left and right cables (either short-
ened or lengthened) depending on which region the suggested joint angle falls into. The

second plot in each row illustrates the actual lengths comparing with the exact lengths of
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left and right cables on either sides of the joint as a function of the suggested joint angle,
where overlaps of actual and exact lengths means the cable is shortened, whereas the dis-
crepancy between actual and exact lengths shows how much the cable is lengthened. Note
thatL (0) on the y-axis means the exact length of a cable when joint anglelis Q.and

L min mean the exact length of the left (right) cable when the joint ang@®isand 90

( 90 and90), respectively. The third plot in each row illustrates the feasible range of all
possible emergent joint angle, showing how much a single joint angle could depart the sug-
gested joint angle by perturbation of external forces, enabled by lengthening of cables. The
last gure in each row depicts the feasible region of all possible emergent gait paths of the
robot, taking all joints as a whole, in the shape space spanned bgpdw,. We projected

the collection of upper bounds for all joints onto #ir andcosshape basis functions to ac-

quire the outer bound of the possible gait paths. And similarly we projected lower bounds
of joint angle to acquire the inner bound of the possible gait paths. The region bounded by
inner and outer bounds then illustrates how much the robot could depart the suggested gait

path by perturbation of external forces.
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Figure 2.5:An overview of behaviors that one single joint and MILR can display with

varied generalized compliance valu&. The rst schematic in each row shows the state

of the joint, left and right cables depending on which region the suggested joint angle falls

into. The second plot in each row illustrates the actual lengths according to the control

scheme comparing with the exact lengths of left and right cables on either sides of the joint
as a function of the suggested joint angle. The third plot in each row illustrates the feasible
range of all possible emergent joint angle, showing how much a single joint angle could

deviate from the suggested joint angle by perturbation of external forces. The last gure in

each row depicts the feasible region of all possible emergent gait paths of the robot in the
shape space. Figures are adapted from [89].

2.6 An extension of the generalized compliance de nition and discussion

In the current de nition of generalized complian& a joint can onlyincreaseits local
curvature when subject to external forces within the region of directional compliance. This
means the body is allowed to bend further in the same direction as the commanded angle,
forming what we refer to as positive directional compliance (PDC) [76]. In other words, the
local curvature can increase but not decrease, a behavior analogous to the passive buckling
observed in limbless organisms such as worms and snakes [4]. We adopted this convention
because such buckling and yielding are frequently observed in biological systems, which
tend to accommodate external perturbations by bending further rather than resisting or
straightening. This property was hypothesized to be the most bene cial form of compliance
for terrain negotiation.

From an engineering perspective, however, this de nition is not unique. One can de ne
an alternative type of compliance, negative directional compliance (NDC) [76], where the
body curvature is only allowed to decrease. In this case, a joint yields in the opposite
direction, effectively “ attening” rather than “buckling.” Although this behavior is rarely
exhibited by biological organisms, the corresponding formulation is straightforward.

We de ne the extended form of generalized complia@cas:
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Figure 2.6:Extended de nition of negative generalized compliancé&. A representative
compliant states of the robot with =  0:2.

If G 0, use Equation 2.11; otherwise,

8
Ll( i) = ) L:( ) if ( 2Gi 1A
- Z LIIA min(1; 2G; DI+l [( 26 1A ] if i< ( 2G 1A

2 i . |
=, Y it (26 DA

z LIl A min(1; 2G; 1]+l [( 26 1A+ ;] if > ( 2G; 1A
(2.15)
whereG; < 0 corresponds to the implementation of NDC (Figure 2.6).

Conceptually, this extension allows compliance to reduce the local body curvature
rather than increase it. The governing equations Equation 2.11 and Equation 2.15 together
form a complete de nition of generalized compliance encompassing both PDC and NDC
domains. In essence, PDG ¢ 0) allows local curvature to increase, corresponding to the
passive buckling behavior widely observed in limbless organisms. NB€ (0) instead
allows curvature to decrease, leading to straightening under external forces. Although both
are de ned for completeness, the remainder of this thesis focuses primarily on PDC, as

it better captures the adaptive and obstacle-accommodating behaviors seen in biological

locomotion, except where NDC is explicitly tested for comparison.
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CHAPTER 3
MECHANICAL INTELLIGENCE FACILITATES EMERGENT OPEN-LOOP
LOCOMOTION IN COMPLEX TERRESTRIAL ENVIRONMENTS

3.1 Introduction

Locomotion through heterogeneous terrains often challenges traditional limbless robot con-
trol paradigms that rely heavily on sensing, feedback, and centralized computation. In this
chapter, we demonstrate that mechanical intelligence (MlI) alone can facilitate effective and
adaptive locomotion without explicit environmental perception or closed-loop control. Us-
ing the mechanically intelligent limbless robot (MILR) introduced in Chapter 2, we show
that an appropriate level of body compliance enables the robot to spontaneously exploit
physical interactions with the environment for propulsion and obstacle negotiation. The
results presented here reveal how passive body mechanics can simplify control architec-
tures, allowing open-loop gaits to generate robust and adaptive behaviors across complex
terrestrial settings.

To investigate the function of mechanical intelligence systematically, we prescribe a
lateral undulation gait and vary the generalized compliance para@eiemodulate the
robot's effective stiffness. Through a series of locomotion experiments conducted on sub-
strates with different levels of heterogeneity, we quantify how compliance in uences body
kinematics, locomotor speed, and energy ef ciency. We further examine whether the ad-
vantages associated with intermedi@tgalues depend on speci ¢ gait parameters by con-
ducting a parametric survey over wave amplitude and spatial frequency.

Together, these experiments establish a quantitative relationship between compliance
and locomotor robustness. They demonstrate that appropriate mechanical design can re-

place complex control policies with passive dynamics that naturally adapt to environmental
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variations. The ndings presented in this chapter provide direct experimental evidence for
MI as an emergent property arising from bilateral actuation, forming the foundation for
subsequent chapters that extend this principle to diverse locomotion modes and environ-
mental contexts.

This chapter is adapted from my previously published peer-reviewed work [89].

3.2 A biological model: Locomotion ofC. elegansn obstacle terrains

To evaluate how mechanical intelligence may manifest in living systems and to establish
biological relevance for the robot introduced in Chapter 2, we examined locomotion in the
nematodeCaenorhabditis elegansDespite possessing only 302 neuro@s elegansex-
hibits notable agility when navigating con ned and irregular terrains such as the interior of
rotten fruit, which makes it a useful model for studying undulatory locomotion in heteroge-
neous environments. Using micro uidic lattices with varying post densities as controlled
model terrains, we quanti ed the worm's body kinematics and locomotor performance (de-
tailed methods see [89]). As shown in Figure 3.1, principal component analysis of body
curvature data shows that worm postures can be represented as near-sinusoidal traveling
waves in a low-dimensional shape space (as introduced in Chapter 2), maintaining stable or-
bits even under perturbations. Locomotion speed tends to increase in moderately cluttered
environments, suggesting that body-environment interactions may contribute positively to
propulsion. These observations hint that passive mechanical effects could play an impor-
tant role in howC. elegansnaintains locomotor stability and effectiveness, motivating the
development of a robophysical model to test this possibility directly.

Building on these biological observations, we next used the mechanically intelligent
limbless robot (MILR) introduced in Chapter 2 as a robophysical model [113] efegans
By scaling up the system and isolating body mechanics from neural control, we can directly
test whether mechanical intelligence alone is suf cient to reproduce the locomotor patterns

and performance trends observed in the worm. The MILR allows precise control of body
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Figure 3.1:Nematode kinematics and performance imply the role of mechanical intel-
ligence.(A) Overlaid snapshots, effective body curvature, gait paths in the shape space, the
rst two dominant modes (solid lines are the principal components and dashed lines are the
best ts tosin andcosshape bases) of nematode locomotion in laboratory environments
with varied pillar density. B) Locomotion speed (wave ef ciency) as a function of obsta-

cle density (measured as the ratio of body length and obstacle spaaihépr nematodes.

Error bars represent SDs (n = 26 individuals in open and sparse lattices, n = 20 individuals
in the medium lattice, and n = 24 individuals in the dense lattice). Figures are adapted from
[89].

compliance and actuation symmetry, enabling systematic exploration of how passive body-

environment interactions contribute to locomotion across varying terrain heterogeneities.

3.3 Spontaneous obstacle navigation with MILR

To test the role of mechanical intelligence in limbless locomotion and its effect on loco-
motor performance, we conducted robophysical experiments with MILR in four scaled-up
environments (from open to dense) corresponding to the nematode study. Similar to the
lattices for nematodes, pillars in the lattices for robophysical experiments cannot move and
deform upon collision with the robot. In each environment, the robot was under open-
loop control, executing a suggested traveling-wave gait as in Equation 2.1, with the shape
parameters approximated directly from nematode kinematics in the corresponding environ-
ment so that the robot used the same gaits as nematodes did (more speci cally, the ratio

of the body wavelength and the lattice spacing was kept the same between the robot and
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nematodes). We varie@ to access the locomotion displayed by the robot in each envi-
ronment. Quantifying locomotor performance (the wave ef ciencyhe ratio of forward
center of mass speed to backwards wave propagation speed) across the full réhge of
revealed that an appropria&becomes necessary to facilitate open-loop traversal as het-
erogeneities arise (Figure 3.2B). In at terrainwas inversely correlated 8. However,
when obstacles were introduced, I&\( 0:5) resulted in frequent jams and becoming ir-
reversibly stuck. At higlc ( 1:5), the model failed to generate suf cient self-propulsion.

G = 0:75emerges as an appropri&evalue for locomotion in all heterogeneous environ-
ments, as local maxima ofdisplay atG  0:75. Further, in the robot withG = 0:75
increased as the obstacle density increased, well approacthagdisplayed in nematodes

(Figure 3.2C).
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Figure 3.2:0pen-loop robot performance reveals the importance of mechanical intel-
ligence. (A) Overlaid snapshots, emergent joint angles, gait paths in the shape space and
shape basis of robophysical locomotidd € 0:75) in laboratory environments with var-

ied obstacle density.B) Locomotion speed (wave ef ciency) of the robot as a function

of generalized complianc® in environments with varied obstacle density (open, sparse,
medium and dense). Error bars represent SD across three repetitions per expe@nent. (
Comparison of locomotion speed as a function of obstacle density between the biological
modelC. elegansand the robot withG = 0:75, accompanied with example time traces of
splined points along the body as the nematode and the robot move in the open and dense
environments (insets). Error bars represent the SD across three repetitions per experiment.
Figures are adapted from [89].

To investigate the emergent robot body kinematics, we tracked emergent joint angles
of the robot, which are comparable to nematode emergent curvatures (detailed reasoning
is provided Supplementary Methods). We then projectedto the shape-basis functions

1., to extract the shape space gait path formedvift) andw,(t) as we did for nema-
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todes. FoiG = 0:75in the robot, the body kinematics and gait orbits in the shape space
(Figure 3.2A) closely resembled those observed in nematodes (Figure 3.1A). The model
performed an approximate traveling wave motion in at terrain and sparser lattices, which
resulted in nearly circular orbits in the shape space. In the dense lattice, analogous to the
nematodes, we also observed small deviations from ideal traveling wave shapes, which
converged quickly back to the circular orbit. Thus, the robot can serve as an effective
robophysical model of nematode locomotion, well capturing both overall performance and
detailed body kinematics.

The emergent match betwe€nelegansand the robot kinematics and the enhancement
of performance aG = 0:75 compared to otheG values resulted completely from body
compliance—simply by programmatically and anisotropically loosening the physical con-
straints on the joints in a way that mirrors the geometry of organismal patterns of activity,
which allows joints to passively deform under external forces. Such a seemingly counter-
intuitive result (improving performance via relaxing controls) veri ed our hypothesis that
the appropriate level of mechanical intelligence (purely passively, mechanically controlled
emergent body-environment interactions) can facilitate heterogeneity navigation, and is

suf cient to reproduce organismal lattice traversal performance.

3.4 MILR force-deformation characterization

We used the force-deformation properties of MILR to identify how interactions with obsta-
cles lead to deformations to the suggested traveling wave kinematics that enable successful
lattice traversal. By characterizing the relation between the external Foerel the emer-

gent joint angle at suggested angles we achieved maps of force-deformation properties

of the robot with varieds values (Figure 3.3). For lows, external forces produced min-

imal deformation of the joint for all parts of the cycle (unless they are suf ciently high to
break the cable) (Figure 3.3B-i, C-i). For high large deformations can be created in re-

sponse to external forces in either direction (Figure 3.3B-iii, C-vii). Howevés, at0:75,
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Figure 3.3: Force-deformation characterization for the robot. (A) The experiment
setup. B) External force versus emergent joint angle curves that show behaviors of a joint
reacting to external forces under different compliance sta@skF¢rce-deformation maps

of the robot with varieds that show the robot body compliance can be programmatically
tuned. Figures are adapted from [89].

force-deformation responses displayed a hybrid state (Figure 3.3B-ii, C-iv): for small an-
gles, force was admitted in both directions (bidirectionally compliant); for large angles,
force was admitted in the direction of the bend but stif y opposed in the opposite direction
(directionally compliant).

We hypothesized that such hybrid compliance allows the selective exploitation of thrust-
producing interactions through rigid responses and deformations that prevent jamming in
detrimental interactions, such as head-on collisions. Our robot and many other limbless
undulators move through space by passing body waves from head to tail with wave veloc-

ity Vivave @nti-parallel to the center of mass velooiy,y (Figure 3.4A). External forceSqy
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from collisions that lie parallel t@,,.e inhibit the center of mass motion, whereas colli-
sions that produce forces paralleMg,y produce thrust. Figure 3.4B shows the de ection
from the suggested angle in response to a point forc& () parallel or anti-parallel to

Vcom fOr a range of suggested joint angles@t= 0:75. At small suggested joint angles

( J < 0:5A), the joint displays a bidirectional compliant state, in which de ection is per-
mitted more symmetricallyRex: K Vcom andFey K Vwave) t0 produce a similar magnitude

of deformation. However, as the suggested angle incre@asps>( 0:5A), the joint be-
comes directionally compliant, such asymmetry produces an “easy” high compliance axis
and “hard” low compliance axis. The direction of the easy and hard axes depends on the
shape of the organism. When the “easy axis” is aligned with inhibitory interactions and the
“hard axis” with thrust producing interactions, organisms can resist buckling while main-
taining forward progress. Figure 3.4C shows the orientation of the “easy”/high compliance
direction (black triangles) and the “hard” low compliance (orange triangles) direction for 3
values ofG (0, 0.75 and 1.5) and for the various joints along the body of an example 8-link
undulator. Small arrows show point forces acting along the body either paralieJyiar
toVwave At G = 0, all joints are non-compliant, hence point forces produce either jamming
interactions (small red arrows) or thrust (green red arrows)G At 0:75 the distribution

of easy and hard axes is arranged such that would-be jamming interactions are converted
into body deformations which lead to de ection and therefore successful obstacle traver-
sal, while still maintaining rigidity (non-compliance) in thrust-producing interactions. At
G = 1:5all interactions permit substantial deformations (all joints are highly bidirection-
ally compliant). Although jamming is avoided entirely, there is no ability to produce coher-
ent thrust. Experimentally, the geometry of contacts closely follows the curvature pro le
of the gait (Figure 3.5). Would-be jamming interactions, for example near the head, often
lead to longer durations of contact, governed by the dynamics of the deformation under
locally compliant joints, whereas thrust-producing interactions at higher curvature near the

mid-body typically follow regular contact patterns with shorter duration contacts, matching
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Figure 3.4:A simpli ed model to understand the functional mechanism of mechanical
intelligence. (A) Schematic illustration of an undulator facing inhibitory interactions (left)
and thrust producing interactions (rightB)(De ection angle in response to a point force
Fext €ither parallel or anti-parallel tacom at G = 0:75 for different commanded angles,
showing the response of the “easy” or high compliance direction and the “hard” low com-
pliance direction. €) The geometry of easy (black triangles) and hard directions (orange
triangles) for a single posture across three representative valdgs®inall arrows show
point forces that are thrust producing (green arrows), are jamming (red arrows), or result in
deformation of the undulator from the commanded shape (blue arrows), with bend direc-
tions indicated by the dashed blue lines. Figures are adapted from [89].

the propagation of curvature along the body.

This simpli ed model (Figure 3.4) revealed that for certain, intermediate values, of
G, the robot spontaneously converted inhibitory interactions into soft de ections while
maintaining rigidity and thrust production in advantageous collisions without any explicit
computation. The coordinated shortening and lengthening of the cables served therefore
not only to realize an approximate traveling wave body shape sequence, but also to dy-
namically modulate the compliance properties of the robot to buffer the motion to external

collisions.

43



Figure 3.5:Lattice collisions match the symmetry of the gait.Contact maps and curva-

ture map for a wheeled\) and wheellessg) robot, both withG = 0:75. Contact maps of
collisions of the robot and lattice points on the left (top row) and right (middle row) side of
the body show at what body point and at what times contact with the lattice occurs (contact
shown in white, absence of contact in black). These contact patterns show similar patterns
to the gait, as visualized in a curvature map (bottom row) with collisions on the left-hand
side of the robot corresponding with regions of positive curvature and right-hand side col-
lisions with negative curvature. Wheeled and wheelless robots show qualitatively similar
contact patterns, highlighting the dominance of lattice collisions in producing thrust (rela-
tive to ground contact) in dense lattices. Note that the head often shows longer durations
of contact relative to the rest of the body, a result of the dynamics of buckling and gliding
collisions. Figures are adapted from [89].

3.5 Robot performance in diverse laboratory complex environments

Limbless organisms not only perform well in heterogeneous, collision-dominated environ-
ments. They also encounter a diverse array of substrates, including Newtonian uids of
varying viscosity and other owable substances with complex, nhon-Newtonian rheologies.
Hence, body compliance that enables lattice traversal, may also improve performance in
less structured environments or, at a minimum not disrupt performance. We, therefore,
hypothesized that MILR can also display good performance without major changes in con-
trol in a diversity of terrain with properties similar to those encountered during search and
rescue and other applications. Indeed, we found that beyond functioning as a model for
discovering and understanding emergent principles in limbless locomotion that cannot be

directly tested with organisms, the bilaterally actuated limbless robot displayed substantial
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Figure 3.6:0pen-loop robotic terrestrial capabilities in various types of complex en-
vironments facilitated by mechanical intelligence.(A) The robot traverses a randomly
distributed obstacle array.B] The robot transitions from at ground to a densely dis-
tributed obstacle arrayC{) The robot locomotes in granular media (5 mm plastic spheres).
(D) The robot moves in a narrow channel (18 cm width) formed with two parallel rigid
walls. Figures are adapted from [89].

terrestrial mobility in diverse, complex, and more challenging environments.

We tested the robot in a range of laboratory environments (Figure 3.6). Beyond regular
lattices, the robot demonstrated effective traversal in randomly distributed obstacle terrains
(Figure 3.6A) and agile transitions from open terrain to obstacle terrain (Figure 3.6B),
where the robot was under open-loop controls v@h= 0:75. Without the need for ac-
tive adaptation of body shapes [76, 114, 37] or selection of paths [78, 115, 116] based on
the awareness of internal states (such as instantaneous joint angles or torques) or knowl-
edge of the surrounding environment (for example, via contact sensing or visual feedback)
as proposed in previous works, the mechanical intelligence in this robot enables compli-

ant body-environment interactions, facilitating the spontaneous locomotion. Further, we
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conduct tests of locomotion speeds and cost of transport in other types of environment.

Evaluation metrics and methods

In addition to the wave ef ciency (which is the ratio of the center of mass velocity to the
wave propagation velocity) that we used to describe the robot's locomotion speed, we also
calculated the mechanical cost of transpggt This dimensionless quantity, widely used
in the study of legged animals and robots [117, 118, 119, 120], gives the work required to
move a unit body weight a unit distance and allows us to analyze the robot's locomotion
ef ciency in a more comprehensive manner.

To calculate the mechanical cost of transport, we used the formula W=mgd
whereW is the work done by cables)g is the robot's weight, andis the distance traveled.
We estimated the tensidnexerted by each cable using the torque sensor embedded in the
servo motor (ROBOTIS 2XL430-W250-T). During an experiment, we recorded the torque
readings from the motor with atime interval of t = 10 ms. To obtain the nominal torque
readings o, which represent the “metabolic” torques required to enable the shaft to rotate
without moving the robot, we ran a calibration experiment with the same motor running the
same trajectory without tying the cable to the pulley. We then estimated the tension at each
time step using the formula = ( 0)=Routieys WhereRpyey is the radius of the pulley.
To estimate the distance traveled, we measured the rotation angle difference of the
servo motor via its internal encoder within the time intervaltimesRyyey. By summing
up the products of the tension and distance for each time step, we calculated the work done
by one cable during an experiment. We then summed up the work done by all cables to
obtain the total work done by cables. The traveled distaheas measured using tracking
data by summing up the distance traveled by the robot's center of geometry during each

time interval.
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Figure 3.7:Robot locomotion speed (wave ef ciency, ) and mechanical cost of trans-

port (cy) in different environments: (A) at ground, (B) granular material (5 mm plastic
spheres),€) a narrow channel (18 cm width)D} a sparse lattice ) a medium lattice,

and F) a dense lattice. Error bars represent standard deviations across three repetitive trials
of each experiment. Figures are adapted from [89].

Flat ground

Figure 3.7A shows the robot's wave ef ciencyand mechanical cost of transpagf on a
wood-surface at ground, where the robot was equipped with wheels to generdtéa

drag anisotropy and move forward with retrograde wave propagation along the body. Gait
parameters were xed a& = 46 and = 0:82as discussed in Materials and Methods.
As the generalized complian€® increases, we observed a nearly proportional decrease
in and increase i, We omitted data points wheig, > 20 in all the plots. The
robot's performance on the at ground serves as a benchmark for comparison with other

environments that we tested.
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Granular media

As demonstrated in previous work, a limbless robot can generate forward thrust in granular
media with retrograde wave [121, 122], thus the robot was not equipped with wheels for
tests in granular media. The experiments were conducted in a pool of plastic spheres with
a diameter of 5 mm, which could not enter the motor and potentially damage the robot.
Gait parameters were xed & =60 and =1. AttherangeoD G 1, shares

a similar decreasing trend as on the at ground (Figure 3.7B). Surprisingly, we observed a
more dramatic decrease in the work done by cables, yielding a decregsimigh a local
minima atG = 0:75. From this result we posit that, with lower body compliance, much of
the active work done by the robot cannot effectively transfer into thrusting forces in such
environments, and is wasted instead. By increasing the body compliance to let the robot
“ ow” with the environment (react to it), we reduce energy consumption without sacri cing
locomotion speed. However, whé is too high, the locomotion speed drops notably,
leading to an increase io,. Such a result suggests that by leveraging the mechanical
intelligence in locomotion, the robot has the potential to move ef ciently within granular

media.

Channel

Channels were set up to function as models for pipes and other environments where body
shapes of the robot in lateral direction are highly constrained. Previous work has modeled
and demonstrated that a limbless robot can gain thrust forces purely from its interactions
with walls without the need of wheels for creating drag anisotropy [104]. Differing from ne-
matodes using retrograde waves to move in channels [123, 124] where we posit their thrusts
primarily result from the drag anisotropy of the uid interactions, the robot with isotropic
friction needs to use direct waves to produce forward motion, solely through forces ex-
perienced on the wall. In our experiments, the robot was not equipped with wheels and

we commanded the robot with a direct wave (changgifito “+ " in Equation 2.11) with
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parameter& = 60 and = 1. Speci cally, the width of the robot body while employing

this gait was measured as 23 cm. To make the channel a challenging environment, we set
the width of the channel as 18 cm such that the robot need to “squeeze” its body to adapt
to it, which is usually the case in applications such as pipe inspection. As a result (Fig-
ure 3.7C), our robot cannot t into the environment ur@il= 1. WhenG 1, the robot
generated effective forward locomotion in the channel and the local miniiga emerged

atG = 1:25. This result suggests that the generalized complighe@ables spontaneous
shape adaptation to the channel without the need of probing channel width in advance, and
reducedc,; meanwhile. Notably, this conclusion holds true even for a wheeled limbless

robot employing a retrograde wave with drag anisotropy.

Lattice

We evaluated,, for all lattices with different densities (Figure 3.7D to E). The robot was in
the same condition as in experiments on the at ground (with wheels), and executing open-
loop gaits with xed parameters obtained from direct tting from nematode kinematics in
biological experimentsA = 48 ;51 ;72 and = 0:80;0:58 1:02in sparse, medium and
dense lattices, respectively.

Firstly, the obstacles in the sparse lattice impede locomotion of the robot witfs)ow
resulting in reduced compared to that on the at ground. However, with an increas§ing
the more compliant robot emerged to utilized the obstacles to generate thrust by pushing
off of them, leading to an improved, known as obstacle-aided locomotion. The local
minimum of ¢, emerged atG = 0:75, where we observed both increased locomotion
speed and decreased energy consumption compared toGwvadues.

In the medium lattice, the robot started to become “stuck” on obstacles, where the
robot cannot traverse the lattice with the commanded gait while the body was relatively
rigid (G = 0 and0:25). However, under the same open-loop control for the basic pattern of

head-to-tail wave propagation, locomotion emerged when the body was more compliant,
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where andc,; also reached their maximum and minimum in the rangé&®f G 1.
When the body is too complianB(> 1), the robot cannot generate suf cient thrust, leading
to a dramatic drop in and increasey.

In our experiments, we observed a similar result in the dense lattice, where only in-
termediate values d& led to effective and ef cient locomotion. Interestingly, we also
noted a slight shift in the effective range Gffrom 0.5 G 1 (medium lattice) to
0:75 G 1:25(dense lattice). We posit that, with lowér values, the robot is better
able to generate thrust by utilizing drag anisotropy, but may struggle with adapting to the
environment. On the other hand, with higl@walues, the robot is more compliant to the
environment, but may have reduced capabilities for generating thrust (as also demonstrated
by the at ground data). As the obstacle density increases from medium to dense lattice,
the constraints on body shapes become stronger, requiring the robot to be more compli-
ant. On the other hand, in such environments, the contact forces between the robot body
and the obstacles play a more dominant role in the robot's forward motion, surpassing the
contribution of drag anisotropy (as evident from the robot's ability to move in the dense lat-
tice without wheels). Therefore, higher values®are preferred in denser lattices, which
explains the slight shift in the effective range @ffrom the medium lattice to the dense

lattice.

Further discussion

In summary, our ndings indicate that in highly constrained environments where interac-
tions between the robot body and the environment play a dominant role in locomotion,
an intermediate range of generalized compliaficéy G  1:25) enables the robot to

be compliant enough to adapt to the environment, while minimizing the work required to
maintain the wave propagation pattern. This results in local minin@@findicating an
optimal balance between compliance and wave propagation ef ciency. This insight sheds

light on the importance of generalized compliance in enabling effective locomotion in chal-
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lenging environments such as non-movable obstacles in medium/dense lattices and chan-
nels, where the robot needs to adapt its body shape to the environment while minimizing

energy expenditure.

3.6 Robot performance in natural complex environments

To determine the potential bene ts of mechanical intelligence in practical limbless robot
applications and the generalizability of principles derived from two-dimensional laboratory
environments to complex three-dimensional natural environments, we conducted open-loop
locomotion experiments in a mechanically complex environment. Speci cally, we tested
the robot's performance in a randomly distributed and tightly packed pile of rocks (Fig-
ure 3.8), simulating the terradynamic challenges that a limbless robot may face during
search-and-rescue or planetary exploration tasks. Our quantitative analysis of robot loco-
motion performance demonstrated that, with an appropriate amount of generalized compli-
ance G = 0:75), mechanical intelligence facilitates effective negotiation with irregulari-
ties, ensuring successful locomotion. Conversely, inadequate complarcé ) hindered
obstacle traversal, whereas excessive complia@ce (:5) resulted in insuf cient thrust
generation. Notably, the cost of transport exhibited local minima at intermediate values of
G, consistent with our ndings from laboratory tests.

Overall, laboratory and outdoor tests demonstrated that intermediate valBenable
effective locomotion in the largest range of environments and provide reduced costs of
transport. This suggests mechanical intelligence not only facilitates obstacle negotiation,

but also can improve locomotion speed and ef ciency.
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Figure 3.8: Open-loop robot capabilities in real-world complex environments. (A)
Time-lapse photos of the open-loop robot traversing over a tightly packed rock pile with
an intermediate generalized compliance valde=(0:75). (B) Comparison of locomotion
speed (wave ef ciency) with variedG on the rock pile. Error bars represent SOS) The
survivor function for varieds with respect to displacement, measuring the robot's traveling
distance before getting stuck or failing in motor&) Mechanical cost of transport,)

for variedG on the rock pile, measuring the robot's energy ef ciency of locomotion. Box
central mark indicates the median, edges indicate the 25-th and 75-th percentiles. The
whiskers cover data points within a range of 1.5 times the interquartile range, whereas
outliers outside of this range are marked with a + symbol. Figures are adapted from [89].
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