JIE FAN

MORPHOLOGICAL CHARACTERIZATION AND
ANALYSIS OF THIN, CONTINUUM STRUCTURES
BASED ON NON-CONSTANT CURVATURE
CLOTHOID SPIRAL

Taking Inspiration from Climbing Organs - Tendrils






MORPHOLOGICAL CHARACTERIZATION AND ANALYSIS OF
THIN, CONTINUUM STRUCTURES BASED ON NON-CONSTANT
CURVATURE CLOTHOID SPIRAL

Taking Inspiration from Climbing Organs - Tendrils

Jie FAN

Cecilia Laschi Professor, National University of Singapore Reviewer
Michele Palladino Assistant Professor, University of L’Aquila Reviewer
Paolo Dario Professor, Institute of BioRobotics Supervisor

Scuola Superiore Sant’Anna di Pisa
Barbara Mazzolai Director, Bioinspired Soft Robotics Laboratory Tutor
Istituto Italiano di Tecnologia
Francesco Visentin Assistant Professor, University of Verona Co-Tutors
Emanuela Del Dottore = Researcher, Bioinspired Soft Robotics Laboratory =~ Co-Tutors

Istituto Italiano di Tecnologia

A thesis submitted in fulfillment of the requirements for
the degree of Doctor of Philosophy
in
BIOROBOTICS

SCUOLA SUPERIORE SANT’ANNA
&
ISTITUTO ITALIANO DI TECNOLOGIA

May 2022



Jie Fan: Morphological Characterization and Analysis of Thin, Continuum
Structures based on Non-constant Curvature Clothoid Spiral, Taking Inspira-

tion from Climbing Organs - Tendrils, Doctor of Philosophy, © May 2022
Pontedera, PI



Dedicated to my family and my husband
You make me a braver and better person.






ABSTRACT

Morphological Characterization and Analysis of Thin, Continuum
Structures based on Non-constant Curvature Clothoid Spiral
Taking Inspiration from Climbing Organs - Tendrils

Continuum structure, characterized by thin and slender geometries,
is common to find in nature and appears to be an indispensable and
essential feature of both biological and soft robotic systems. Owing
to the continuous deformation of morphological configurations, such
structures incorporate the common characteristics of natural systems
and can provide innovative and intelligent solutions in a continuum
mechanism with high compliance and adaptation when interacting
with the external environment.

Taking the morphological evolution of Passiflora caerulea tendrils
upon mechano-response as the ideal representative of continuum
structures, this thesis proposed the novel marker-less methodologies
to reconstruct the shape of thin, continuum structures and to analyze
tendrils’ curling morphologies and movement. The proposed methods
are based on vision and clothoid curve models in 2D and in 3D cases,
respectively. Thanks to the affine properties between the curvature
and torsion linearly along with arclength, clothoid curves alow a
smooth transition between straight line and curve segments. Also,
the affine property characterizing the clothoid is ideal for following
the changes in the shape of natural structures. For this reason, we
used this approach to represent and reconstruct curling continuum
structures, such as tendrils and tendril-like artificial structures.

To reconstruct the 2D morphology of tendrils, we proposed three
model-based approaches: single-segment clothoid, piecewise clothoid
with the prescribed number of segments, and piece-wise clothoid
model with the optimal number of segments. These methods have
been numerically validated on both the continuum of biological and
artificial structures and also compared with constant curvature fitting
results with a high average accuracy (R? > 0.9).

Based on the 2D work, we reconstructed the morphological evo-
lution of tendrils using stereo vision with points-correspondence by
Fréchet distance and describe them using 3D piecewise clothoid curve.
Then, about the dynamic analysis of stimulated tendrils, we deduced
the morphologies and stimulus-response relationship of tendrils from
the variation and distribution of curvature, torsion and tip movement,
which are consistent with the botanists” perspectives on sensitivity
and transduction.

In addition, we developed a sorting algorithm to order unarranged
points for the extraction of continuum structures’ center-line in images.
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It is effective and adaptive in dealing with different cases, such as
discontinuity, branches, and with/without intersection.

In conclusion, the main contribution of this thesis is to provide a
viable solution for shape reconstruction and representation of slender-
continuum structures (both natural and artificial) in planar and in
space. In particular, the expected impacts of the present work are
twofold:

e at the biological level, to provide an effective and practical tool
to analyze tendril-like plants on behaviors and growth evolution
in response to external stimuli.

¢ at the engineering level, to demonstrate that clothoid spiral is
reliable and accurate to model and describe slender, continuum
morphologies both in 2D and in 3D, which may guide the de-
sign and control of the tendril-inspired biomimetic robot with
variable stiffness along the body length.

Keywords: bio-inspiration, soft robotics, continuum structure, curl-
ing shape, tendril, climbing plants, clothoid curve, shape reconstruc-
tion, morphological analysis

viii



PUBLICATIONS

During my Ph.D., I contributed the following publications:

[1]

Jie Fan, Emanuela Del Dottore, Francesco Visentin, and Bar-
bara Mazzolai. “Image-based Approach to Reconstruct Curl-
ing in Continuum Structures.” In: 2020 3rd IEEE International
Conference on Soft Robotics (RoboSoft). 2020, pp. 544—549. DOI:
10.1109/RoboSoft48309.2020.9115981.

Jie Fan, Francesco Visentin, Emanuela Del Dottore, and Barbara
Mazzolai. “An Image-Based Method for the Morphological
Analysis of Tendrils with 2D Piece-Wise Clothoid Approxima-
tion Model.” In: Biomimetic and Biohybrid Systems. 2020, pp. 80—
91. ISBN: 978-3-030-64313-3.

Jie Fan, Francesco Visentin, Emanuela Del Dottore, and Barbara
Mazzolai. “Morphological Characterization of Thin, Contin-
uum Biological Structures based on Non-constant Curvature
Analysis.” In: International Journal of Computer Vision (2022).

Notation: The third journal has been submitted.

ix


https://doi.org/10.1109/RoboSoft48309.2020.9115981




If you want to lift yourself up, lift up someone else.
—— Booker T. Washington

ACKNOWLEDGMENTS

Many thanks to everybody I met during my Ph.D in Italy. Many thanks
to all the encounters that made me accompanied with people who
like me and those I like. Because of all of you, I spent an unforgettable
journey in life.

First of all, I would like to express my heartfelt gratitude to my
tutor, Dr. Barbara Mazzolai, for giving me an opportunity to study
and work in Bioinspired Soft Robotics Laboratory I aspired, and her
excellent guidance and support throughout my Ph.D. Meanwhile, I
would like to thank my supervisor Prof. Paolo Dario for his inspiring
talks, advice and guidance, especially for the two courses he taught
that inspired me a lot at the beginning of my research. Both of their
vision, values, passion and attitude towards research are to remain
with me for the rest of my career and life.

I would also like to thank my co-tutors Dr. Emanuela Del Dottore
and Prof. Francesco Visentin for helping me in my research’s many
technical aspects. . They always acted as the lights directing me in the
proper direction. Their constructive suggestions and limitless patience,
along with the flexibility to conduct research, are invaluable to me,
which made the Ph.D study a pleasure.

In addition, I would like to thank my reviewers Prof. Cecilia Laschi
and Prof. Michele Palladino for their preccious comments and ques-
tions on my thesis.

My heartfelt appreciation goes to all of my colleagues and friends
at the Bioinspired Soft Robotics Laboratory. They created a harmo-
nious atmosphere and a supportive environment. I could get timely
assistance and encouragement making my research life full of laugh-
ter and happiness. In particularly, I would give my special thanks
to Emanuela, Francesco, Alessio, Edoardo, Carlo, Fabian, Laura, Gio-
vanna, Francesca, Ali, Goffredo, Dario, Saravana, Riddhi, Joe, Vincenzo,
Corrado, Ebrahim, Majid, Serena, Serena Rosa, Amir, Kliton, Luca,
Oscar, Daniele, Giada, etc.

Furthermore, I would like to thank my friends met in Pontedera
who accompanied me during that time in Pontedera and Genoa. I
appreciated all the nice moments of laughter and delicious dinners
shared with you all: Prof. Hongbo Wang, Yanjun Liu, little Zhiyuan
Wang, Dr. Yu Huan, Hong Shen, Prof. Baojun Chen, Dr. Linlin Wu,
Qian Zhang, Dr. Xuyang Ren, Dr. Jun Pan, Prof. Dongdong Du, Dr.
Rongrong Liu, Dr. Jiaqi Wang, etc.

Xi



Finally, my deepest gratitude goes to my family and my beloved Fei
for their endless love, support, encouragement and understanding all
the way along. Especially, thanks to Fei and my cat TRO for drawing
stars around my scars. Besides, I'm grateful that Pfizer booster vaccine
taught me how important to be alive.

Everyone I've mentioned helped me improve, grow, and become a
braver and better person. They also made me more curious on robtoics
and love Italy. Thank you all, without you, this thesis would not have
been possible.

xii



CONTENTS

II

IIT

Background

INTRODUCTION 3

1.1 Continuum Structure in Nature 3

1.2 Continuum Structure in Robotics 6

1.3 Motivation and Objectives 10

1.4 Contribution and Outline 11

STATE OF THE ART 15

2.1 Kinematic-based Shape Representation 15
2.1.1  Rotation Frame Representation 16
2.1.2 Constant Curvature Representation 17
2.1.3 Pseudo-Rigid Body (PRB) Representation 18
2.1.4 Distributed Curve Representation 19

2.2 Dynamics-based Shape Representation 19

2.2.1  Cosserat Rod Representation 19

2.2.2  Lumped Multi-body Representation 21
2.3 Sensor-based Shape Representation 21

2.3.1  Fiber Optical-based Sensor 22

2.3.2 Electromagnetic-based Sensor 22
2.4 Vision-based Shape Representation 24
2.4.1 Summary 25
Theory

CURVE MODELING AND RECONSTRUCTION 31
3.1 Clothoid Curve 31
3.1.1  Definition 31
3.1.2 Fresnel Integrals 32
3.1.3 Fitting of a Clothoid 33
3.1.4 Construction of a Clothoid Segment 33
3.1.5 3D Representation of Clothoid 34
3.1.6  Piecewise Integration 36
3.2  Multi-view Reconstruction 36
3.2.1  Camera Projection Model 36

3.2.2  Reconstruction from Multiple Views 38
3.3 Fréchet Distance 39
3.3.1 Continuous Fréchet Distance 39

3.3.2 Discrete Fréchet Distance 40

Contributions

NONLINEAR MORPHOLOGY ANALYSIS of 2D CURLING
SHAPE RECONSTRUCTION 45

4.1 Introduction 45

4.2 Biological Morphology Experiment 45

xiii



Xiv CONTENTS

4.3 Methodology 46
4.3.1 2D Clothoid Spiral 46
4.3.2 2D Reconstruction Framework 46
4.3.3 Sorting Unarranged 2D Points 47
4.3.4 Single-Segment Clothoid Representation 50
4.3.5 Piece-wise Clothoid Representation 52
4.4 Results and Analysis 53
4.4.1  Sorting Unarranged 2D Points 54
4.4.2 Results of Single-segment Clothoid 54
4.4.3 Results of Piece-wise Clothoid 56
4.4.4 Model Validation on Soft Robotic Continuum
Artefact 57
4.5 Summary 57
5 NONLINEAR MORPHOLOGY ANALYSIS of 2D CURLING
SHAPE PIECEWISE RECONSTRUCTION 61
5.1 Introduction 61
5.2 Biological Morphology Experiment 61
5.3 Methodology 62
5.3.1 Weighted Sorting Skeletonization 63
5.3.2 Discrete Curvature Estimation 64
5.3.3 Automatic Selection of Segment Number 65
5.3.4 2D Piece-wise Clothoid Representation 67
5.4 Results and Analysis 69
5.5 Summary 70
6 NONLINEAR MORPHOLOGY ANALYSIS of 3D CURLING
SHAPE PIECEWISE RECONSTRUCTION 73
6.1 Introduction 73
6.2 Biological Morphology Experiment 73
6.2.1 Plant 73
6.2.2 Experiment Setup 74
6.2.3 Datasets Collection 75
6.3 Shape Reconstruction 76
6.3.1 Pre-processing 76
6.3.2 Ordering Skeleton Points 78
6.3.3 Mapping Points Between Views 82
6.4 Shape Modeling 83
6.4.1 Discrete Frenet-Serrat Point Fitting 83
6.4.2 Automatic Piecewise Fitting of Curvature & Tor-
sion 85
6.4.3 Runge-Kutta Integration 87
6.4.4 Optimal Rotation & Translation 87
6.5 Results and Analysis 89
6.5.1  Accuracy of Stereo Reconstruction 89
6.5.2  Accuracy of Clothoid Fitting 9o
6.5.3 Sensitivity of Fitting Parameters 92
6.5.4 Reconstruction From a Sequence of Frames 93



Iv

CONTENTS

6.5.5 Analysis of Tip Motions 97
6.6 Summary 98
CONCLUSIONS & FUTURE DIRECTIONS 101
7.1 Contributions of This Work 101
7.2 Answers of Proposed Questions 102
7.3 Limitations & Future Directions 104
7.4 Appliications 105

Appendix
DERIVATION OF PARTIAL DERIVATIVES 109

Bibliography 113

XV



LIST OF FIGURES

Figure 1.1
Figure 1.2
Figure 1.3
Figure 1.4

Figure 2.1
Figure 2.2

Figure 2.3

Figure 3.1

Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4

Figure 4.5

Figure 5.1
Figure 5.2
Figure 5.3
Figure 5.4

Figure 5.5
Figure 5.6
Figure 5.7
Figure 6.1

Figure 6.2
Figure 6.3
Figure 6.4
Figure 6.5

XVvi

The three key phases of tendril movements 4
The field of bioinspiration 6

The cycle process of biomimetics design 7
Examples of bioinspired robots, soft robots and
continuum robots 9

Examples of continuum structures 16
Different modeling approaches for piece-wise
slender continuum structures 17

Two typical dynamics modeling approaches
for the piece-wise slender continuum struc-
tures 20

[lustration of Clothoid with different parame-
ters 33

[lustration of Clothoid’s transformation 34
Multiview perspective projection 37
Multiview reconstruction flowchart 38

Mlustration of Fréchet Distance 39
Flowchart of shape reconstruction by 2D clothoid 47
Procedure of ordering unarranged skeleton points 48

Examples of sorting algorithm performance 54
Results of shape analysis for selected morpholo-

gies of natural tendrils 56
Results of shape analysis for selected configu-
rations of continuum robot 59

Flowchart of shape reconstruction by 2D PCD 62
Weighted skeleton sorting algorithm procedure 63

Estimation of discrete curvature 65
Comparison of relationship between segment
number and penalties 66

Dynamic programming procedure 67

Shape analysis of natural tendrils with PCD 69
Arclength and curvature evolution over time 70
Biological experiment setup and data collection
procedure 74

Segmentation prepossessing procedure 77
Sorting points algorithm without cross-intersection 79
Sorting points algorithm with one cross-intersection 81

View re-projection and Fréchet distance-based
mapping 83



Figure 6.6

Figure 6.7

Figure 6.8
Figure 6.9
Figure 6.10
Figure 6.11
Figure 6.12

Figure 6.13

Shape comparison of reconstruction accuracy
between tendril skeletons and projections of the
stereo reconstructed tendril 89

Shape comparison of fitting accuracy between
projections of stereo reconstruction tendril and
PCD fitted tendril 91

PCD fitting under different penalties for selected
frames 92

Penalty values selection for PCD fitting by grid
search method 95

Index location distribution of each segment
connection points 96

Comparison of morphology evolution of ten-
drils after stimuli in 4 different regions 97
Comparison of curvature & torsion from initial
state to final state 98

3D tip movement of tendrils 99

LIST OF TABLES

Table 2.1
Table 2.2
Table 4.1

Table 4.2

Table 6.1

Table 6.2

Table 6.3

Comparison of sensing techniques - Part 1 27
Comparison of sensing techniques - Part 2 28
Numerical results of shape reconstruction pa-
rameters for natural tendrils by single-segment
clothoid and PCD 55

Numerical results of shape reconstruction pa-

rameters for continuum artefact by single-segment

clothoid and PCD 58

Shape comparison of reconstruction accuracy
between skeletonized tendril and projections of
reconstructed tendril 91

Shape comparison of reconstruction accuracy
between projections of reconstructed tendril
and PCD fitted tendril 93

Sensitivity of fitting penalties 94

Xvii



xviii

ACRONYMS

ACRONYMS

ODE

Ordinary Differential Equation

MLSM Moving Least Squares Method

MSE
PCD
PCC
SST
SSE
ROI
RGB
HSV
K-NN
TNB
SVD
BVP
FBG
EM
PRB

EOM
COG
COM
DH
PDE
SD
ME

Mean Square Error

Piece-wise Clothoid

Piece-wise Constant Curvature
Sum of Squares Total

Sum of Squares Error

Region of Interest

Red Green Blue

Hue Saturation Value
K-Nearest Neighbour Search
Tangent/Normal/Binormal Unit Vectors
Singular Value Decomposition
Boundary Value Problems
Fiber Bragg Gratings
Electromagnetic

Pseudo-Rigid Body
Revolute-Prismatic-Revolute Joints
Equations of Motions

Center of Gravity

Center of Mass
Denavit-Hartenberg Parameters
Partial Differential Equation
Standard Deviation

Mean Error



Part1

BACKGROUND






INTRODUCTION

1.1 CONTINUUM STRUCTURE IN NATURE

Looking into nature, the observation of biological systems encom-
passes diverse aspects, from single cells to complex organisms, from
animals (zoology) to plants (botany), from the structure of organisms
(morphology) to that of function (physiology, behavior, locomotion),
etc [101]. Such aspects allow animals and plants to develop different
morphologies and peculiar strategies to adapt and survive in a vari-
ety of highly competitive environments. For example, it is common
for soft-bodied animals and plants to exploit their bodies” softness
and deformation properties to comply with challenges offered by the
environments they live in. Hereby, a few examples are mentioned.

The octopus is a marine invertebrate soft animal, whose body is
characterized by eight arms that can realize various behaviors, e. g.,
bending, curling, twisting by elongation and squeezing muscles. Ow-
ing to these characteristics, the octopus is able to deform its body
to comply with contacted objects at any point along its arm length,
facilitating the capture of preys and the complex manipulation. More-
over, they adapt their behaviors by switching from manipulation to
locomotion [68].

Similarly, elephants use their dexterous and compliant proboscis
(trunk) having virtually infinite degrees of freedom to manipulate
objects of different sizes and stiffness [115]. Meanwhile, the flexibility
and stretchability of trunk allows it to reach the water far away and
leaves on tall trees by stretching the muscles.

Snakes have thin and slender flexible bodies. They mainly have four
different gaits of terrestrial locomotion: lateral undulation, concertina
gait, sidewinding motion and rectilinear gait and tracks [76], which
help to coordinate muscular propulsion and whole-body motion in
response to changes in the environment. Thanks to these specific
locomotion gaits, snakes can easily adapt to various terrains, move
fast in 2D planes, climb on slopes with different inclinations and pass
through narrow passages. Snakes are even able to swim, burrow and
manipulate objects by wrapping around them.

The examples mentioned above have commonalities. They are con-
tinuum structures, appendices or entire bodies, of animals character-
ized by thin and slender geometries, with the length of shape having
more impact on shape deformation compared to the thickness of shape.

Such morphological characteristic is not common only among an-
imals. Plants, on their side, are also characterized by slender and



4 INTRODUCTION

Figure 1.1: The three key phases of tendril movements [116].

continuum structures that deform, showing highly adaptive move-
ments. Among many, climbing plants exceptionally provide interest-
ing examples of continuum structures, which build up the main thin
stem by growing and elongating cells from their apical extremities
and contribute to exploring the environment. They span their shoots
across voids, climb over existing structures, anchor around different
kinds of supports, and finally flourish in remarkable species-specific
attachment ways to race skywards for light and claim space. Based
on different climbing mechanisms, Charles Darwin [11] categorized
climbing plants by climbing organs, including twining stems, hooks,



1.1 CONTINUUM STRUCTURE IN NATURE

leaf-bearers, adventitious clinging roots, adhesive pads, and tendril-
bearers.

Among them, tendrils are specialized, long, slender filamentous
organs. They are derived from reproductive structures and adopted
to grasp and grow across supports by curling behavior. According
to [22, 116], tendrils have three key-feature phases of movements (as
illustrated in Figure 1.1 ): circumnutation, a characteristic circling move-
ment, a strategy adopted to search for and approach a support; contact
coiling, a strategy adopted to actively contact and confirm the ideal
support and then coil around it; and free coiling, a strategy adopted to
drag itself close to and then tightly grasp the support by coiling. The
alternation of these phases requires significant morphological changes
that suggest, although tendrils without specialized sensory cells [13],
the extreme sensitivity of these organs to mechano-stimulation, i.e., a
biological term mechanosensing. Jaffe [58] was the first to coin the term
thigmomorphogenesis to describe the mechanically-induced responses
in these plants’ organs (i. e., morphological shaping).

Due to vast biodiversity, biologists from the 1870s started to study
the irritation property of tendrils across different species. For instance,
the tendrils of Passiflora caerulea are sensitive to contact with objects of
different materials ( e. g., glass, wood, metals, stones, fibers, parts of its
own body and other plants) [18]. This leads to an uneven distribution
of protoplasts in the epidermis [19], which results in body bending.
Moreover, the rapidity and amount of response are determined by the
force of impact and the roughness of object’s surface rather than the
composition of tendrils” body. The stimulus applied to tendrils is a
crucial factor affecting their breaking strength since the number of
xylem cells and the thickness of the cell wall of both the xylem and the
pith increase upon contact triggering [9]. Such external stimulus can
be transferred through tissues to non-disturbed distal regions, alerting
the body morphology. In addition, Passiflora tendrils have receptors on
both the ventral and dorsal surfaces that, when triggered, counteract
each other’s actions.

For Peas, the sensitivity of tendrils scattered along their body length
is irregular, depending on the stage of maturity [57]. The response
to the mechanical stimulus, therefore, depends on their age [57], the
stimulated position [56] and the frequency of stimulation. Tendrils
always curve along the ventral side after ventral stroking, and their
curling capability decreases as the distance from the tip increases.
The magnitude of response of Pea tendrils is influenced by both the
amount and the frequency of the stimulus. Under the same amount
of stimuli, it responds much more to a higher frequency of ventral
stimulation than to a lower frequency. In addition, matured tendrils
can exhibit maximum irritability with minimal change in thigmotropic
sensitivity. Such generated sensitivity can be swiftly transferred from

5



INTRODUCTION

the region where the mechanostimulation was received to the subjacent
stem.

1.2 CONTINUUM STRUCTURE IN ROBOTICS

Nature constitutes a wonderful library of endless inspiration for
creative minds for biology to technology transfer. The transition
from learning about nature to learning from nature derives several con-
cepts linked to bioinspiration, including biomimetics, bionics and
biomimicry. Boundaries of these terms according to a specificity of
analogies and related fields of application are presented in Figure 1.2.
Although all of these concepts involve the comprehension of biological
systems, they carry different purposes and underlying connotations,
as well as varied significance for science and engineering.

( Mechanics
Bioinspired
Robots

(el

Related fields

\ \ Increasing specificity
of analogies

Figure 1.2: The field of bioinspiration (modified from [33]).

Some definitions have been proposed by (ISO/ TC266 2015) [55].

"Bioinspiration: a creative approach based on the observation of biological
systems.”

The boundary of bioinspiration covers both the divergent and con-
vergent implementation phases of creativity (i. e., the process of foster-
ing creativity from biological systems to deriving innovative design
solutions) [33]. Thus, from an engineering perspective, bioinspiration
is the nature-mentored strategy by which the properties, structures,
functionalities, and exquisite mechanisms and principles of natural
systems are extracted, concentrated, transferred, improved for custom
purposes, and implemented in new technology.

"Biomimetics: interdisciplinary cooperation of biology and technology or
other fields of innovation with the goal of solving practical problems through



1.2 CONTINUUM STRUCTURE IN ROBOTICS

the function analysis of biological systems, their abstraction into models, and
the transfer into and application of these models to the solution.”

Biomimetics, coined by the biomedical engineer Otto H. Schmitt
[114], attempts to reproduce the biological systems. On the one hand,
it draws inspiration from observing and analyzing living systems
and converts them into biological models for solving human prob-
lems. On the other hand, as a problem-driven approach, biomimet-
ics provides a working platform to test hypotheses formulated on
such biological models. It allows us to examine our understanding
of biological systems at all scales and know how they work without
dealing with the complexity of natural systems [141]. Thus, the pro-
cess model of biomimetics can be designed as a double symmetrical
abstraction-specification cycle separated into two phases, as illustrated
in Figure 1.3. The first phase is the transfer of biology to technology,
whereas the second phase is the reverse [33].

3. Transpose 7. Transpose

/ to biology / to technology

2. Abstract 4 I?e";_'fr 8. Implement 6..Abstvract
technical g_o Ien_ al & Test in the blolog_\ca\
problem 1008ICal initial context strategie(s)

models
\ 1. Problem

analysis

Level of abstraction

:
g
&
&
>

5. Select biological
model(s) of interest

Input Output

Figure 1.3: The cycle process of biomimetics design (extracted from [33]).
The required contribution of biologists is marked with light green
arrows (biology), while the contribution of technologists is in
dark green arrows (technology).

"Biomimicry: Philosophy and interdisciplinary design approaches taking
nature as a model to meet the challenges of sustainable development (social,
environmental, and economic).”

Bio (life) - mimicry (imitating) was conceived by biologist Janine
Benyus in her first book "Biomimicry: Innovation Inspired by Nature"
[3]. From that, biomimicry could be accomplished via three levels:
1) mimicking natural forms, such as velcro strap mimicking burr, 2)
mimicking natural processes with emphasis on structures and func-
tions, and 3) mimicking natural ecosystems with the ultimate objective
of obtaining sustainable solutions for establishing a balance between
resources and the exploitation of nature. The key idea followed by
biomimicry is that nature always operates on the principle of econ-
omy and optimal efficiency, with no waste. Its ultimate goal is to find
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long-term solutions for achieving a tradoff between natural resources
and exploitation.

"Bionics: technical discipline that seeks to replicate, increase, or replace
biological functions by their electronic and/or mechanical equivalents.”

Bionics emerged in the 1960s as a framework for developing artificial
systems via studying biological systems. Until 1989, bionics became a
scientific field that covers robotics, bioengineering technologies and
life sciences [21]. Its ultimate goal is to develop biomimetic robots,
human-centered healthcare, and assistive technologies.

From the above definitions and Figure 1.2, we can conclude that
nature is a treasure trove of innovative inspiration from living systems.
Bio-inspiration is a transition strategy for innovative ideas and design
principles seeking from biological systems in nature, through which
structural characteristics and functionality are pushed to new heights
beyond what nature provides. Biomimetics focuses on methodological
aspects of bio-inspiration. Biomimicry is concerned with philosophical
aspects of bioinspiration part related to sustainability. Bionics focuses
on bioinspiration’s engineering and technological aspects, specifically
involving robotics. Due to the ambiguous area division, these concepts
overlap in the field of robotics, but they are all related to biological
inspiration; thus we here collectively refer to them as bioinspired
robots.

In robotics, there are many examples of bioinspired robots. For
example, light-weight and free-moving insects inspired researchers to
create flying robots capable of maneuvering in a small congested envi-
ronment. Franceschini et al. [35] built an autonomous micro-helicopter
robot outfitted with an optic-flow regulator and a bio-inspired optic-
flow sensor. Such a fly-by-sight robot follows the same principle of
navigation as insects to perform the tasks such as take-off, level flight,
and landing via a visual-feedback loop. Taking inspiration from flying
insects, Wood [145] designed the first insect-size robot (shown in Fig-
ure 1.4. f.). The gecko is able to climb along smooth vertical surfaces
and ceilings thanks to its toes endowed with compliant hierarchical
structures in its fingers, enabling directional adhesion. Stickybot [64]
employs this biological structure and the gecko climbing mechanism to
implement a force control strategy for attachment and detachment of
its toes, ensuring feet-body balance (shown in Figure 1.4. e.). Snake-like
robots (shown in Figure 1.4. g.) mimic the different locomotion gaits of
biological snakes to coordinate muscular propulsion and whole-body
motion in response to various environmental disturbances. [76, 152].

All of these examples are also biomimetics robots since they follow
the cycle process of biomimetics design, which enables us “to kill
two birds with one stone” [35] by unifying the creation of robots for
real-world applications and the research of biological systems through
robotic platforms. For instance, in [117], "from insects to robots" investi-
gates how biological insects fly to achieve their agility and contributes
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Figure 1.4: Examples of bioinspired robots, soft robots and continuum robots,
classified by the whole shape forms. a. XoSoft wearable robot
[108] b. degradable capsule origami robot [82] c. echinoderms
inspired robot [120] d. SoFi soft robotic fish [80] e. bioinspired
Stickybot [64] f. fly robot [145] g. Uncle Sam: snake-like robot
[152] h. soft octopus robot [68] i. growing vinebot [16] j. plantoid
robot [107] k. Festo elephant-trunk like robotic arm [34] 1. tendon-
driven continuum robot [89] m. concentric-tube robot [79] n. soft
prosthetic hand [150]

to elegant robotic solutions, while "from robots to insects" suggests that
robots as moving platforms are capable of testing biological hypothe-
ses and could provide a possible explanation for the safe flying of
insects in an unpredictable environment, thereby implying functions
in the biological substrate.

When it comes to bioinspired robots, they should be associated with
a cross-branch field — soft robotics, in which the robotic artefacts, as op-
posed to the conventional rigid counterparts, are inherently compliant
for operation in an unstructured environment. Due to the use of soft
materials [26, 150], soft actuators [80] and compliant structures and
joints [68], such inherent or structural compliance endows robots with
a variety of capabilities[69], such as squeezing(shortening), stretch-
ing(elongating), climbing, growing, and morphing, which rigid-link
robots may not have.

Another branch that we are interested in is continuum robots, which
are defined by [10] as "an actuatable structure whose constitutive ma-
terial forms curves with continuous tangent vectors". Unlike rigid
robots, which are constructed up of discrete links united by joints,
the configuration of a continuum robot is dictated by an infinite-DOF
elastic component. Thus, they could have continuous curvilinear struc-
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tures at various scales: at large scales, such as Festo elephant-trunk
[34] (Figure 1.4. k.), while at mini scales, like concentric-tube robot
[79] (Figure 1.4. m.). Besides, the continuum robots can be categorized
based on their actuation type (i. e., tendon/cable drive [68, 89], motors
drive [107], EM drive [82], pneumatic drive [16], hydraulic drive [34],
osmotic drive [124], shape memory effect [68], etc.) and structural
design (i. e., single backbone, multi-backbone [89], concentric tube [79],
etc.).

The three types of robots mentioned above are exemplified in the
Figure 1.4. Bio-inspired continuum soft robots, as the overlap of these
three, are emerging and attracting researchers’ attention since they
can shape at any point along the total length and adapt in complex
morphologies by continuum elements to counteract unpredicted con-
ditions (e. g., tendril-like soft robot [85]).

1.3 MOTIVATION AND OBJECTIVES

From the preceding, continuum structures are an indispensable and
essential feature of biological and soft robotic systems. Such struc-
tures combine the typical characteristics of natural systems and can
provide more intelligent solutions in a continuum mechanism with
high compliance and adaptation when interacting with the external
environment.

From the natural world, we chose the passiflora tendrils as the repre-
sentation of ideal natural continuum structures, with focus on mor-
phological changes resulting from mechanosensing. Many botanists
investigated tendrils morphological changing capability focusing on
their origin and development [129], flexibility property [140], and adap-
tive attachment [11] solely from a biological and biomechanical per-
spective. To this aim, different methodologies have been approached.
Techniques such as histological analysis, in situ measurements of bio-
logical parameters, and micro-CT scans [63] are used most to study
static morphological properties. However, few studies on the relation-
ship between external stimuli (amount and duration of the exerted
stimuli, the site of perception, etc.) and morphological changes have
been conducted. Some of them were performed primarily around
the 1890s ([9, 18, 19]) and most of these studies are qualitative of
single-plane motions. Furthermore, they did not provide an analysis
over time of the morphing in relation to external stimuli. The analysis
required is particularly challenging in plants since they continuously
grow following complex 3D patterns of movement. Image-based track-
ing methods could help to reinforce the motion analysis by providing
more quantitative information. However, tracking plants” slender bod-
ies poses several challenges to body recognition and reconstruction. A
straightforward approach would be the use of markers along a moving
body. This classic approach, however, has several limitations on its
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applicability to plants. First of all, plants have continuously growing
organs. It means that a new body part is always generated that cannot
be marked in advance. Eventually, the position of markers on the
body might impede the organ’s movements. In addition, the added
markers could be covered by leaves or other new growing sections
of the plant body. To the best of our knowledge, until this thesis, no
tool could analyze the evolution of tendril morphology upon external
stimulation in three dimensions (details in Chapter 6).

In recent years, bio-inspired soft robotics have benefited from studing
natural organisms, enabling dexterity and compliant structures for
better adaptation, prompt response and safe interaction with the en-
vironment [69]. Continuum structures can shape at any point along
the total length and adapt in complex morphologies to counteract
unpredicted conditions.

Under a specific environmental context, the motion trajectory and
workspace of continuum robots are determined not only by the end-
effector, but also based on shape information whose kinematics cannot
be described with traditional joint angles and link lengths. The mea-
suring, modeling, and control of such kind of continuum geometry are
still a challenge to date. Besides, there has been little discussion about
the accurate reconstruction of slender, growing continuum structures,
especially in thin size. The spatial description of such structures by an
appropriate model can benefit the definition of shape configuration. In
the literature, although the constant curvature hypothesis and piece-
wise constant curvature approximation have been adopted due to their
simplicity and easy implementation [98], they do not dramatically
correspond to continuous curling character — i.e., smooth transition
between one straight line and one curve or between multiple curve
segments.

From a very recent proposal in [90], we can see that taking inspira-
tion from how nature has shaped continuum structures in animals and
plants (e.g., their structural patterns, biomechanical properties, motion
abilities) can help in designing more reliable artefacts with embodied
functionalities (e.g., body-embedded reactive behaviors, morphing)
that can simplify their control. Yet, biological information is under-
exploited due to a concerning lack of engagement from biologists.
One of the reasons could be that there are limited available tools for
observation and analysis.

1.4 CONTRIBUTION AND OUTLINE

The main contribution of this thesis is to propose an image-based
marker-free approach associated with continuous model analysis (i. e.,
2D and 3D Clothoid spirals) to provide the morphological description
and reconstruction of natural thin-continuum shapes. We take tendrils
of climbing plants as a biological model reference and analyze them

11
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in 2D and 3D space. At the engineering level, it allows to description
and reconstruction of artificial thin-continuum shapes and guides the
design of tendril-inspired biomimetic intelligent devices.

This thesis will present a state-of-the-art survey on shape sens-
ing and reconstruction of thin-continuum structures in Chapter 2,
from model-based (i. e., kinematic and dynamics) to sensor-based and
deepening to vision-based methods. Then, Chapter 3 introduces the
essential theories of the clothoid spiral, the fundamental concepts of
multi-view reconstruction and Fréchet distance that will be involved
in subsequent chapters.

The main contributions of this thesis are subdivided into three
chapters that tackle different dimensions (i.e., 2D and 3D), shape
complexity (i. e., in-plane and off-plane) and data types (i. e., image
and video):

I. 2D Shape Reconstruction based on planar clothoid and piece-wise 2D
clothoid curves

Chapter 4 proposes two resolution approaches for the shape repre-
sentation of both the natural tendril and artificial continuum structures:
i) single-segment clothoid representation, with optimal curve parame-
ters search; ii) piece-wise clothoid representation by assigned number
of segments, with G! Hermite-fitting solution. Besides, we propose a
novel algorithm to sort 2D unarranged points that addresses the issue
of possible undesired branches and discontinuities in the skeletonized
images.

Chapter 5 is the extension of the work in Chapter 4. We present
an advancement of the sorting skeletonization algorithm, which can
handle abrupt changes in the direction of the extracted points. In
addition, we present an automatic method to identify the minimum
number of 2D piece-wise clothoid spirals needed to represent a given
tendril. This work allows us to properly describe the morphological
evolution of a planar tendril after mechanical stimulation.

The main contributions of this part can be summarized as follows:

¢ at the engineering level, introduced and verified clothoid (piece-
wise clothoid ) curve can be used for shape representation of
slender continuum structures with curling behaviors, including
both natural and artificial ones;

* at the engineering level, proposed a 2D points-sorting algorithm
for unarranged points;

¢ at the biological level, introduced a 2D practical tool to recon-
struct temporal shapes and the morphology evolution of tendrils
over time, and preliminary revealed the generated morphologies
impacted by exerted stimuli with time and sensitive properties;
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e at the biological level, analyzed the planar growth patterns to
reveal the uneven distribution of the tendrils’” sensitivity along
the length.

II. 3D Shape Reconstruction based on 3D piece-wise clothoid Curves

Chapter 6 is based on the 2D work. First, it presents a stereo tech-
nique for shape reconstruction of 3D tendrils” morphology and the
point correspondence relationship by using the minimum Fréchet
distance between views. Then, it proposes an automatic piecewise 3D
clothoid model to describe the reconstructed 3D tendrils.

The main contributions of this part can be summarized as follows:

e at the engineering level, presented a vision-based approach to
reconstruct the 3D spatial shape of slender continuum structures
from multi-view images;

¢ at the engineering level, proposed 3d piece-wise clothoid spirals
to model and describe tendril shapes;

¢ at the biological level, introduced a 3D practical tool that can be
adopted to characterize the morphological evolution over time
of these organs organisms, in relation to the sensitive properties;

* at the biological level, analyzed the growth patterns to reveal the
uneven distribution and transduction of the tendrils’ sensitivity
along the length.

Finally, Chapter 7 summarizes the relevant results of this work and
provides the perspectives of future directions.

13
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To target morphological analysis of biological continuum bodies, as
well as the optimal shape control of continuum robots in well defined
environments, shape sensing and 3D reconstruction are crucial steps.

In this regard, there are a number of existing techniques, such as
model-based, sensor-based and vision-based [111, 121, 138] methods,
to provide shape sensing or reconstruction under different situations
with advantages and disadvantages. Since a continuum structure has
flexible, thin, and multi-directional movement, it requires approaches
with fast response, high sensitivity and multi-dimensional measure-
ments. For example, the model-based shape reconstruction can capture
the kinematic and dynamics from both geometrical and physical prop-
erties. Still, it might fail with accuracy, demand for high complexity
and thus high computational costs. The sensor-based shape sensing
can provide portable and embeddable solutions but yet discrete com-
ponents in continuum structures can introduce deviation in predictable
behaviors. Meanwhile, vision-based sensing can directly measure the
shape without complex mechatronics but using simple setups, e.g.,
RGB cameras. However, they are not easy to integrate into the bodies
and still require solutions for efficient real-time 3D reconstruction.

In the following sections, I will review the state-of-the-art methods
for shape sensing and reconstruction. The functionality, benefits, and
limitations of each approach are discussed.

2.1 KINEMATIC-BASED SHAPE REPRESENTATION

Considering continuum structures, both the kinematic and dynamic
models can address the shape reconstruction problem. A wide type
of approaches are developed to describe natural structures, such as
elephant trunks and tendrils, as well as continuum robots.

The most intuitive way to describe slender shapes is geometrical
models. The differential geometry of framed curves can quantitatively
describe the neutral axis of a slender object [128]. Typically, it can
be divided into the parametric or non-parametric formulations of
different curves, as reviewed in [123]. Given the continuum structure,
as shown in Figure 2.1, the whole mechanism can divide into piece-
wise segments for representation and modeling. In the following
approaches, we only consider a sub-segment of the entire curve by
piece-wise pattern.
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Figure 2.1: Examples of continuum structures both in nature and robotics.
The partial slender mechanisms are circled inside the light red
region. They are sensed and reconstructed with the methods re-
viewed in the following sections. (A) A plant tendril. (B) Elephant
trunk. (C) Growing robot from [47]. (D) Tendon-driven contin-
uum robot from [95].

2.1.1  Rotation Frame Representation

A generalized curve can be described in a rotation frame by a homoge-
neous transformation matrix, T(s) € SE(3), as shown in Figure 2.2(A):

T(s) = (2.1)

R(s) p<s>]
0 1

The rotation frame R(s) is attached at the base of the piece-wise
segment i, and connected with segment i + 1. In [51], the authors
defined the position vectors and orientation matrices by the following
differential equations:

dl;ES) = R(s)[u(s)]«

dp(s) (22)




2.1 KINEMATIC-BASED SHATPE REPRESENTATION

Figure 2.2: The illustration of different modeling approaches for piece-wise
slender continuum structures. (A) Rotation frame representation
with the position p(s) and the orientation matrix R(s) [51]. (B)
The constant curvature model. (C) The pseudo-rigid body (PRB)
model. (D) The distributed curve representation.

where -]« is the skew-symmetric matrix of a vector from R® to
SO(3), and v(s) is the unit vector in the X, y and z directions. As
long as the curve is assumed to be inextensible and shearless without
axial deformation, we could get v(s) = [0,0,1]T. Meanwhile, u(s) =
[u(s)r,u(s)n,u(s)p]” a vector denoting an infinitesimal rotation of
the attached frame.

2.1.2  Constant Curvature Representation

For simplification, the constant curvature [98] is the most used as-
sumption of continuum shape approximation. It has been widely used
for different types of continuum robots, such as the steering needle
[99], soft manipulator [105], concentric tube [27], and tendon-driven
manipulator [12, 132] etc.
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As shown in Figure 2.2(B), to represent a point on the arc, the
transformation matrix concerning the base frame can be given by:

1(s) = |Re(@IRy(x)Ry(=¢) p(s) (23)
0 1
where the point position is calculated as:
? (1 —cosxks)
p(s) = ? (1 — cosxks) (2.4)
1 .
— sinks
K
The curvature and bending angle are represented as:
k(s) = /x2(s) + x2(s)
! ! (2:5)

¢ = arctan 2 (i, k)

However, it has been proved the approximation of a constant circular
arc for most continuum structures will result in low accuracy [106,
112]. The drawback of this modeling method will introduce possible
consequent deviation from the actual continuum mechanism. Despite
this drawback, the constant curvature assumption remains primarily
used because it reduces numerical complexity with respect to variable
curvature models.

2.1.3 Pseudo-Rigid Body (PRB) Representation

In this formulation, the continuum structure is discretized into several
segments, each acting as a rigid link. The connection between the seg-
ments can be assumed with torsion springs. This simplification allows
the use of well-established classical rigid-body approaches. In [54, 100,
139], the Pseudo-Rigid Body (PRB) model was applied for both planar
and 3D cases, as shown in Figure 2.2(C). Mathematically, the trans-
formation between each link was performed by several consecutive
rotations, which is given by:

cost 0 sin6; 7;Lsinb;
0 1 0 0
Tj(yL)=| (2.6)
—sinf) 0 cos6; <;Lcost;
0 0 O 1

Thus, after transform chain multiplication, the transformation matrix
from the i sub-segment to the i + 1" sub-segment will result as:

T(L) = T.(¢)T1 (11 L) T2(y2L) - - - Tj(7jL) T2 (—¢) (2.7)
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It can be noticed that the rotation with z axis is denoted by T,(x).
The rotation by —¢ can ensure no twist after the frame chain multi-
plication. This PRB representation has also been applied to different
applications, such as catheters [42, 43, 139], tendon-driven continuum
manipulators [93]. It has to be noticed that with the PRB-type mod-
els, the dynamics can be easily obtained using classical multibody
Equations of Motions (EOM).

2.1.4 Distributed Curve Representation

Another way to describe the slender structure is using a finite number
of distributed curves. It is expressed in curve parameters or a set
of "modal" shape functions. The kinematics is formed with a linear
combination of shape functions. The general form can be represented

C(s) = }_ ai®i(s) (2.8)

where g; is the i coefficient and ®;(s) is the respective shape function.
The number of curve parameters depends on the specific modeling of
shape functions. In general, it is selected by trigonometric functions
such as sin(*) and cos(x), and approximated with a truncated Fourier
series [88]. Some other forms of functions can also be expressed, such
as polynomials [39], Taylor series expansion [40], Bézier curves [125,
147], PH curves [123], variable curvatures [78] and approximation of
curvature as polynomial [14, 112].

2.2 DYNAMICS-BASED SHAPE REPRESENTATION

The dynamics model can reveal the internal mechanics and force rela-
tionships, as well as boundary conditions, including external forces,
contacts etc. In particular, the deformation can be viewed as a beam
backbone for slender structures. It can capture the shape informa-
tion characterized by the non-linear mechanics in 3D space. In this
section, two typical dynamics models will be introduced for shape
representation, as shown in Fig. 2.3.

2.2.1 Cosserat Rod Representation

Classically, when referring to the mechanics of slender structures, the
Cosserat rod theory [38] is applied to describe the shape deformation.
A set of differential equations are needed to build and solve Boundary
Value Problems (BVP). Different physical effects are integrated by tak-
ing advantage of bending, shearing and extension constraints. Many
works have been done for modeling and control of continuum robots
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(B)

Figure 2.3: The illustration of two typical dynamics modeling approaches
for the piece-wise slender continuum structures. (A) Cosserat rod
representation. (B) Lumped multi-body representation, with a
sequence of Revolute-Prismatic-Revolute Joints (RPR) joints.

[59, 87, 97, 132]. Taking the notation from [10] and shown in Fig-
ure 2.3(A), the quasi-static equilibrium form can be represented by a
set of differential equations:

on—+f=0

2.
osm—+ospxn+1=0 (29)

where n and m are the internal force and moment interpreted at
the curve length s. Meanwhile, f and 1 are the distributed force and
moment applied externally.

The calculation of n and m is algebraically related to material
constitutive law. For the tendon-driven robotic system, the internal
force and moment of n and m are also affected by the boundary
conditions, i.e., the coupled tendon termination. The 3D static model
for continuum robots can be found in [97, 103].

More details about non-neglectable linear and angular momentum
can be found in [38]. The mass density pA, the mass moment of inertia
pJ, and angular momentum pJw variables are accounted for each
cross-section of the rod, especially for complex geometric features.
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2.2.2  Lumped Multi-body Representation

As described in the previous section, a curve can be discretized into
multiple segments. It can be viewed as a classical multi-body dynamic
system with constraints. For example, the body can be augmented
with multi-segments, which could be composed as a sequence of RPR
joints, shown in Figure 2.3(B). The general form of equations of motion
(EOM) is given by:

M(q)4 +C(q,9)q +N(q,9) = B(7) (2.10)

where q, ¢, q are the robot configuration and its derivatives. M is the
inertia matrix, C is the Coriolis and centrifugal matrix, and N is the
gravity. The non-conservative term B is associated with generalized
actuation and external forces.

It has to be noticed that in order to capture the motion with equa-
tions of rigid-body forms, some approximations need to be assumed.
In [23, 62], the authors proposed the dynamically consistent aug-
mented formulation by introducing an equivalent Denavit-Hartenberg
Parameters (DH) parameterization. Each curve sub-segment’s The
Center of Mass (COM) is matched with an equivalent point mass in
the approximated rigid-link model.

Similarly, the Center of Gravity (COG) based dynamic model is
proposed in [41]. Both linear and angular kinetic energies are derived
at the COGs. Through solving the integrated energy functions, the EOM
terms can be obtained recursively. They also showed the efficient real-
time performance numerically for a three-section continuum model.

Different from the Cosserat-rod in continuous form, the discretized
approximation requires a large number of segments to guarantee accu-
racy. Usually, the parameterized spring, dampers and lumped masses
must be identified regarding a continuum system. Although several
other approaches formulated static force equilibrium [148], a lumped
set of equations are still needed. Therefore, it will introduce more
computational complexity. A reliable and accurate Matlab package has
been developed for discretized lumped and reduced-order continuum
models in [106].

2.3 SENSOR-BASED SHAPE REPRESENTATION

In addition, sensors can measure the deformation information as well.
As an alternative to model-based strategies, the use of sensors on a
physical body can allow its shape real-time measurement and esti-
mation without requiring complex shape modeling. In recent years,
the advancement of fabrication techniques has boosted various types
of sensors, each with its challenges, pros and cons. Two important
categories of sensors developed in the literature are fiber optical and
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electromagnetic-based sensor, providing advancement in propriocep-
tion capabilities for soft continuum systems.

2.3.1 Fiber Optical-based Sensor

An optical fiber is a technology that transmits information in the form
of light pulses and intensity along a glass, plastic or silicon fiber, given
a light transmitter and a receiver. This technology can be used as
sensors and embedded in soft continuum structures to detect shape
deformations (strain and curvature) by looking at variations in the
intensity, phase, polarization, and wavelength of the transmitted light.
In general, intensity-modulated [113, 149], phase-modulated [153], and
scattering-based [36] methods are applied for shape reconstruction.

Among these types of sensors, the Fiber Bragg Gratings (FBG) sen-
sors [99] are extensively studied. The fabrication techniques of FBGs
include photosensitivity, holography, phase masking, and a femtosec-
ond laser. The reflected Bragg wavelength shifts with strain and tem-
perature. The shift is measured using an interrogation system to char-
acterize the FBG response. The strain, curvature and torsion along the
continuum body are directly related to the wavelength shift on each
fiber. The FBGs provide advantages with a more extended working
range, miniature size, fast response, high sensitivity and repeatabil-
ity. Therefore, the curvature and torsion features can be suitable for
shape detection and estimation in many applications. It has been ap-
plied to different types of continuum robots, such as tendon-driven
manipulators [2], steerable catheters [15], concentric-tube robots [24],
soft material robots [36, 143], needles [92], etc. Regarding the inte-
gration of fibers, both straight [118] and helical [144] configurations
are evaluated. Thus, it could provide additional measurements, such
as elongation and compression [50]. It should also be noted that the
ability for torsion and force sensing can also be found in several works
[15, 94, 142, 146].

In conclusion, the fiber optical-based sensor, particularly the FBG-
based, is a promising approach for the shape reconstruction of slender
structures. The measurement benefits from the millimeter-level diam-
eters of the fibers. However, the sensor is more accurate regarding
small deflections due to a lower strain transfer ratio. The stretchability
of the sensor would be limited for more significant deformation of the
C-shape and S-shape. To improve the performance, the design and
configurations should be optimized for setups, such as the number of
fibers, fiber core numbers, reducing induced strain on the fibers, etc.

2.3.2 Electromagnetic-based Sensor

Another method relies on measuring the deployed physical sensors’
position and orientation within the detected objects. One representa-
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tive sensor of this type is the electromagnetic (Electromagnetic (EM))
tracking system. Due to its advantages of real-time performance, size
miniaturization and accuracy, it has been widely used in many ap-
plications, such as surgical navigation [136], control of continuum
robot [61] and soft robot [71], and reconstruction of intravascular
catheterization interventions [122]. The functional principle is to use
a pre-generated electromagnetic field to measure the pose of the EM
receivers within a known workspace. Compared to FBG-based sensors,
it has greater flexibility over large deformation and freedom from
line-of-sight. More importantly, they have no effect on the mechanical
properties of the robots, which will be beneficial for modeling and
control.

However, only a few sensors can be discretely attached to the objects,
e.g., at the end-effector for distal tip tracking. As a result, only discrete
posture information can be captured, which is the primary drawback
of this technique. To reconstruct the entire shape, it has to combine
with other approaches, such as the robotic kinematic models. For
example, in [133], the authors extended a Kalman filter to combine data
from EM trackers with kinematic models and determine the robot’s
motion. Similarly, probabilistic fusion was applied to the biopsy needle
[109] and catheters [25, 37]. Most of these works configured the EM
trackers only at key points of the body frame, such as at the tip and
the base. The fusion technique can estimate the shape parameters
using measured curvature information. By mounting three EM sensors
along a cable-driven continuum robot [126], the shape reconstruction
is performed by fitting cubic or quadratic Bezier curves based on
the robot section length and the pose data obtained from EM tracking.
With this hybrid approach, shape reconstruction remains an estimation
that might fail in accuracy.

Apart from discrete setups, EM sensors are limited by measurement
inaccuracies due to the distortion of the magnetic field induced by
magnetic and conductive objects. Therefore, the interference generated
by electronic and metal instruments in the workspace would reduce
the effectiveness and reliability of EM tracking. For this, a calibration
procedure with a motion model using EKF-SLAM (simultaneous lo-
calization and mapping) was proposed in [110] for dynamic field
distortion compensation. A motion model based on observations from
redundant EM sensors was developed to achieve dynamic field dis-
tortion compensation via real-time distortion mapping, allowing for
simultaneous localization and calibration. Meanwhile, measurement
accuracy is limited in a small workspace, where high and uniform
accuracy is concentrated in the tracking volume’s center. To improve
the performance, [96] developed an EM servoing control paradigm for
centering the field generator using a robot manipulator.

In addition to the shape reconstruction function, the contact force
was estimated combined with the Cosserat-rod theory by using EM
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tracking [104]. It can therefore benefit other sense modalities as well.
In recent years, commercial EM tracking systems have been developed,
such as the NDI Aurora [86]. Numerous applications can benefit from
their diverse sorts of sensors. In terms of sensor configuration, an EM
tracker can be equipped on the objects either externally or internally

[127, 151].
2.4 VISION-BASED SHAPE REPRESENTATION

Shape sensing based on computer vision has become increasingly
popular in recent years. They rely on image data, which is easy to
obtain and inexpensive, to monitor and infer the geometry of objects.
Typically, this approach requires no major hardware modifications
and integration over the detected objects. In the literature [91], many
approaches to shape reconstruction for a general object have been
proposed. In general, most of these works characterize the recon-
struction with a finite set of points or geometry features (such as
contours, boundaries of the surface, edges) in 2D images by out-
putting 3D parameterized shapes such as curves, polygons, etc., or
non-parameterized shape such as meshes. Stereopsis is the fundamen-
tal theory governing the multi-view source of images. Most dense
reconstruction techniques have difficulties with thin, long, or slender
constructions.

In particular, for thin structures, curve skeletons, which are 1D
structures, are frequently used to abstract the topology and geometry
of 3D shapes. [73] used a deformable primitive to break down the
detailed surface into a multi-layer set of 1D curves. Similarly, in [53],
the 3D point cloud is represented as a curve skeleton without prior as-
sumptions on the shape geometry or topology. In conclusion, creating
an efficient technique for calculating a generalized skeleton represen-
tation for a thin-structured object is essential. To significantly increase
the utility of the curve skeleton, such a skeletonization approach
should be able to accept general input beyond the closed surface,
such as point clouds or images directly. Therefore, the detection of
edges, curves and lines in images is essential for sparse abstractions.
[130] proposed a probabilistic formulation of reconstruction based
on multiple calibrated 2D views. The reconstructed curve lies at the
intersection of a set of image distributions. More fundamentally, the
authors proposed a reconstruction framework based on differential ge-
ometry of general curves [29]. The curve tangent, curvature, curvature
derivative, and torsion of a space curve are derived for a pair of stereo
images. Additionally, the differential curve motion is estimated accord-
ing to the camera motion. Further, it was extended by representing
the topological connectivity of image curves with a 3D graph in [134].
A novel technique for reconstructing continuous 3D wires using a set
of image curve segments is investigated in [77]. The cubic B-spline
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is used to parameterize the curve shape. And a global optimization
algorithm is developed to solve the view correspondence problem
concerning smoothness. Apart from only using image information, the
physical simulation of the rod was exploited for the reconstruction of
thin tubular structures [81]. Some extension works have been applied
for surface reconstruction using curves in [74, 135].

While the above methods explore similar characteristics of thin
objects, they fundamentally focus on general object reconstruction
within the computer vision and graphics field. Only a few papers use
vision-based approaches to solve the reconstruction for slender/thin
structures, such as continuum robots and plant tendrils. In [17], a
reliable and effective stereo-vision-based shape detection technique
is presented for continuum robots. The Self-Organizing Map (SOM)
structure was applied to approximate the shape curve from segmented
2D images. The closed-loop shape control can be developed according
to the reconstruction as image feedback. The real-time 3D reconstruc-
tion of continuum robots based on two arbitrary camera views is
proposed in [20]. It is based on a closed-form analytical solution of
quadratic curves in 3D space. In the meanwhile, segmentation and
feature extraction are developed at high-speed image processing al-
gorithms. In [102], the technique makes use of the catheter robot’s
differential kinematic models in combination with optical flow anal-
ysis of the images. The mask shape of the catheter in 2D images is
optimized using the particle swarm algorithm. In [32], instead of direct
modeling with the shape, the eye-in-hand visual servoing framework
is proposed by a local Gaussian process regression for inverse map-
ping. The 3D shape of the flexible robot is reconstructed by minimizing
an energy function in [137]. The model is based on a graph allowing
for the displacement of the shape’s constituent points over the entire
3D space.

In medical robotics, the source of images varied from endoscopic to
X-ray/MRI/CT images. Thus, several different approaches have been
proposed for continuum robots for these specific images, such as fluo-
roscopy, endoscopy, and ultrasound. The detailed approaches in this
category will not be reviewed here because they are not particularly
interesting to us. The related view papers can be found in [121, 138].

2.4.1  Summary

In conclusion, the advantages, disadvantages and applications of shape
sensing techniques for slender continuum structures are summarized
in Table 2.1 and Table 2.2.

The model-based technique for shape reconstruction from these two
tables lies in two parts. One is based on kinematics, which mainly
introduces three approaches: the constant curvature assumption is
simple, and the most used but with low accuracy; the PRB equals to
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the piecewise rigid body, lacking continuity; the distributed curve is
a more accurate approximation depending on the characteristics of
different curves — variable curvature — appropriate to describe the
continuous shape. The other is based on dynamics, Cosserat Rod and
lumped multi-body, considering the integration of bending, torsion,
shearing and extension of physical strain to reflect dynamics physical
properties of elastic, material and external force, etc. The complexity
of modeling, computation and form is obviously high. Sensor-based
approaches mainly introduced FBG and EM. They both are in mini
size, easy to be integrated along the body, and able to realize real-time
response. FBG sensors are extremely expensive, and their accuracy is
limited to C-shape and S-shape. While EM sensors are more flexible
over large deformation but have high requirements for workspace.
Vision-based approaches are affordable, simple to deploy the setup
and able to obtain direct shape measurements.

The combination of vision and nonlinear curve model approach is a
promising solution for the reconstruction of thin, slender continuum
structures and will be detailed in depth in the following chapters,
where it is applied for the shape reconstruction of tendrils.
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2.4 VISION-BASED SHAPE REPRESENTATION
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Sensing Sensor-based Approach Vision-based Approach
Methods Fiber optical-based (FBG) Electromagnetic-based (EM) Vision-based
Advantages | ® able to be integrated along body | ® real-time performance * able to direct measure of the
for strain, curvature, torsion and | ® miniature size shape without complex mecha-
force sensing ¢ high accuracy within workspace | tronic setups
¢ long working range * more flexibility over large defor- | ® no need to modify the integra-
* miniature size mation and freedom from line-of- | tion of the detected object
¢ fast response sight ¢ cheap and affordable
* high sensitivity and repeatabil- | ® could be equipped on the object
ity either externally or internally
Constraints | ® accuracy limited for larger de- | ® discretized sensory information | ® needs complex implementation
formation of C-shape and S-shape | for pose estimation, such as key- | of computer vision algorithm
due to limited stretchability points * accuracy is limited by imaging
* expensive for integration * whole shape reconstruction | quality
must be combined with other data,
such as kinematic models
* receivers must be deployed
within known workspace by a pre-
generated electromagnetic field
* measurement accuracy limited
in a small workspace
¢ interference effect induced by
magnetic and conductive object
significantly
Applications | ® tendon-driven manipulators [2] | ® surgical navigation [136] e wire art [77]

¢ steerable catheter [15]

e concentric-tube robots [24]

¢ soft material robots [36, 143]
¢ needles [92]

e continuum robot [61]
¢ soft robot [71]
¢ intravascular catheters [122]

¢ surgical continuum robot [17,
102, 137]

* soft manipulator [32]

e catheter [20]

Table 2.2: The comparison over advantages, constraints and applications regarding different sensing techniques.
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CURVE MODELING AND RECONSTRUCTION

This chapter is the foundation for the following chapters. First, it
introduces the essential theories on the clothoid curve in the plane
and the space form separately. Then, the multi-view reconstruction is
presented. Finally, the Frechet distance for the similarity of curves is
introduced.They are the bricks for constructing the methodologies in
the following chapters.

3.1 CLOTHOID CURVE

The Clothoid curve has been given several names throughout its his-
tory, including "Euler spiral," "Cornu spiral," "Spiro curve," and "Glover’s
spiral." These specific names have witnessed the fact that the investiga-
tion of the curve has gone through several different stages, and each
term originated from a completely distinct application [72]. First, as the
definition for an inverse problem of elastic springs with pre-curved shape. It
was proposed by James Bernoulli in 1694. Next, as a graphical computa-
tion method for light diffraction patterns. Around 1818, Augustin Fresnel
independently derived the correspondent integrals (later known as
Fresnel integrals) for the principle of light, which is equivalent to
the definition of the clothoid by mathematical transformation. Later,
Alfred Marie Cornu precisely plotted the spiral of the Fresnel integrals.
Finally, as an engineering problem for railway track design. Arthur Talbot,
in his work "The Railway Transition Spiral", introduced a transition
curve to ensure a smooth riding experience and derived exactly the
same integrals as the aforementioned.

Recently, this transition curve has been applied in various fields,
such as in computer graphics for font design, roller coaster design; in
autonomous driving for optimal trajectories planning and following
[67]; in medicine for the reconstruction of elastin fibers in vascular
models [66]; in robotics for continuum structure reconstruction [30,

31].
3.1.1 Definition

According to Alfred Gray [1], the clothoid is "one of the most elegant
of all plane curves." It forms the curve whose curvature grows linearly
with the arc length. When the curvature is signed, a clothoid is odd
symmetric with regard to an inflection point, displaying a double
spiral structure.
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In parametric form, a general 2D clothoid curve is given by the
differential equations as follows:

x'(s) = cos(a(s)), x(0) = xo

y'(s) = sin(a(s)), y(0) = o

&' (s) = K(s), «(0) = a (3.1)
a(s) = Elsz + kos + ag

where «(s) is the direction (angle) of the tangent curve (x'(s),y'(s)) at
point (x(s),y(s)) with respect to the arc length parameter s.
According to [7], the solution of the above ODE function is:

§ 1
x(s) = xo —|—/ cos <2k1T2 + kot + a()) drt
0
S 1 (3-2)
y(s) =yo+ / sin <2k1T2 + kot + (xo> drt
0

where xo, yg are the origin of the clothoid curve.
The curve has a characteristic that the curvature is an affine(linear)
function of arclength as:

K(s) = kis + kz (33)

Note that, there are two special cases: when k; = 0, the curve is a
circle, and when ki = k, = 0, the curve is a straight line. This affine
property allows a smooth transition between straight line and curve
segments.

3.1.2 Fresnel Integrals

In terms of the traditional Fresnel integrals, the above ODE solution can
be reformulated as in [7]. The Fresnel integrals are defined through
the following equations:

/OS ékcos(g(jz + b& +¢) dE = s'TFX (as?, bs, )
s (3-4)
/0 éksin(gé‘z + b& + ¢) dE& = KV (as?, bs, ¢)

where

(poar) = [ Seos(B 4 gz +1) g
(3-5)
(poar) = [ Ssin(Be+q2+1) g

According to [7], Equation 3.5 defined as Fresnel integral momenta,
can be calculated accurately with defined parameters. It is based on
the asymptotic expansions with Lommel function. A Matlab/C++
library has been provided for numerical computation in [5].
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Therefore, the solution of ODE in Equation 3.1 are derived by:

x(s) = xo + SXg(klsz, kas, ag) (36)
3.
y(s) = yo + sYo(klsz, kos, ag)

3.1.3 Fitting of a Clothoid

Definition 3.1.1 (G! Hermite Interpolation). Given two points (xo, ¥o),
(x1,y1), and two angles a7 and «ay, find a clothoid curve segment in
form of Equation 3.6 that satisfies the following boundary conditions:

x(0) = xp, x(L) =2x1, x'(0) =cos(ap), x'(L) = cos(ay)

¥(0) = vo, ¥(L) =, ¥'(L) =sinao), (L) =sin(@m) =7

where L is the curve length.

As discussed in [7], the G! Hermite interpolation problem may have
an infinite number of solutions. Actually, the curve can be found as
long as the curve satisfies a(0) = ap + 2k and a(L) = ay + 217, with
kleZ.

Regarding our topic, the goal is to represent the 3D continuum
shape with clothoid segments. Consequently, the G solution fits our
single-segment fitting problem quite well. It guarantees there is at
least one single curve can be obtained, which can be optimized using
our following proposed algorithm, as detailed in Chapter 4.

3.1.4 Construction of a Clothoid Segment

From the above definition of the clothoid, we can define a clothoid ba-
sis as a curve primitive. Then, we can conclude the following pipeline
for construction of a general clothoid segment shape with the curve
primitive as,

0 0
0.01 0.01
0.05 0.01

0.12 0.02

A
B
c
D. 0.08 0.01
E
F

0.18 0.08

Figure 3.1: The illustration of a series of Clothoid curves with different pa-
rameters

33



34 CURVE MODELING AND RECONSTRUCTION

e define the origin point (xo,yo) = (0,0), the initial angle oy = 0,
the curvature parameters ky, kp, and the curve length L

e compute the curve ODE using Equation 3.6 for curve length
[0, L]

e Trim the curve segment by bounding the curve length with [I1, I],
where 1,1, € [0, L]

e perform translate (7 ), rotate (R), scale (S) to obtain a
transformed curve segment

The examples of the clothoid and their transformed curve segment
regarding different parameters is shown in Figure 3.1 and Figure 3.2,
respectively.

Figure 3.2: The illustration of Clothoid curves with different transformations:
original curve (green), translated curve ( purple), rotated curve
(orange), scaled curve (blue), trimmed curve (pink).

3.1.5 3D Representation of Clothoid

The first attempt to extend the 2D planar clothoid spline to 3D space
was proposed in [44] . Given an initial polygon under the TNB frame,
an iteration algorithm is proposed to refine the polygon by introducing
the discrete curvature binormal vector to determine inserted vertices
and ensure the curvature linearly distributed on each edge and vertex.
However, this study only considers the curvature and ignores the
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other essential factor regarding the 3D curve, i. e., torsion. Meanwhile,
this approach can only generate 3D discrete clothoid splines. In work
[46], Harary et al. define a new type of 3D clothoid curve without
a predefined polygon, which considers both curvature and torsion
and assures their linearity characteristics. It can produce continuous
rather than discrete clothoid spirals for 3D curve completion in terms
of continuous differential geometry.

In order to take into consideration the torsion, an affine relationship
similarly as Equation 3.3 can be given as:

T(s)=ns+1n (38)

According to [46], the following definition can be given for 3D
clothoid with a set of differential equations in TNB frame.

Definition 3.1.2 (3D Clothoid Curve). The 3D clothoid curve C(s)
fulfills Equation 3.3, Equation 3.8 and the initial following conditions:

dC(s)

ds T(s)
dzf) = (k1s + k2) N(s)
dljgs) = — (k15 +k2) T(s) + (115 + 12) B(s) (3.9)
d];f) =~ (us+1)N(s)

C(0) = co, T(0) = To, N(0) = No, B(0) = Ty x Ny
It has been proved in [46], the 3D clothoid have the following
properties,

* Invariance to similarity transformations : translation, rotation,
and scaling

e Symmetry : the starting point ¢p and end point c¢; can be
switched

* Extensibility : a curve segment between ¢, and ¢, coincide with
C, where m,n € [0, L]

dcC(s)
ds

* Smoothness : The tangent, i.e., at each curve point is

finite.

* Roundness : C is a circle if it interpolates two point-tangent pairs
that are on a circle.

The above properties guarantee the unique existence of a 3D clothoid
curve. It can be used with our three-dimensional model of the slen-
der continuum structure in terms of curvature and torsion linearity.
For our algorithm presented for reconstruction, we reformulated the
3D curve into a discrete representation with the above Frenet-Serret
equations. More details can be found in the Section 6.4.
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3.1.6  Piecewise Integration

Principally, the clothoid spiral satisfies a function that penalizes the
curve’s change in curvature (in the 2D case) and torsion (in 2D and
3D cases). An energy cost can be evaluated according to K and 7

2 2
E(KC,T) :/<cg§> + <Cii7s-) ds (3.10)

In fact, the solution minimizes the L,-norm of the variation of cur-
vature and torsion. As referred to for 2D curves, the variation of
curvature is known as MVC (or minimum variation curve) [83]. It is
also the curve that minimizes the L,-norm of the curvature variation,
subject to endpoint constraints.

Suppose the above curve is discretized into several piece-wise
clothoid spiral segments. Then, the G?>-continuity can be guaranteed.
There are endless solutions available if the endpoints are not subject
to any additional constraints. Thus, we proposed an approach with
optimization over the number of segments in our subsequently devel-
oped algorithm for the 3D piece-wise reconstruction. The definition
of G? Hermite Interpolation problem is given as follows. It should
be noted that the u(s) inside the definition can be interpreted as an
optimization or a control variable.

Definition 3.1.3 (G?> Hermite Interpolation). Given two points (xo, Jo),
(x1,y1), and two angles 7 and a5, and two curvatures Ky and K4, find
a clothoid curve segment in the form of Equation 3.9 that satisfies the
following boundary conditions:

x(0) = x9, x(L) =x1, x'(0) =cos(ag), x'(L) = cos(ay)

)
y(0) =yo, y(L) =y1, y'(L) =sin(a), y'(L) =sin(a1) (3.11)
ki = u(s), K(0) =Koy K(L)=K;

where L is the curve length, and u(s) is a piece-wise constant function
to be determined.

3.2 MULTI-VIEW RECONSTRUCTION

The process of estimating the 3D structure of a scene from a set
of 2D images is called multi-view reconstruction. In our case, we
consider n pinhole cameras to observe a set of curve points, as shown
in Figure 3.3.

3.2.1  Camera Projection Model

A 3D point p € R? in the regular world frame ,)V, observed by a
camera at position t € R3, with orientation R € SO(3) and intrinsic
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eplpolé;-

Figure 3.3: The perspective projection of a space curve at point p. The camera
frame are denoted by oCY, 0C2%,,C3. The world frame is ,V. The
epipoles between view 1 and view 2 are given by e! and e?, and
the homography matrix between them is given by »H.

parameters K € R3*3, then the projected pixel coordinates z € R is
given by:

z=PKn <0RrRT (p-1v), P= [1 o] € R?*3 (3.12)
with 77(x) is the canonical projection function for a vector x € IR®:
1
mT(x) = ——x (3-13)
e;X

and oR,; is the rotation matrix from a regular coordinate frame (x=
forward, y = left, z = up) to an optical frame ,C (x= right, y = down, z
= forward):

0 -1 (3-14)
0 0
The camera intrinsic parameters K can be obtained by:

fsu fs cu
’C = 0 fSU CU (3'15)
1 0 0
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with focal length f [meters], pixel scaling factor s, s, [ [pixels/meter],
principal point ¢,, ¢, [pixels], and a skew factor s [pixels/meter] that
scales non-rectangular pixels.

3.2.2  Reconstruction from Multiple Views

Camera Views

(Ocl ) OC2’ OCS)

Matching Features
(SURF, SIFT, - -, etc)

| ]
: Aruco Markers :
I I
________________ ]
Multiview Matrices
(F,&,H)
y y
View Relative Poses Matched 2D Points Camera Intrinsic Matrix
(R,t) (2) (K)

y

Triangulate Multiview

(P)

Figure 3.4: The flow chart of reconstruction from multiple views.

* Matching Features : the matching features require point corre-

spondences between camera views. Different feature descriptors
can be obtained, such as SUREF, SIFT etc. Alternatively, the corre-
spondence points across the views can be found with a tracking
algorithm. In MATLAB, the functions such as detectSURFFeatures,
matchFeatures, and vision.PointTracker can be applied.

Multiview Matrices : the multiview-related matrices, including
fundamental matrix F, essential matrix £, and homography ma-

trix H can be found by MATLAB functions, i.e., estimateFundamentalMatrix,
estimateEssentialMatrix, and homography [28], respectively.

View Relative Poses : the orientation and the location of each
camera in the coordinate system of the reference camera (such as
view 2 in Fig. 3.3) can be found by inputting the multiview matrix
to the relativeCameraPose function in MATLAB. Alternatively,
the relative poses can be calibrated with ArUco markers, as
shown in the dashed block in Fig. 3.4.
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* Matched 2D Points : the matched 2D points are the target points
for triangulate reconstruction. It links the pairwise matches of
points across multiple views. Generally, it can be found using
imageviewset.findTracks function in MATLAB. In our case,
We introduce the matching approach by re-projecting each view
(with segmentation) into a reference view and determining cor-
respondences using the introduced Fréchet distance in Section

3:3-

¢ Triangulate Multiview : the locations of 3D target points p
that correspond to points z matched across multiple views
taken with calibrated cameras K, can be reconstructed with
triangulateMultiview in MATLAB.

It should be noticed that each above step can be obtained directly
with exited libraries in MATLAB or OpenCV.

3.3 FRECHET DISTANCE

The Fréchet distance [131] was named after by Maurice Fréchet in 1906
as an effective metric for measuring curve similarity, which reflects the
intuitive notion of resemblance. It can be illustrated as the relationship
between a man and a dog ( shown in Figure 3.5.A):

In the man-dog scenario, suppose that a man is walking his dog on a leash
and is constrained to walk on one path while his dog is on another. Both
are free to go forwards at their own pace, but they are not permitted to go
backward. The Fréchet distance between the two curves is the shortest possible
length of a leash.

A. B
4
. "» a3
SRS RRRRE SRR CREES
“ < al a2
s 1
¢ &7 ° bl b2

_________

Figure 3.5: A. The illustration of man-dog Fréchet distance B. A simple
example of discrete Fréchet distance
3.3.1 Continuous Fréchet Distance

The walking path can be regarded as a continuous curve that takes
account into both the points” position and order along the curves.
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Mathematically, this distance metric between two curves is a pro-
cess defined from parameterized continuous curves to the standard
definition for the Fréchet distance as:

Definition 3.3.1 (Continuous Parameterized Curve). A curve A € R?
is a continuous parameterized curve if it can be represented by a
continuous mapping f : [a,b] — RY, where a,b € R, a < b and [R, d]
is a metric space.

Definition 3.3.2 (Monotone Reparameterization). A monotone repa-
rameterization « is a continuous non-decreasing function « : [0,1] —
[0,1] such that «(0) =0 and a(1) = 1.

Definition 3.3.3 (Continuous Fréchet Distance). Given two continuous
curves A, B € R in a metric space, the Frechet distance is defined as:

Or (A, B) = inf max {dis (A(a(t)), B(B(£)))} (3.16)

a,B te[0,1]

where «, § are the monotone reparameterizations over the range [0,1],
dis(-,-) represents the Euclidean distance, and inf is the infimum.

3.3.2 Discrete Fréchet Distance

In 1994, Eiter and Mannila approximated the Fréchet distance as the
discrete Fréchet distance by polygonal curves with nodes. Then, the
walking path can be regarded as a set of discrete points. Thus, the
Fréchet distance is described in the followings:

Definition 3.3.4 (Discrete Fréchet Distance). Given two polygonal
curves S, and §; in a metric space, they are composed by the order-
preserving sets of points. Let Sp = {uy, .., u,} and S; = {v1,..., v}
be the corresponding sequences. A coupling between them can be
identified as:

(ual’ vb]) 4 (ua2’ vbz) A4 (uum’ me) (317)

where a1 = 1, by = 1 and a4, = p, by, = g. The coupling has to
respect the order of the points by 4,11 = a; +1 and b; ;1 = b; + 1. Then,
taking into account the points” position and order along the curves,
we define the discrete Fréchet distance denoted ér (S, S;) by :

O (Sp. Sy) = inf max {dis (uq, vp)} (3.18)

where dis represents the Euclidean distance between one pair of
points, and inf is the infimum over all parameterization of 4; and b;.

This equation can be interpreted as: for every possible function u,,
and vy, it should find the largest distance between the man and his



3.3 FRECHET DISTANCE

dog as they walk along their respective path. Then, it needs to keep
the smallest distance found among these maximum distances.

To understand it more intuitively, a simple example of the calcula-
tion of discrete Fréchet distance is visually illustrated. In Figure 3.5.B,
there are two sets of polylines or polygonal curves with positions:

S, = {al,a2,a3} = {(0,1), (1,1),(1,2)}
8, = {b1,02} = {(0,0),(1,0)}

Taking into account that the start and end points of both curves
must be matched with respect to the ordering of points, we have
to respect the ordering direction without going back, the possible
coupling matches could be

M : (bl,al),(b2,a2), (b2,a3)
M, : (b1,al),(b1,a2),(b2,a3)

then, we find the minimum distances for each match.

min {M;} = min {dis(bl,al),dis(b2,42),dis(b2,a3)}
=min{1,1,2} =2

min {Mp} = min {dis(bl,al),dis(bl,a2),dis(b2,a3)}
=min{l,14,2} =2

Thus, the discrete Fréchet distance in this example is equal to two.

In this thesis, we will use the discrete Fréchet distance to find the
correspondent relationship of points by the similarity of curves among
perspectives for multi-view reconstruction in Chapter 6.
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NONLINEAR MORPHOLOGY ANALYSIS OF 2D
CURLING SHAPE RECONSTRUCTION

This chapter is extracted from
"Image-based Approach to Reconstruct Curling in Continuum
Structures"
J. Fan, E. Del Dottore, E. Visentin, B. Mazzolai
In 3rd IEEE International Conference on Soft Robotics (RoboSoft) 2020

4.1 INTRODUCTION

In this chapter, we have observed that Passiflora tendrils can produce
various morphological changes in response to stimuli, i. e., called the
curling shape or the tendril-like shape. According to the complexity of
morphologies, we propose two approaches for 2D curling shape recon-
struction and analysis. One is represented by a one-segment clothoid
model, the other is represented by a piece-wise clothoid model. The
proposed approaches have been validated on both a continuum biolog-
ical and artificial structures. In detail, we design the morphology ex-
periment in Section 4.2, review the definition of clothoid with Fresnel
Integrals in Section 4.3.1, present the algorithm for sorting unarranged
2D points in Section 4.3.3. We then detail the single-segment and
piece-wise curling model representations, respectively, in Section 4.3.4
and Section 4.3.5. Section 4.4 provides the results and error analysis.
Finally, we conclude in Section 4.5 with discussions and future works.

4.2 BIOLOGICAL MORPHOLOGY EXPERIMENT

As mentioned in Chapter 1, the Passiflora caerulea is endowed with
thigmoresponsive movements. It is an ideal plant to observe and
analyze the curling behavior of tendrils. The plants we used were
purchased from the local flower store and kept in the same growing
chamber at 23°C, with 70% relative humidity and a light cycle of
12/12h. We chose those matured tendrils (the average length of about
15¢m) for conducting the experiment.

The preliminary aim of the experiment is to verify the existence
of tendrils’ curling behavior after the external stimuli (ignoring the
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environmental factors). Meanwhile, it provides different generated
morphologies by stimulation to verify our proposed methodology.

To do so, we first continuously stimulated the the tendril’s ventral
part (without the preference of the specific region) for 1 minute with
a wooden stick. Then, we observed the changes in the shape and
recorded the final shape after 4 minutes. We repeatedly executed the
above experimental steps and selected those representative shapes of
specimens providing the data support for the verification of model-
based approaches.

From the multiple experiments, we found that the tendrils’ curling
ability after the stimuli vary, and the distal end of a passiflora tendril is
much more sensitive than other ventral counterparts. This biological
characteristic corresponds to Jaffe’s study on pea tendrils [57]. Accord-
ing to the complexity of morphology, the shapes of selected data vary
from less than one curl, to at most one curl, and to more than one curl.
They are utilized in the following sections.

43 METHODOLOGY
4.3.1 2D Clothoid Spiral

As mentioned in Chapter 3, a clothoid, also named Cornu or Euler
spiral, is a kind of curve with an affine property between curvature X
and arc length s.

The affine property characterizing the clothoid is ideal for following
the changes in the shape of natural structures. For this reason, we
used this approach to represent and reconstruct curling structures,
such as tendrils and tendril-like artificial structures.

4.3.2 2D Reconstruction Framework

The entire process is described by the flowchart in Figure 4.1.

The pre-processing stage comprises image resizing (800 x 1080 pix-
els) and binarization. Then, we segment the tendril part by applying
Otsu’s thresholding, and then fill the holes. In fact, segmentation and
binarization could produce non-connected components that should
instead be reconnected (binary closing operation). However, the oper-
ation might not ensure a complete connection of the components. The
obtained binary image can now be processed to find its morphological
thinning skeleton, which is likely composed by multiple components
P = {P1,Pa,---}. Due to possible discontinuities, identifying the
most significant component, aggregating all the others, and better ap-
proximating a continuum curling structure are not trivial. To overcome
the issue, we propose a 2D points-sorting algorithm (see Section 4.3.3).

Once obtained the sorted skeleton points, we can then proceed
with either of the two options, according to specific application re-
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Figure 4.1: Flowchart of the methodology adopted for the shape represen-
tation and reconstruction in tendrils and continuum tendril-like
artificial structures. Xy and Yr are the results of the clothoid
curve model fitting.

quirements: i) fitting the skeleton with a single segment or ii) using a
piece-wise clothoid representation.

4.3.3 Sorting Unarranged 2D Points

Ordering unarranged points after skeletonization is a crucial part of
the process since it defines the path to follow to identify the object in
the scene and its whole actual shape.

After segmentation and skeletonization, we first choose a random
point, po, as the starting one from the 2D skeleton points P. We then
select a prescribed direction (® : A or B) for sorting. Once finished,
the whole process is also applied in the opposite direction. To ensure
the direction consistency of all points, we flip the order of those points
in B direction into .A. By merging the two sets, we obtain the ordered
set of points Q7 that will be used in the shape reconstruction (see
algorithm 1).

The ordering procedure is detailed in algorithm 2. Given an ar-
bitrary point p, (during the first iteration, po is initially selected),
we collect its neighbours € P into a new set P, (from the func-
tion CollectNeighboringPoints in algorithm 3 explained below).
Then, we calculate the scalar product between the vectors of the
set {pc — pi : Vpi € P,} and the direction vector of the fitting line £,
(of set P,), to divide them into two classes, P+ and P_. We need to
go through both P, and P_ to find the last ordered point p;. If p;
is not found, the collecting-neighbours procedure is repeated in the
loop after incrementing d. by d.. The next possible ordered point p, is
obtained by picking the one with the shortest Euclidean distance from
Pec- Po can be inserted into Qp and p, updated by this new point (p,).
It is worth noting that p; is found according to the direction expressed
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Figure 4.2: Procedure of ordering unarranged skeleton points. (a) a passiflora
tendril with curling morphology, (b) unsorted skeleton points
P after the pre-processing step, (c) a random point pg in the
skeleton selected as the start point, marked by a yellow star, and a
prescribed direction for points ordering, here taking the red arrow
direction as an example for the following steps. (d) For a point to
be sorted p,, collecting its neighboring points within a circle with
a radius d,, (e) all the collected neighboring points fitted into a
straight line £, by MLSM. (f) After the points collection, the scalar

product between the direction vector £, of the fitting line and
each vector starting from p. towards each neighbouring point p;
used to divide them into two classes P—, P (g) The next sorting
candidate point P, is obtained by picking the one with the nearest
Euclidean distance from p., along the sorting direction (or in class
P+). (h) The same process to sort points in the other direction.
After ordering all the points in two directions, merge them to one
unified direction according to the prescribed direction and get
the ordered skeleton Q;

Algorithm 1: Ordering the unorganized skeleton points P €
R™ into points Q7 € R", giving an initial starting point py.
Input :P
Output: Q7
// The size of Q7 might be different from P
1 Function Main():
2 Po < P
// Select a starting point po in P
3 Q4 < OrderingPoints(A, po, P)
// Indicate direction by A
4 Qp + OrderingPoints(B, po, P)
// Indicate direction by B
5 Q7+ Q4UpoUQp
return Q7

(=)}
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Algorithm 2: Ordering points of P with a given direction ®
at point pg, given initial collecting distance dy, increment col-
lecting distance d., current collecting distance d., maximum
break distance dg, maximum collecting distance d;, maximum
correlation index of local points p.

Input :®, po, do, de, d, P, dm, po
Output: Qp
1 Function OrderingPoints(®, po, P):

2 Pc = Po, d. =dy, Qp = O, p1 = & // Initialization
3 while d. < dg do
4 Py, Po=0,p, =9 // Reset as empty
5 P,, dy, Lo CollectNeighbouringPoints(p., d., P, dm,

00)
6 for p; in P, do
7 U—Z «— L, // Get direction vector of line L,
8 ?? = Pc-Pi // Get direction vector of line pcp;
9 if (07, 77) > 0 then

// {-,+) denotes scalar product
10 Pr P Up;// Insert p; to Py
11 else
12 ‘ P_ < P_Up;// Insert p; to P
13 end
14 end
15 if p. ==po & ® == A & P_ # @ then
16 pi < argmin, cp_|p1, pol|
/7 ||-,-]| is Euclidean-distance
17 else
18 if pc == po & ® == B & P, # < then
19 p1 < argmin, cp ||p1, pol|
// Ensure ordering direction at the first point

20 end
21 end
22 if p) # 3 & p; € Py & P_ # @ then
2 | po ¢ argming cp_[|po pol
24 else
25 ifpl;éQ&plEP_&PJr#chen
26 | po ¢ argmin, cp, [P0 pol
27 end
28 end
29 d. =d, +d;

// Increase collecting distance (no satisfied p,)
30 if p, # 9&p, ¢ Qo then
31 Q@ — QO U po // Insert p, to Qo
32 P1 = pc // Update p;
33 Pc = Po // Update pc
34 d. = do // Reset collecting distance
35 end
36 end
37 return Qp

38 End Function
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by ®. This iterative process is returned when the maximum break
distance dp is reached. It is natural to understand that there are no
more candidate points at the end of the direction ® for ordering even
if d; is increased.

The CollectNeighboringPoints process is modified from [70] as
detailed in algorithm 3 . A point is considered to be neighbour if it
lies within a circle distance with a radius d,. The size of the radius d,
must be determined to reflect the range of the collected points. We
hereby introduce the concept of Correlation based on the probability
theory. From the data analysis point of view, we further introduce
the idea of Diamond plots [4] to ensure the correlation’s accuracy. The
combination of them is applied to compute the appropriate radius
d,. All neighbouring points should also fit in a straight 2D-line (£,)
obtained by applying the Moving Least Squares Method (MLSM). As
an ideal result, the fitting should achieve at least a tolerance of cor-
relation (o, > po > 0.9). However, this case might never be satisfied
due to the possible limited number of skeleton points. For this reason,
we additionally defined a maximum collecting distance dy; (< dp) to
ensure a break out of the loop. Meanwhile, we select the maximum
correlation index p. within a distance dy;, for ensuring proper col-
lecting range d., which is incremented in a loop by a fixed distance
collecting distance d. in each while loop. The collected neighbouring
points set P,, the corresponding collecting distance d,, and the fitting
line £, are returned when the control condition (pc < po ord, < dpy)
is satisfied.

4.3.4 Single-Segment Clothoid Representation

For simple configurations, i. e., less than or at most one curl, a single
segment of the clothoid curve can be enough to follow the shape of a
tendril-like object. Since, in this case, we are interested just in a single
segment of the whole characteristic clothoid curve, the start /, and the
end [, point needs to be defined.

This section aims to provide a solution to automatically find the
proper parameters of the model defined in Section 4.3.1. It is worth
mentioning that k, only affects the initial curvature when s = 0. For
simplicity, without effect on curling shape representation, we assign
ko =0, a9 =0, and (x9,y0) = (0,0) as the origin of the xoy coordinate
system in Equation 3.6.

As a first step, we create a set of clothoid points (X, Y) according to
the cardinality of Q7. We explicitly defined the starting clothoid curve
length as s = I, and the end as s = [;, with respect to the xoy frame.
Then, we can generate (X,Y) by interpolating the points between
l, and [}, given a fixed constant distance A defined as the averaged
points distance between the extremities. It is given by Equation 4.1 as
follows:
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Algorithm 3: Collecting neighboring points of point p., given
maximum collecting distance dj, increment collecting distance
de, current collecting distance d., threshold of collecting corre-
lation py.

Input :p., d., de, dy, po, P

Output: P, d,, L,

Function CollectNeighboringPoints(p,, d., P):

)

2 | pc=0k=0,Ry=03,Dy=2,8, =0
// Initialization
3 while Oc §p0&dc SdM do
4 k=k+1
// Increase step counter
5 Po(k) = {p € P : |lp,pcll < dc}
// Points set within distance d.
6 Lo(k) - LSLineFit(P,(k))
// Least-square line fitting
7 6, (k) < ANGLE(L,(k))
// Angle between L,(k) and x axis
8 P,(k) < ROT(P,(k), 7t /4 — 6,)
// Rotate DPy(k) by m/4—6,
9 pe(k) + CORR(B (K))
// Correlation (X,Y) of points set P,(k)
10 D.(k) = d.
11 de =d.+d,
// Increase collecting distance
12 end
13 J < argmaxcq k) Oc (/)
// Fitted line with maximum correlation
14 Po =h, (])
15 | do = De(j)
16 ,Co = Lo(j) o
17 return P,, d,, L,

18 End Function

X ={x(s, ki, ko, 0) | s=1,+j-A, jEZ}
Y ={y(s, ki, ko, a0) |s=1+j-A jEZ}
L —1,
N-1’

(4.1)

A= j=012--- ,N-1

where x and y are given by Equation 3.6, N is the number of or-
dered points from the image skeleton and A represents the constant
interpolation distance. It’s worth mentioning that the interpolation
distance in the xoy frame is constant. However, the distance between
any two adjacent ordered points in the image frame varies. Regard-
less, the distance is small enough relative to the whole length of the
skeleton (with relative enough N). Meanwhile, the following affine
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transformation will alter the interpolation distance as well. Thus, we
could ignore the fitting error caused by point distance interval.

Next, to implement the parameter identification, we need to intro-
duce the affine transformation for the clothoid curve. The transforma-
tion from the xoy frame to the image frame accounts for a scale matrix
S(ws, hs, xs,Ys), a rotation matrix R (B, x,, ), and a translation matrix
T (xt,y¢). It results in:

X7 XI
F A
YL | = R(B xr,yr)S(ws, hs, x5, ys) T (xt,y1) | YE (4-2)
Tixn Tixn

where X7 and Yr are the resulting fitted points with respect to the
ordered points (X7 and Y7) from the skeletonized image. The set of
required parameters (@) are the followings: width scale (ws), height
scale (hs), rotation angle (B), curvature parameters (kq, k2, and ay), start
length (I;), and end length (). They are chosen to define the fitting
curve. In our case, we set ko = 0 and &9 = 0 without affecting the
fitted shape. Note that x;, y;, with i € {r,s,t}, are introduced since the
transformation is performed with respect to a fixed point (x:(1), y¢(1)),
i.e., the starting point of the ordered skeleton in the image frame.

We can then formulate the single-segment clothoid fitting problem
as an optimization problem that needs to minimize the Mean Square
Error (MSE) of the fitted curve with the points of the skeleton:

) 1
min 5 [(XF — X7)"(XF — Xz) + (Yr = Y1) T (YF - Y7)]
S~t' @ - {wSI hS/ ﬁ/ kl/ lﬂl lb} (4.3)

@min S C) S ®max

To solve the problem, we compute its partial derivatives and use
the gradient descent algorithm to find the globally optimal solution
(see the Appendix A).

4.3.5 Piece-wise Clothoid Representation

In the presence of complex shapes — i. e., more than one curl or alter-
nate curvatures — the single-segment clothoid representation might
not be sufficient for capturing the shape. Moreover, solving the opti-
mization problem in Equation 4.3 can be computationally expensive
and thus unsuitable for real-time analysis or where fast computation
is required. In such cases, a better approach would be to segment the
element to be analyzed into multiple sections and then find the corre-
sponding clothoid segment for each section. To ensure the sequential
selection of segments, we consider both the position of the points and
the curvature K of each segment.

Thus, the multi-segment fitting problem leads to a minimization of
both coordinate and curvature errors. However, these two errors can
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not be optimized simultaneously due to more conservative geometric
constraints related to the shape of the curve. They have trade-off
relationship under a determined number of segments. In addition, we
need to guarantee a smooth curvature transition between any of the
two adjacent segments. Therefore, we formulate the fitting problem
as G! Hermite interpolation between two given points (namely, start
and end point at each segment) with assigned tangent direction. The
start/end points of the whole clothoid are manually selected. By
applying [6] and by solving Ordinary Differential Equations (ODEs)
in Equation 3.6 we can find a clothoid with minimal length (i.e.,
minimum |I, — [,|) that satisfy the requirements.

When connecting several clothoids into one curve, it is crucial to en-
sure continuity and smooth the curvature between connecting points.
The value of I, and I, is here determined by dividing the ordered
points of the skeleton into M segments and selecting the extremities as
starting (I;) and ending (/;) points. To compute the curvature direction,
we select an adjacent point (at a fixed arbitrary distance d = 30) from
which we computed the tangent. It is shown as the following;:

Yz(j+d) —Yz(j)

Xz(j+d) — Xz(j)

when j = L%J (i-1)+1,i€Z 1<i<M
Y7(j+4d) — Yz(j)

Xz(j+d) — Xz(j)’ (4-4)
whenj= ] -i+1,i€Z 1<i<M-1

Y7(j) — Yz(j —d)

Xz(j) — Xz(j—4d)

whenj=N,i=M

as(i) = arctan

arctan

w(i) =

arctan

where a;(7) and a,(i) are the tangent directions of the start and end
points with respect to segment number i.

4.4 RESULTS AND ANALYSIS

We evaluated the accuracy and the performance of the proposed
methods by analyzing a set of images of Passionflower’s tendrils and
an artificial continuum device that is able to perform two-dimensional
bending. As an evaluation index for both approaches, we computed
the R? value of the fit. The R? [60] is given in Equation 4.5 as a measure
of goodness for the fitting. It depends on two sums of squares : Sum
of Squares Total (SST), which indicates how far the data are from the
mean, and Sum of Squares Error (SSE), saying how far the data (points
in the skeleton) are from the model’s predicted values.

SSE

REP=1-"1
SST

(4-5)
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R? = 1 represents the best optimal fit.

Figure 4.3: Two examples of the analyzed Passionflower tendrils (left pictures).
a) Tendril with a single curl, and b) with multiple curls. In the
middle, the results of the pre-processing phase, while on the right,
visual results of the sorting algorithm. Red and blue represent op-
posite directions with the starting point located at the connection.

4.4.1  Sorting Unarranged 2D Points

The first set of evaluations has been done to test the performances
of the proposed sorting algorithm. We considered the peculiar sit-
uation that might cause errors in the reconstruction. As shown in
Figure 4.3 the skeleton points were correctly sorted even in the pres-
ence of discontinuities (Figure 4.3a), excessive noise or small branches
(Figure 4.3b).

4.4.2  Results of Single-segment Clothoid

For the single-segment clothoid, we evaluated the partial derivatives
of the cost function (Equation 4.3), and we extracted the six param-
eters used for optimal shape fitting. An example of the computed
parameters are reported in Table 4.1, together with the goodness index
and the computational time.
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3-Seg 4-Seg 5-Seg 6-Seg

Original  Single-segment Piece-wise

Figure 4.4: Three selected results of tendrils” shape analysis. On the row T1,
a tendril with simple curvature, on row T2, tendril with a single
curl, and on row T3, tendril with more than one curl. The first col-
umn shows the original 2D images. Results of the single-segment
clothoid representation with optimal parameters are shown in the
second column followed by the results of the piece-wise clothoid
representation (up to 6 segments). Black dashed lines represent
the skeleton extracted from the images. Red dashed lines rep-
resent the curves obtained with piece-wise constant curvature
fitting. Colored solid lines (different colors match the segments)
represent the curves obtained with piece-wise clothoid fitting.

As expected, the simpler the curve, the more accurate the result
(R? = 0.998 with tendril T1 in Figure 4.4). However, the resolution of
the optimization problem drastically affects the computational time,
on average > 122 s over the three tendrils.

4.4.3 Results of Piece-wise Clothoid

We then evaluated our Piece-wise Clothoid (PCD) curve by compar-
ing the fitting with the one computed using Piece-wise Constant
Curvature (PCC) (Table 4.1 and Figure 4.4). The results show that all
the curves obtained good fitness with a number of segments greater
than five (R?> > 0.98). Nevertheless, with the simpler shape tendril
T1 (Figure 4.4) we could reach the best goodness (R%,, = 1) eval-
uating the PCD with 4 segments, and a slightly worse performance
obtained by the PCC, which reached R% . = 1 with 5 segments. Gen-
erally, the two approaches (PCC and PCD) are comparable in terms
of goodness when increasing the number of segments but for low
segmentation (< 4) the PCD method has better accuracy (case 1-Seg,
R%, =0.986 > R%. = 0.896).

As expected, by using the optimal curve parameters, we obtained a
better accuracy with regards to 1-Seg piece-wise clothoid. In this case,
the improvement increases with shape complexity (1% with T1, 28%
with T2 and 115% with T3). However, the piece-wise method is faster
(max 0.47s with 6-Seg in T3), suggesting that it can better fit the needs
of real-time analysis.
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4.4.4 Model Validation on Soft Robotic Continuum Artefact

Here we developed a soft robotic artefact to evaluate the model be-
haviour. The artefact is made of three rectangular actuators in series
(total dimension 100mm(l) x 20mm(b) x 4mm(w)), having each
of two inflatable chambers made with two layers of silicons with dif-
ferent stiffness to obtain bending behavior upon actuation. The two
adjacent chambers are coupled together in order to obtain antagonistic
behavior.

In detail, the casting procedure has a three-step fabrication as fol-
lows. First, the bottom layer is manufactured with silicone (Ecoflex
0020, Smooth-ON), reinforced with a piece of textile fabric, acts as an
in-extensible layer (100mm(I) x 20mm(b) x 3mm(w)). Second, a thin
layer of silicone (100mm(l) x 20mm(b) x 1mm(w)) is used as an
inflatable balloon when actuated. This layer is glued to the top of the
bottom layer. An aluminum foil as a sacrificial material is embedded
between these two layers to have uniform bonding at the border. Next,
each actuator is equipped with pneumatic tubes for air supply/actua-
tion. The actuator can bend in two opposite directions by pressurizing
into each individual opposite chamber facing the bottom side of the
textile-reinforced layer. Upon sequential actuation, the actuator allows
demonstrating the antagonistic/bi-directional behaviour. Then, we
connect the three actuators made by the same casting processing in
series to have different bending shapes. Last, to avoid the overinflation
of the whole artefact and to restrict its expansion of the ballooning
silicone layer, a pouch is customized with expandable fabric to have
uniformly elastic expansion while bending. Each of the actuators is
actuated by electro-valves (Parker TX-1, 006) and controlled using a
control unit to have a different sequence of bending/manipulation.

We evaluated our model by setting three different curves on the
soft robotic artefact (first column in Figure 4.5). The sorting-points
algorithm worked properly (third column in Figure 4.5) despite the
irregular shape of the artefact, whose extracted skeleton presented
many large branches and discontinuities (second column in Figure 4.5).

As for the natural tendrils, by selecting the optimal curve parame-
ters, higher accuracy is obtained compared to the 1-Seg of the piece-
wise clothoid fitting (Table 4.2), with an improvement of 2% with C1,
4% with C2 and 5% with C3.

Also, the PCD performed generally better when less segmentation
was applied (Figure 4.5), also reaching the best goodness earlier with
regards to the PCC fitting (Table 4.2), with an execution time of ~ 0.4 s.

4.5 SUMMARY

This chapter proposed a marker-less image-based approach to recon-
struct the shape of continuum biological (e.g., tendrils of climbing
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C1 C2 Cs
Opti-paras | (2209.7, 2435.5, 1.8, 0.3, 9.7, 10.2) | (1628.6, 1959.5, 0.7, 26.8, -0.4, 0.3) | (1683.3, 2159.1, 3.3, 3.8, 1.0, 0.5)
Single-Segment R? Time (s) R? Time (s) R? Time (s)
0.998 114.437 0.997 132.018 0.980 132.401
Ricc  Rbep Time (s) Ricc  Rbep Time (s) Ricc  Rbep Time (s)
1-Seg 0.944 0.978 0.106 0.745 0.958 0.106 0.942 0.929 0.102
2-Seg 0.994 0.988 0.170 0.968 0.994 0.169 0.962 0.992 0.164
Piece-wise 3-Seg 0.999 0.998 0.226 0.999 0.999 0.227 0.992 0.997 0.222
4-Seg 0.999 0.999 0.292 0.998 0.999 0.310 0.998 0.999 0.287
5-Seg 0.999 1.000 0.336 0.999 1.000 0.363 0.998 1.000 0.332
6-Seg 1.000 1.000 0.375 1.000 1.000 0.405 0.999 1.000 0.373

Table 4.2: Numerical results and goodness of the analysis for the soft continuum robot. The optimization problem for the single-segment clothoid fitting
was solved as for the biological case. Examples of optimal parameters (ws, hs, B, k1, ls, Ip) are reported in the first row (Opti-paras). The
goodness R? of the approach is reported together with the computational time (in seconds). The goodness of the piece-wise approach was
tested with the clothoid representation (R?.,,) and compared with constant curvature model (RZ..). Time refers to the computational time of
computing the piece-wise clothoid fitting.
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1-Seg  2-Seg  3-Seg  4-Seg 5-Seg  6-Seg

Original ~ Skeleton Sorting =~ Single-segment Piece-wise

Figure 4.5: Results of shape analysis for three configurations of the soft con-
tinuum robot. C1 have the three chambers inflated in the same
direction, C2 has opposite inflation over the chambers, and C3 has
only the last chamber inflated in one direction. The first column
shows the robot configuration. The second column shows the
picture after skeletonization. The third column shows the results
of the sorting algorithm. The fourth column has results of single-
segment clothoid fitting with optimal parameters search; while
the other columns show the results of piece-wise approach with
the constant curvature fitting (red dashed lines) and the clothoid
curve fitting (colored solid lines, different colors represent differ-
ent segments). Black dashed lines represent the skeleton.

plants) and artificial (continuum soft robots) structures that can de-
form into coils or curls with variable curvature that depends on the
arc length. The proposed method is based on 2D clothoid curves,
for which we explore two resolution approaches: i) single-segment
clothoid representation, with optimal curve parameters search; ii)
piece-wise clothoid representation, with G! Hermite-fitting solution.

Besides, we proposed a novel algorithm to sort 2D unarranged
points that addresses the issue of possible undesired branches and
discontinuities.

We numerically evaluated the performance of the solutions and
compared them with a constant curvature fitting. We obtained an
improvement of more than 100% in tendril and up to 5% with a
soft continuum robotic artefact, demonstrating the feasibility and the
reliability of my approach. The proposed model would be applied for
shape representation and reconstruction on both long slender living
organisms and continuum soft robots with curling-like behavior.

However, the proposed shape description method by piece-wise
clothoid curve is used with a fixed number of segments to represent
the curling shape, maybe not with the optimal number, which will be
solved in the next chapter.
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NONLINEAR MORPHOLOGY ANALYSIS OF 2D
CURLING SHAPE PIECEWISE RECONSTRUCTION

This chapter is extracted from
"An Image-Based Method for the Morphological Analysis of
Tendrils with 2D Piece-Wise Clothoid Approximation Model"
J. Fan, F. Visentin, E. Del Dottore, B. Mazzolai
In Biomimetic and Biohybrid Systems 2020

5.1 INTRODUCTION

In this chapter, we extend the previous work in Chapter 4 and present
an image-based method, which approximates curling structures with
the clothoid model in Fresnel Integral with rational approximated
form. This approach can achieve the full automatic selection of the
optimal number of segments and properly represent different con-
figurations (both in temporary state and shape evolution) of natural
tendrils. This work will be organized as follows: Section 5.3 presents
each step of the proposed image-based morphology reconstruction
method. Section 5.4 provides the analysis and results. Then, we con-
clude in Section 5.5 with discussions and future work.

5.2 BIOLOGICAL MORPHOLOGY EXPERIMENT

The experiment in this chapter is the further observation of morpho-
logical changes in Section 4.2. In this section, we paid attention not
only to the temporary state, like the final shape, but also to the whole
evolution of tendrils” morphology. In the previous experiment, we ob-
served the existence of the curling behavior of Passiflora caerulea after
mechanical stimulation. In the meantime, the curling ability varies
from the ventral stimuli exerted by a wooden stick. The stimulated
region in the process of stroking was not assigned. While in this ex-
periment, the tendrils have been ventrally stimulated along all their
length, i. e., the region of stimulation ranging from the base to the tip
of the tendrils.

In detail, the plants were purchased and kept in the same environ-
mental preference as the previous one ( in the growing chamber at
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23°C, with 70% relative humidity and a light cycle of 12/12h ). Since
matured tendrils have the maximum irritability in their thigmotropic
movement, it is easier to observe the whole evolution of morphological
changes within a short period of time. The length of tendrils we chose
is about 15 — 20cm (achieved the mature stage) for conducting the
experiment. All the specimens were go-and-back stroked by one same
wooden stick for one minute in the ventral part from the base to the
tip of the tendrils. Subsequently, the stimulated tendril was firmly
attached to a substrate to provide a stable reference point, and its
morphological evolution was recorded for four minutes. Finally, the
collected data is used for shape configuration reconstruction in the
following steps.

5.3 METHODOLOGY

The image-based method for the morphological analysis of tendrils
and tendril-like structures is composed of five key macro steps, as
shown in Figure 5.1.

Image or ) Weighted Sorting
Image Pre-processing T
Image sequence Skeletonization

2D Piece-wise Clothoid | Automatic Selection of Discrete Curvature
Representation Segment Number Estimation

Figure 5.1: The complete flowchart of the proposed method. To perform the
morphological analysis, we start by pre-processing the acquired
images and by performing the skeletonization to extract the points
within the region of interest. Then, we sort the unordered skeleton
points. Next, we estimate the curvature/arclength relationship
for each point which is used to compute the minimum number
of segments required to represent the tendril. Finally, we fit a 2D
clothoid for each segment to obtain the entire tendril structure.

The first step consists of a pre-processing stage that includes the im-
age resizing (300 x 380 pixels), distortion correction and binarization.
Then, we apply a classic segmentation method (Otsu’s thresholding) to
identify the tendril part, and we fill the holes to find the largest Region
of Interest (ROI). We can now extract the skeleton while preserving the
topology structure in the ROL

The points extracted from the skeleton cannot be directly used for
the curvature fitting due to the possible presence of branches, holes,
unordered regions and sharp corners, which prevent understanding of
the correct sorting direction. I have proposed a sorting skeletonization
algorithm to address most of the mentioned issues [30]. Here we
address the specific issue introduced by the presence of sharp corners.
An example of this condition is shown in Figure 5.2a and Figure 5.2b.
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In the following sections, we describe in detail each of the successive
steps. Starting from the weighted sorting algorithm, then I explain how
to realize the discrete curvature estimation, the automatic selection of
segments, and the shape fitting using the clothoid spirals.

5.3.1 Weighted Sorting Skeletonization

To define the shape direction from the unordered skeleton points ob-

tained from the pre-processing phase, in [30], I proposed the CollectNeighboringPoints
algorithm based on the Moving Least Squares Method (MLsM). The

algorithm starts from a randomly chosen starting point (ps, yellow cir-

cled point in Figure 5.2¢) in the skeleton, and it first orders the points

in one direction (red arrow), then in the other one (blue arrow). For

each point of the skeleton (as in the case of p; shown in Figure 5.2¢),

it fits a line L : y = ax + b (solid blue line in Figure 5.2d) over the

N neighboring points p; = (x;,i),i € [1, N] collected within a local

circular area of radius R.
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Figure 5.2: Previous [30] and current skeleton sorting algorithm procedures.
(a) A passionflower tendril with complex morphology. (b) The
unordered skeleton points extracted from the pre-processing step.
The dashed circle highlights the case of sharp curvature. (c) An
evolution of the sorting algorithm starting from point ps. The
following sequence shows how the case is approached by the
previous (without weights, top row) and the current (with weights,
bottom row) algorithm. (d) The neighbours of p; are collected
within a local circular area of radius R. The blue solid line denotes
the fitting line, and the yellow dash-dotted line defines two classes.
(e) The sorting results. In the case without weights, the points
remain unordered (white line), while when weights are used, all
the points of the skeleton are collected and ordered (blue line).

The sorting direction is determined based on a two-object classi-
tier, where each class represents one of the two possible directions.
The classification is achieved by performing the cross-product of the
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vectors of the neighboring points over the direction vector of the fit-
ting line L. This operation is iterated until reaching both ends of the
skeleton with all the sorted and collected points.

Figure 5.2d shows the classification of the points into two regions
(cyan and magenta areas in the figure) separated by a yellow dash-
dotted line. The results (Figure 5.2e) show that without using weights,
a portion of the points in the skeleton remains uncollected (white line
above the critical point p;, Figure 5.2e top view). This is because the
fitting line L cannot classify the points into two correct categories,
and the classifier identifies all the candidate points p; as belonging to
the same class of the current point p;. As a consequence, we cannot
determine the next point to be sorted. p; is treated as an end-point of
the skeleton, and then the sorting loop ends.

To solve this problem, we introduced tuning weights w;, for each
neighbouring point p;, within the radius R, assigned according to the
ratio of the Euclidean distance r = ||p; — p¢||?, as follows:

w; =e /R (5.1)

In this way, we can strengthen the importance of the closest points
around the target sorting point p;. The fitting then provides a nonlinear
diminishing fitting weight for each p; by minimizing the function:

N
Ep(p1, P2, -, PN) = min Y (axi+b—y) w; (5-2)
=

The classifier in the weighted sorting algorithm is now able to
separate the points into two classes, and all the skeleton points are
included and sorted (blue line, Figure 5.2e bottom view). The sorted
points set is denoted as Ps;; in the following.

5.3.2 Discrete Curvature Estimation

We now calculate the discrete curvature for the sorted skeleton. Dis-
crete curvature for the planar curve can be estimated by computing
circumcircle for every triplet (p;,_1, pi, pi+1) at point p; (Figure 5.3b).
We assigned a sliding window distance (d = 50) to choose neighbour-
ing points p;_; and p;,; along the skeleton. Then, we obtained the
circumcenter, the correspondent radius R;, from each triplet, and the
corresponding curvature k;, defined as:

ki= & where Ri = Reircle (Pi-ds Pis Pitd) (5.3)
1
Then, each point with its own curvature is mapped from pixel-value
space to arclength-curvature (s — k) space. In this chapter, we compute
the arclength for each point s;, by integration of the Euclidean distance
over every two adjacent points:
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Figure 5.3: (a) Displays a natural passionflower tendril. (b) Shows the sorted
skeleton in yellow points, and the green colored arc shows the
fitting circumcircle at point p; for the triplet (p;_4, pi, pirq) with
the given curvature k; = 1/R;. (c) Demonstrates the planar curva-
ture estimation from discrete skeleton points using d = 50 (top)
and d = 30 (bottom). An example of the curvature at point pj441
is given as a red dot.

1
si=)_llpj— pinll2 (5.4)
j=1
The sliding window distance should be defined on the base of the
image resolution. This ensures that the curvature is a constant among
the triplet points. Also, the choice of the sliding window distance
affects the whole curvature smoothness. For example, the case of
d = 30 presents more noises with respect to a window of d = 50

(Figure 5.3¢).
5.3.3 Automatic Selection of Segment Number

This subsection aims to define an optimal number of piece-wise
clothoid curves to describe natural tendril and tendril-like structures
and thus analyse their morphologies. An essential step is to define a
method that automatically splits the curve into the minimal sequence
of pieces of linearly varying curvature. To solve the problem, we use
dynamic programming® with an up-sweep approach. This allows to
transfer the optimization of the whole shape into a series of optimal
sub-problems. The problem is formalized as finding the minimum
path (minimum number of segments) from a certain point p;, up to an
ending point p; (with i < j), both selected from the set of the sorted
list of skeleton points Pyy = {p1,p2,- -+, Pm}, having the minimum
fitting error defined as:

T (pipj) = g}gj {T(pipe) + T (o p))s Eses + Erit(pirpi) } (5.5)

where J(p;, pj) denotes the M x M cost matrix of fitting errors
over the connected piece-wise segments. On the right hand of the

Bellman k-segmentation algorithm: https://justinwillmert.com/articles/2014/
bellman-k-segmentation-algorithm/
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Figure 5.4: Results for the automatic selection of segment number with dif-
ferent penalties. The larger the value we choose, the less segments
we have (yellow lines), and more error is introduced. The green
dashed boxes show the segmentation differences.

cost equation J (p;, px) denotes the specific configuration from p; to a
point py which lies in between the start and the end point. Similarly,
J (pr, pj) denotes the configuration from py to the endpoint p;.

The constant € assigns a penalty factor to the path from p; to p;
treated as a single segment. Figure 5.4 shows the fitting obtained with
three penalties. The lower the value of &, the higher the number of
segments, thus the higher the accuracy. It represents a compromise
between the fitting accuracy and the total number of segments. In this
chapter, we assigned &.q = 0.03.

The second error factor, £ (p;, pj), describes the minimal sum of
the fitting errors caused by using linear regression on the segment
from point p; to p;. It is defined by:

J
gfit(Pi/ p]) = 1l;mn (Z }aij - St + bij — Kt‘2> (5.6)
Vi \ t=i

where a;; and bj; are the slope and intercept of the least-square
fitting line for all the points p; between p; and p;. Both the a;; and b;;
should be stored in an M x M dimensional matrix, in order to recover
the final optimal piece-wise line segments for sorted skeleton points
set Pyt = {p1,p2,- -+, pm}. The parameters s; and «; are calculated by
Equation 5.4 and Equation 5.3, respectively.

We apply the dynamic programming method to update the matrix J
by traversing all pairs of (p;, pj) (shown in Figure 5.5). It demonstrates
the characteristic up-sweep updating scheme. J is a strictly upper
triangular matrix. Each value inside the matrix represents the obtained
minimal cost for points pairing (p;, p;). First, the diagonal elements
in J are initialized to zeros. Then, the up-sweep update method is
applied to update the minimal cost recurrently. We need to repeat
for all points pair of (p;, p;),i,j € [1, M] by moving up a row in the
J matrix towards the upper right corner. It is worth mentioning
that the updates only take the smaller cost values either divided into
two segments by k, i.e., (pi, px) — (px, p;j), or treat (p;, p;) as a single
segment, after traversing all k € (i,j) as given by Equation 5.5. A
segment-path matrix S(p;, p;) initialized with —1 with the dimension
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Figure 5.5: The dynamic programming procedure. (a, b) indicates the updat-
ing is characterized by up-sweep scheme. (c) gives an example
of updating of J; p—» (simplified for J (p1, pm—2)). It selects the
minimal cost value while traversing all i < k < j (divide into two
segments), compared with treating as a single segment.

of M x M is generated for the reconstruction of the optimal regression
path (i.e., at which points the segments are created). It is defined as:

S(pip;) = =1, i T(pi,px) + T (P pj) < Eses(Pir pj) + Erit(pis pj)
Pi P k, others

(5.7)

Finally, the algorithm will reconstruct the optimal regression of
segments by going through the segment-path matrix recurrently. It
starts from the top right corner of S, i.e., S(p1, pm), until reaching —1
for all listed pair of {(p1, ps,), (Psi/ Ps2)s =+ + (Psuar Psua ) (Psyar PM) }
in §. Notice that the segment path is reconstructed in a recurrent
loop, while it may not go over all pairs of (p;, p;) that existed between
(p1, pm)- The optimized piece-wise segmentation points with a total
of n segments are given as:

PS@S = {plrpsllpszl"' ’psn—lpr} (5~8)
Then, from the optimized cost, we select n elements, p;, with i =

1,...,n, that identify the junction points of the piece-wise segments.

5.3.4 2D Piece-wise Clothoid Representation

Once the number of segments is selected, the algorithm begins the fit-
ting with the 2D piece-wise clothoid spirals. The Cartesian coordinates
of a 2D clothoid spiral can be parameterized by Fresnel integrals form

defined as 7B < g((ll)) ) For the computational efficiency, here we

choose a rational approximation with 1.7 x 1073 error [48], obtained
by evaluating the error of polynomial approximation of the equations:
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c(l) —/l T2 dr~ 2~ R(l)sin (27 (A(1) - 1)
= 0 CcOoS 5 ~ 5 sin 5
(5.9)
S(I) —/l in 72 dTNl-i-R(l) 17r(A(l)—12)
= 0 Sll’l2 5 COS >
having:
0.506! + 1
R(I) =
) 1.7912 4 2.0541 + /2
(5.10)

1
Al = 0.80313 + 1.88612 + 2.5241 + 2

where | denotes the arclength along the clothoid from its initial
position.

From normalization based on integration by substitution, we have
each clothoid point as:

l/
x:nB-C(l/):7TB/ cos T2 dt
7§CB 0, (5.11)
y:nB‘S(l’)zj/ sint? dt
0

where I’ = al with « = /7 is the normalized arclength, and ”73
is the scaling factor of the clothoid segment, which is a non-negative
parameter that defines the degree of linear curvature variation. We
can then deduce:

i
7?BB B (5.12)

s=-—1"=nBI
o

For each defined segment (from p; to ps;, with i < j), we can
calculate the segment arclength by:

s(psy) = 5(ps) = 7B[1(ps)) = 1(ps)| = 7B [(ps) — x(ps)|, (5.13)

and extract the scaling factor:

B— s(ij> - S(ps,') <> 0. (514)
T ‘K(psj) - K<p5i)

The clothoid approximation of the shape is then obtained by inter-
polating with the points of each obtained segment by Equation 5.11,
with successive rotation and translation to extract the final clothoid
points approximating the curling shape.
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5.4 RESULTS AND ANALYSIS

We evaluate the accuracy and performance of the proposed method by
analyzing a set of configurations of a natural tendril captured in 2D
RGB images (digital camera Canon EOS 550D with Lens Canon EF-S
18-55mm f/3.5-5.6 IS II) extracted from the Supplementary Video?
which records the changes in the morphology of a passionflower tendril,
taken place in about 4 minutes after being stimulated with a wooden
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Figure 5.6: Results of our methodology for natural tendril morphology anal-
ysis. In the first row, four images extracted from a video® of
passionflower tendril changing its morphology in time after be-
ing rubbed. The second row provides the relationship between
the arclength S and the curvature k. The third row shows the
morphological representation with the corresponding piece-wise
clothoid spiral. The black dashed lines denote the extracted skele-
ton, coloured solid lines denote each piece of the clothoid curve.
Corresponding segments have same colors in second and third
TOowW.

From the whole frame sequence, I choose four representative im-
ages and analyzed the morphologies. Figure 5.6 shows the arclength-
curvature relation established for each point of the skeleton (second
row) and the minimum segments (third row) obtained by our program.

We adopt R? to quantify the curve fitting error, with R?> = 1 ex-
pressing the best fitting. Our approach demonstrated to be highly

2 Video link : https://youtu.be/DmbInP1lpT1U
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accurate for the analysis of curling shape morphologies, all the results
show R? > 0.994, even with the minimum retrieved number of N = 4
segments.

Our approach can then be purposely adopted to analyze the changes
over time in the morphology of continuum adaptive structures, like
living growing tendrils. Figure 5.7 shows an example of such analysis
for the morphological evolution of our passionflower tendril after the
induced stimulation. It can be noted that a portion of the tendril does
not change curvature in time, even though previously stimulated (see
Supplementary Video®), while the most apical region is more dynamic
in curvature variation. This result might suggest a well-localized
zone for coil actuation, independent from the region of stimulation.
However, a deeper and more focused analysis is worth establishing
the relation between the provided stimulus and connected behaviour.
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Figure 5.7: Arclength and curvature evolution over time of the tendril after
stimulation.

5.5 SUMMARY

In this chapter, we presented an image-based reconstruction approach
based on 2D piece-wise clothoid model. This method describes and
analyzes the different morphologies assumed by a natural tendril after
mechanical stimuli. Starting from our previous work [30], we further
improved the sorting skeletonization algorithm with tuning weights,
which is able to solve the problem of the direction vector being misled
by the occurrence of sharp corners. In addition, we presented an
automatic quantity selection method by dynamic programming to
identify the optimal segment number of the 2D piece-wise clothoid to
fit the curling shape.



5.5 SUMMARY

Our method is quantitatively verified by a set of representative
images extracted from a video®> showing the shape variation in a
passionflower tendril. We find that from 4 to 6 segments were enough
to describe with high accuracy (R? > 0.9) the tendril shape across
different stages of curling evolution.

However, we analyzed only 2D images of tendrils having relatively
limited complexity. We actually neglected highly self-occluded tendrils
or interference from non-interest regions. This condition can easily
occur in nature but that can be better analyzed in a 3D extension of
the present work, which will be implemented in the next chapter.
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NONLINEAR MORPHOLOGY ANALYSIS OF 3D
CURLING SHAPE PIECEWISE RECONSTRUCTION

This chapter is extracted from
"An Image-Based Method for the Morphological Analysis of
Tendrils with 2D Piece-Wise Clothoid Approximation Model"
J. Fan, F. Visentin, E. Del Dottore, B. Mazzolai
Submitted to International Journal of Computer Vision 2022

6.1 INTRODUCTION

Based on the previous two chapters” work on 2D planar curling shape
reconstruction, we extend to the 3D case in this chapter by consid-
ering the off-plane situation. The work of this chapter is structured
as follows: Section 6.2 introduces the setup of biological experiment
for morphology observation and data collection. Then we present in
details the algorithms of shape reconstruction starting from the pre-
processing of the videos, ordering skeleton up to the identification of
the correspondence between the points. The section also contains the
mathematical definition of the piecewise Clothoid spiral, the model we
used for the reconstruction of the generated 3D point cloud. Consider-
ing the evolution of tendrils” morphology as an example, in Section 6.5
we present a validation of the proposed methodology providing both
the results of the process and some consideration on the different
morphological, temporal evolutions. Finally, discussion, conclusion,
and future works are presented in Section 6.6.

6.2 BIOLOGICAL MORPHOLOGY EXPERIMENT
6.2.1 Plant

In order to prove the capabilities of the proposed three-dimensional
reconstruction methodology, we decided to focus on a single species of
plant, the Passiflora caerulea, and use the extracted features to analyze
the curling behavior and movement of its tendrils. The plants were
purchased from a local flower store during winter time and all the
experiments were carried out in the same season. All the specimens
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Figure 6.1: Biological experiment setup and data collection procedure. A.
Definition of the portions of the tendril stimulated in the experi-
ments. In this work we subdivide each tendril in four segments
and we only stimulated one using a wood stick. B. Measurements
of the applied force during the experiments. To ensure that the
stimulus remains the same for all the experiments, we first mea-
sured the interaction with a precision load cell, then we replicate
the same motion over the selected portion of the tendril. C. Exper-
imental setup. After the stimulation, the main stem of the plant
was taped on a panel leaving the tendril hanging free. On the
panel, there are unique markers used to facilitate the processing
of the data and to identify common features in the three views
used for the 3D reconstruction. D. Schematic representation of
the stimuli-induced morphological changes occurred over time in
the four experimental sets.

tendrils in the experiments were chosen from the same plant, that was
kept in a growing chamber at 23 °C, with 70% relative humidity and
a day/night cycle of 12/12 hours. Since matured tendrils can show
maximum irritability and little change in their thigmotropic sensitivity,
we chose tendrils on their maturity phase, having a length of about
14.8 — 24 cm.

6.2.2 Experiment Setup

In our previous studies [30, 31], we focused only on the two-dimensional
analysis of the morphology change in the tendril as a consequence
of a contact occurred in a single area. In this work, we focus on the
extension to the 3D and further analyse the effects of a constant force
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applied on different points along the length of the tendril. In fact,
since the sensitivity of a tendril is not evenly distributed along its
body, and decreases as the distance from the tip increases [56, 57], we
divided the tendril into four stimulation portions (namely S1, S2, S3,
and S4) whose located length is evenly divided along the total length
of a tendril (shown in Figure 6.1A). The first portion starts from the
stem (base of the tendril) while the last part is close to the tendril
apical extremity. One portion corresponds to one experimental set. We
repeated the same experimental procedure in each portion using four
different tendrils from the same plant of Passiflora caerulea for a total
of sixteen experiments divided into four groups (see Figure 6.1A).

To ensure a consistent stimulation, we verified the force applied
by first adhering one side of a glass slide on a digital Force Gauge
(Handpi Force Gauge HP-50) equipped with a highly sensitive force
sensor (with 0.01 N resolution, 10 N capacity), and the other side on
the tendril dorsal side (illustrated in Figure 6.1B).

Then, we continuously stimulate back and forth the selected seg-
ment for 2 minutes (frequency: f = 40 times/min, stroking force:
F = 0.12 N) using a wooden stick. After the stimulation, the tendril
was let hanging free and the main shoot was taped on a whiteboard
(shown in Figure 6.1C), to limit possible oscillations and interference
introduced by the motion of the stem that can cause unwanted contact
with other parts of the plant. In addition, to limit other possible envi-
ronmental stimuli affecting the results, we performed the experiments
in the same growing chamber under consistent environmental settings
as defined in the above subsection.

6.2.3 Datasets Collection

The response of the tendril is quite rapid showing initial movements
already after few seconds after the stimulus. However, to fully com-
plete its motion, the tendril requires different timing depending on
the location of contact. Thus, we decided to acquire 15 minutes of
video enough to cover the whole motion for each considered case.
Three cameras (Pentax WG-III with Lens 25 — 100 mm) were placed
in different, fixed positions having a relative angle of 60° and at a
distance from the tendril of 50 cm. As reference, we located multiple
ArUco markers close to the tendril under observation (Figure 6.1C).
A schematic representation of all the considered cases and relative
outputs are depicted in Figure 6.1D. From the experiments we ob-
served that the morphological changes of tendrils in response to the
same stimulus applied on different segments can be divided into two
categories: the ones that produce curling on a plane (stimulus per-
formed in the S1, S2, and S4 segment), and the one that curls off-plane
(segment S3) which visually generates a sort of cross-intersection of
the tendril ( Figure 6.1D, third column, bottom row). This initial ob-
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servation guided the development of the algorithm used for the 3D
reconstruction.

6.3 SHAPE RECONSTRUCTION

Reconstructing such tendril-like slender structure with and without
cross-intersection in traditional curve-based and feature points-based
methods is extremely difficult due to their peculiar characteristics such
as lack of features, fine elements, smoothness, and self-occlusions.
We present a novel vision-based method to reconstruct its spatial
morphologies in three-dimensional space.

After the morphology experiment, we directly obtain data in video
format from three different but close perspectives (namely by Vi, V»
and V3). In each scenario, the ArUco markers on the background
(see Figure 6.1-C) are used for the extraction of camera parameters
(i.e., both intrinsic parameters matrix K and extrinsic parameters
matrix [R|t]) and their correspondent corners points simultaneously
detected in all views are prepared for the homography transformation
process in the following section. The key part of shape reconstruction
is to seek the points correspondence from the interest tendril in all
perspective images. Here, considering the tendril structure with the
peculiar characters of thin and not long element, we extract the target
tendril from each view V;_1, 3, thin and skeletonize them into discrete
and disordered points, then order and correspond them after view re-
projection (i. e., re-project V1 and V3 to V, using perspective projection
of camera matrices). To achieve this goal, we decomposed the overall
procedure of shape reconstruction into 3 sub-tasks :

¢ Segmentation of target tendril from complex environment;

e Re-order skeletonized tendril with /without the cross-intersection
occurrence;

¢ Perform points correspondence after re-projection of perspec-
tives.

6.3.1 DPre-processing

The process starts with the acquisition of the data from three different
perspectives (namely V), V,, and V3) using the cameras. The objective
is to match the correspondence between the images, extract the points,
and reconstruct a three-dimensional model of the tendril. A crucial
step is the extraction of the cameras parameters, needed for the re-
construction. We used the ArUco markers ( Figure 6.1C) placed on
a flat surface to compute the cameras parameters (i. e., both intrinsic
parameters matrix, K, and extrinsic parameters matrix, [R|t]) and a set
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Binarization

Frame at time O Frame at time t

Figure 6.2: Steps involved in the prepossessing of each of the captured videos.
A. The first frame of each video, ZP (i = 1,2,3), is processed
in a semi-automatic fashion, the user is asked to select a ROI
which contains the element to be analysed (i.e., a tendril). The
ArUco markers are attached to the background and they serve
as fixed correspondence between the images captured by the
three cameras, but also to retrieve the cameras parameters. B.
The RGB image is then converted in HSV color space (left) and
thresholded to extract the foreground (i.e., the selected tendril)
from the background (right). Again, we ask the user to select
the connection point between the main stem and the tendril in
order to avoid the segmentation algorithm to proceed further
into selecting points not belonging to the tendril. C. Using the
connected components algorithm each set of pixels is labeled
according to its connections with the neighbouring ones. Then,
the centroid, C? (i is the i — th camera), for the pixels contained
in the ROI is computed and stored to automate the process for
the following frames. The result of this phase is a set of pixels
belonging to the tendril. D. The results of the automatic extraction
of the tendril using the updated centroid, Cffl (where t — 1 is
the time frame and i is the i-th camera), and considering only the
portion of the image contained in the ROI defined in Z).

of their corner-points used to match the three views by a homography
transformation.

Before proceeding with the 3D-reconstruction, each frame has to
be processed to extract the Region of Interest (ROI) that contains the
tendril and to isolate it from the background. The problem is not
simple to solve automatically since the scene is cluttered by the pres-
ence of stem, leaves, other tendrils. For this reason, a semi-automatic
procedure has been developed: the user selects only for the initial
frame (Iio, i = 1,2,3 corresponding to each view V;_1,3) the ROI,
while for the followings it is automatically updated. In addition, to
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avoid the algorithm to select unwanted pixels from the stem, the user
is asked to draw an additional, rectangular region at the intersection
point between the tendril and the main stem. This area is used as a
keep-out mask, M, in the segmentation process. The image is then
converted from Red Green Blue (RGB) to Hue Saturation Value (HSV)
color space to highlight the difference between the background and
foreground. In fact, the living tendril has not a uniform color that
can be directly processed in the RGB space. The resulting image is
then binarized by thresholding. The segmentation is performed by
computing the connected components which returns sets of pixels
and their relative labels. Only the labeled pixel-set contained in the
ROl is then further processed by computing their centroid, CY. All the
remaining are then removed from the image producing an output of
only a series of unordered pixels belonging to the selected tendril.
Figure 6.2 depicts the steps involved in the pre-processing of the data.
For the remaining frames, If (i=1,2,3t=1,...,m), the selection
of the correct labeled set of pixels is done automatically. At time ¢, for
each labeled set of pixels is computed the centroid and, C! is selected
the one that minimizes the distance from the selected one in previous
frame, Clt-_l, by the use of K-Nearest Neighbour Search (K-NN).

6.3.2  Ordering Skeleton Points

The pre-processing phase returns a set of unordered pixels which rep-
resent the skeleton of the tendril. In order to perform all the remaining
steps and to ensure a correct three-dimensional reconstruction, those
points should be ordered. During the experiments, we noticed that the
change in the morphology of the tendril either happens in-plane or
off-plane. We hereby define the ordering direction which corresponds
to the direction of natural growth or to the direction that goes from
base to tip of tendril as the correct one (see Figure 6.1-A). According
to the observation of distinctly different morphological changes (with-
/without cross-intersection) after the application of stimuli in specific
locations, we should order these unarranged points by different cases
as well.

(a) without cross-intersection (in-plane) In our previous research
[30], we proposed the CollectNeighboringPoints algorithm based
on the Moving Least Squares Method (MLSM) to sort a set of planar
points set without intersection. This algorithm needs to start from a
random chosen point in the skeleton, and to order the points in one
predefined direction, then sort the remaining points in an opposite
direction, and finally merge them together.

We first choose the midpoint p;, of the lower boundary of the rect-
angle mask M and find one closest point in the segmented skeleton to
P as the starting point ps by K-NN algorithm (as shown in Figure 6.3-
A). Next from p;, for each point py encountered in the skeleton, we
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Figure 6.3: The sorting algorithm of the disordered points without cross-
intersection. The algorithm starts from point ps, which is obtained
from its closest middle bottom point p;; of the mask M. The
subfigures from left to right are A. collecting neighboring points
around the current point p; (marked as a purpler star) within
an appropriate collection radius d,; B. fitting all the collected
neighbors in a straight line Ly by MLsM; C. and then classify the
collected neighboring points into P and P_. D. The next sorting
candidate point py;q (marked as brown star) is the nearest point
to pg. It lies in the class which is different from py_; (marked as
azure star). E Both direction from point p,s will be sorted into set
S1 and Sp. However, we only consider the direction which has a
larger length, i.e., S, >> Sj. The final sorting result is shown in
subfigure E.

collect its neighbouring points along the prescribed direction (either to
base or to tip end in our experiment) within an appropriate collection
radius d. < R (R is a pre-defined value, representing the maximum ra-
dius for points collection). All the selected neighbouring points should
be fitted into a 2D straight line, i.e., Ly : Ax 4+ By + C = 0 obtained
by MLSM. Meanwhile, it should satisfy a correlation index (o, > 0.9)
by increasing the collection radius d,, in order to include more data
points (shown in Figure 6.3-B). After the points collection, the sorting
direction is determined by a two-sides classifier, where each class
represents one of the two possible directions (Figure 6.3-C). For the
correct linear fitting and accurate classification [31], we introduce
tuning weights w; for each neighbouring point p;. It is based on the
distance distribution with respect to py, by indicating the contributed
importance for fitting. Here, w; is define by,

_ 2 2
w; = e~0017/R

(6.1)
r=|pi — p«ll,
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The classification is achieved by performing the cross product be-
tween the vectors of the collected neighbouring points pip; over the
direction vector of the fitting line L. According to the results, we
divide them into two classes,

_>
pi € Py pip; X Lp >0

(6.2)
piEP,:}ﬁxL_)k<0

where P, and P_ are the classified two point sets. It is easily
accessible to find the previous sorted point py_ falls into one of the
classified sets. Therefore, the next sorting candidate point pyq will
lie inside the other set, which is opposite to px_;. It is obtained by
picking the one with nearest Euclidean distance from pj (as shown in
Figure 6.3-D)). Then this algorithm is iterated to update the sorting
candidate points. As Figure 6.3-F, we are able to obtain S; and &
until both directions from ps are sorted. For the sake of simplification,
we compare the number of points in S; and S, and delete the shorter
one. It is because our specific choice of the starting point ps ensures a
negligible part from p; to the base (normally less than three points for
our experimental setup) regarding our reconstruction.

(b) with cross-intersection (off-plane) Compare to the above al-
gorithm, this section needs a process involving cross-intersection oc-
curring in the 2D images. When the cross-intersection appears, the
algorithm is divided into two categories according to whether the tip
of the tendril is far away from the intersection, as shown in Figure 6.4.
Subfigure A is the case with the tip close to cross-point. Subfigure B
is the other case, where the tendril segment from the cross-point to
the tip cannot be ignored.

For case A, we are able to first find the cross-point through a bina-
rized image with curve segments. This cross-point p. is the junction
of the curve edges, which is indicated by the red triangular marker
in subfigure A-b. We apply the function findendsjunctions.m from
the edge linking and line segment fitting package introduced by Pe-
ter Kovesi [65]. Similarly, we can reuse the above sorting algorithm
without cross-intersection for the tendril segment from initial point
ps (marked by red star) to the cross-point p.. We denote this sorted
segment by &;. For the segment from p, to tip end (denoted as &),
the above proposed algorithm may result into two possible sorting
directions, i.e., clockwise and counterclockwise, as shown by the ar-
rows in subfigure A-e. To simplify coding, we can just select one of
the sorting direction, and then reverse the result to solve both possible
cases. We name by S, and S, and * indicates the reverse ordering of
S>. However, one of them (clockwise sorting shown in the subfigure) is
not consistent with the natural growing direction. It could be suffered
from the image resolution, inaccurate skeletonization or noisy points
close to the cross-point. Thus, we propose the following rules to filter-
ing out these cases. Firstly, we select the last Ny number of points from
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Figure 6.4: the sorting algorithm while one cross-intersection. A.Tip close to
cross-intersection: the segmented tendril with disordered points
are divided into several points sets and colored in pieces. Then,
the sorting algorithm starts from the starting point (red star)
and ends at the point marked by red square. The grey dash line
represents the sorting direction. The circle numbers represent
the current sorted points set, while the rest points sets are in
semi-transparent color. In this case, it needs the user input to
decide the sorting direction for the second points set. Finally, we
obtain the ordered skeleton in purple. B.Tip far away from cross-
intersection: the first three steps are the same as A. Next, for the
second points set, there are three options chosen by user input,
which depends on the distance among the vectors and manual
confirmation. Then, we sort the third points set and obtain the
whole ordered skeleton.

segment Sy, i.e.{Pc—N,+1, Pc—Ny;+2,* - - , Pc}- For Sy, we select the first
N, and Nj number of points respectively, i.e., {pc, Pc+1,** » PetNo—1}»
or {pc, Pl ,p;"+N2_1}. Then for each of these point sets, we fit
them into 3 lines, and denoted as Ly, Ly, and Ly;. Next, we are able
to compute the angles between line pairs (Ly,, Ly,) and (Ly;, Ln;) by,

wj = tan~! (det ([L—Nl}/ f;]) ,dot <]~—1\11>, f;)) , ]=Na, Ny (6.3)

where j indicates the angles between Ly, and Ly;. Thus, we are able
to identify the correct sorting direction of whole tendril by comparing
the value of these two angles,

s SiJS, ifan, < g 6.4)
g . '4
81US;, lf &N, > OCN;
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Due to the smooth and continuous curvature changes over the
tendril length, this sorting result will output a reasonable direction
regarding the natural growth of the tendril.

For the other case as shown in subfigure B, the segment from cross-
point p. to the tip end is not negligible. Thus, the whole tendirl will be
divided into three segments. We can apply the same sorting technique
for each segment from the above case without cross-intersection. The
first segment S; can be found easily. However, the difficulty lies in
finding the correct sorting direction starting from the cross-point p..
For this case, it may falls into three possible sorting directions. As we
already know, two of them belong to segment S,. The correct sorting
that corresponds to the natural growth direction, can be found by
angles of fitted lines. We need to identify which is the segment &3, in
order to distinguish from segment S;. This can be done by finding
the Euclidean distance from p. to the last point of each segment.
Apparently, we have the following relationship,

Ipe = S3[=11ll > llpe = S2[-1]|

6.
Ipe = Ss[=1]1l > lIpe = Sz [-1]l| (6.5)

where the writing [—1] indicates the last element of the respective
segment. We can easily conclude that S3 has a longer distance, than
both clockwise and counterclockwise direction of S;. Therefore, S3
can be confirmed, which will give us,

8_{31U32U53, if an, < an;
S1US§U83, ifocN2>th;

The above processing operations of segmentation and points-sorting
are performed for the videos in all perspectives.

(6.6)

6.3.3 Mapping Points Between Views

Once S is obtained in each Vi, V» and V3, we need to define a point-
to-point correspondence between views. The first step involves a
homographic projection between the views taking V), as a reference.
The ArUco marker has been used as reference in the computation
of the homography matrix H;, and H3,. As a result we obtain a
projection of the points in V; and V3 onto Vs, ( Figure 6.5A). This
allows to find the point-to-point correspondence between views using
the same reference. Given two curves S, and S, in a metric space
composed by order-preserving sets of points, it is possible to find the
correspondence between the curves using the Fréchet distance [131].
This is a measure of similarity between curves that takes into account
the location and ordering of the points along the curves.

Let S, = {uy,..,up} and S; = {v1,..,v5} be the corresponding
sequences, we want to find the mapping between points
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Figure 6.5: The process of mapping the points between the views. A. Ho-
mographic transformation between the views to position all the
points with respect to a single reference frame. B. Application
of the Fréchet distance to map the extracted set of points. When
a set of correspondence has been found is possible to properly
triangulate the points and retrive the three-dimensional shape of
the original curve.

(uﬂll vbl) 7 (uazl vbz) 7y (ua,,,/ vbm) (6'7)

where 2y = 1, by = 1 and a,, = p, by, = ¢, that minimizes the
disparity for 3D triangulation-based reconstruction between the points.
The mapping has also to respect the order of the points by 4;,1 =
a; +1 and b; 11 = b; + 1. Considering that the sets of points have been
sorted, we define the discrete Fréchet distance denoted as Jr (Sp, Sq)

by:

O (Sp, Sy) = inf max {dis (uq, 0p)} 6.8)
where dis is the Euclidean distance between one pair of points, and inf
is the infimum over all parameterization of 4; and b;. Before applying
the Fréchet distance, we uniformly sample k (k = 200) points from
each view for consistency during processing. After the mapping, the
sampled points are back-projected in their original view using the
same homographic transformation. Lastly, through triangulation we
project the 2D points in the 3D space (via triangulateMultiview
function from MATLAB) to obtain the discrete 3D curve points

C= {Cll €, ,Ck} . (69)
6.4 SHAPE MODELING
6.4.1 Discrete Frenet-Serrat Point Fitting

To describe the shape of the tendril from the reconstructed 3D points

we adopt a 3D Clothoid curve fitting with piecewise approximation.

We already investigated the same approach in 2D [31], here we extend
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the same approach to the three-dimensional domain. To do so, in addi-
tion to the curvature, it is fundamental to retrieve also the information
on the torsion.

Following the definition in Frenet-Serret frame as in [45], a 3D curve
is defined by:

C(s) =/OST(u) du+co = /0 [ Ot dei”)dHTo} dt +¢p (6.10)

where the Frenet-Serret frame vectors are given by,

T NG
P = —x(9)T) + T(9)B() (6.17)
d‘fjgs) — _(s)N(s)

and «(s) and 7(s) are respectively curvature and torsion, having
linearity relationship with curve length:

K(s) = x}s + Ko (6.12)
7(s) = s + 1 '

In case of a discrete set of points, as already investigated in [52, 75],
it is possible to describe the Frenet-Serret frame as follows. For a given
point ¢; located in the set of 3D points C, we can define a sequence
of the recursively discrete frame as F; = (T;, N;, B;). The unit tangent
vector can be given as:

Cit1 — ¢
Ti= ——— 6.1
" eiv1 — « (6.13)
Then, the bi-normal and normal vectors can be defined by:
N — T, —Ti1
CTi = T (6.14)
Bi = Tl' X Nl‘

It should be noticed that there will be no discrete Frenet frames
defined for the first and the last point, due to the dependence of
calculation requiring at least three neighboring points. From the above
equations, the discrete curvature and torsion can be derived as,

ki = || T; — T 4]
o — Bi=Bi1 (6.15)
l IN;|
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6.4.2 Automatic Piecewise Fitting of Curvature & Torsion

In order to guarantee the curvature-torsion continuity, we fit lin-
early the two quantities independently. However, the linearity of the
Clothoid curve, as in Equation 6.12, should be preserved simulta-
neously. As in our previous implementation [31], we used dynamic
programming to minimize the number of line segments and the fitting
error. The objective functions of our optimization problem are:

Jx (€q,¢p) = min {JK (ca,em) + T (€, p) , €x + gl (ca,Cb)}
a<m<b

' fit (6.16)
T (e, cp) = min, {JT (cern) + Tr (en,cf) € + &5 (ce, Cf)}
where J, and J(. are the costs of fitting error for curvature, «,
and torsion, T between two points.
On the right hand of the equation, €,y and €, are the constant

penalty terms for adding a new segment. E{f Zt} and 5{ l} are the least-
square fitting errors for linear regression of line segments, that is:

51{# (Caycp) = in}%n (Z o - s(cr) + B — Kt‘)

(6.17)
gt (¢ ¢f) = min (2 laz - s(ct) + Br — Tt|>

D‘T//S‘r

with agyy, a7y, Bixy, and By being the slopes and intercepts of
the least-square fitting line segments. The variables s(c;), k; and T; are
the arc-length, curvature and torsion at point c;, respectively.

Therefore, we are able to find the optimal automatic segmentation
for curvature and torsion with M and N segments respectively. Ideally,
we expect the curvature/torsion continuity for neighbouring pairs of
segments. That is, for the intersection points between i and (i + 1)th
segment at ¢, ;1 and c;.1, the curvature and torsion at end-point
of i segment should be matched with the start-point of the (i + 1)
segment as:

Ky)i* S(Cx,i—H) + ,BK,i = Qi1 S(CK,i—H) + ﬁn,i-ﬁ-l

(6.18)
Qi S(Crit1) + Bri = Arit1 - S(Crit1) + Briti-

Even though the start-end point between adjacent segments has been
connected, the above curvature/torsion continuity may be violated.
The reason is not taking into consideration intersection constraints
in both curvature and torsion space. To solve this interconnection
problem, we proposed algorithm 4 by returning of refined segmen-
tation point list Sy (taking curvature as an example). The idea is to
connect adjacent segments sequentially by satisfying Equation 6.18.
Mathematically, we can achieve this by calculation of the slopes and
intercepts for each pair of adjacent segments, in order to find the
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refined interconnection points. However, this approach may cause an
overshooting problem —i.e., the refined point lies outside of the two
boundary points for the corresponding adjacent segments. Thus, we
proposed a compensation procedure in the second part of algorithm 4.
The idea behind this is to simply combine these adjacent segments if
the overshooting occurs.

Algorithm 4: Refine of automatic segmentation considering
interconnection and overshooting problems (taking curvature
segments x for example)

Input :The original linear fitting parameters for each segment,
Qi and ,Bk,i

Output: Refined segments point list without overshooting
S = {(sx1,%1), (Sk2,%2) , -~ (S, M, KM) }

// the following is going to solve for interconnection problem

// initialize an empty refined segments point list

Sy < empty

2 for each adjacent segments pair id (i,i+ 1) in ¢, do

3| A1 Br i Bri

4 | Az By ayiv1, Pritl

B, — By

AL — A,

6 Y < Ai1-x+ By

// adding a refined intersection point into segment point list

7 S — {Se, (v, y)}

=

5 X <

// the following is going to compensate for overshooting problem
// initialize no-overshooting segments point list

9 ng — J?K

10 § < True

11 while S do

// get length of current no-overshooting segments point list

12 K+ len (SK)
13 for each segment id i in K do

// get curve distance of three adjacent segments points
14 Si—1 + Sy,i—1[x]
15 S; < Sx,i [x]
16 sit1 ¢ Skiv1[]
17 if (Si > s;_q1and s; > Si+1) or (Si < sjqands; < Si+1)

then
// delete current segment id i

18 Syi < empty
19 § + False
20 break

21 return S,
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6.4.3 Runge-Kutta Integration

After the automatic line segmentation for both the curvature and
torsion, it’s able to obtain the fitted curvature and torsion at each
curve length from the previous step. As denoted by Equation 6.18, the
curvature parameters are a,; and B ;, while the torsion parameters
are a,; and Br;, i = 1,2,---,K. The reconstruction of a 3D curve
from above curvature and torsion can be done through integration
of Tangent/Normal/Binormal Unit Vectors (TNB) frame as in Equa-
tion 6.10. According to [75], we can get the piece-wise integration
using 4th order Runge-Kutta methods in order to improve accuracy,
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Then we are able to perform a Runge-Kutta integration as algo-
rithm 5. According to Equation 6.10, the approximation of the inte-
grated curve point can be achieved by the trapezoidal rule as follows,

As
Pip1=Pit+ o (Tipn +Ti) (6.20)

where we define the initial point by pp = ¢¢ from the original
ordered discrete points set.

6.4.4 Optimal Rotation & Translation

In the previous section, we have obtained an integrated TNB frame and
coordinates using the Runge-Kutta method. However, it is highly de-
pendent on the initial TNB vectors (i. e., To, No, Bg). Thus, its accuracy
may be affected by noisy initialization. Meanwhile, the existence of
corners at the connection points of piece-wise segments for integration
may be presented. In order to improve the global reconstruction per-
formance, we can perform an optimal rigid transformation according
to shape matching theory [8].
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Algorithm 5: Runge-Kutta integration for curve reconstruction

Input :Refined curvature and torsion segments point list
without overshooting
Sk = {(si,1,%1), (Sk2,%2) , - - (S, M, KM) },
St ={(sc1,71),(872,72), - (szN, TN)}, initial curve
point py, initial TNB frame Ty, No, B

Output: Runge-Kutta integration of TNB frame T, N, B, and the
integrated curve point list P

1 for each curve length do
// get the fh curve length

2 Sj%j'AS

// find the corresponding curvature segment point pairs

3| (Swarxa), (Skar1, Kavt) < Sk
// calculate the corresponding fitted curvature
KA+l — KA
4 Kj%i‘(sj—SK,A)—FKA

Sk, A — Sk, A+1
// find the corresponding torsion segment point pairs

5 (52,8, Ta), (S¢,B+1,TB+1) St
// calculate the corresponding fitted torsion
TB+1 — TB
6 Tj¢—‘4‘4‘4‘4‘*'(%“—513)%-TB

St,B — St,B+1

// get the Runge-Kutta integration of TNB frame coordinates
using Equation 6.19

8 T]‘, N]‘, B]‘ — Ki, Tj, As, T]‘,l,N]',l,B];l

// get the integrated curve point coordinates using
Equation 6.20

9 | 7)]' — AS, Pj—l; T]',Tj_l

10 return T,N, B, P

Assuming to have the two curves defined as set of points in R%: C =
{c1,¢2,- -+, ¢t} representing the ordered discrete points from multi-
view reconstruction (as in Section 6.3.3), and P = {p1,p2, -, Pt}
representing the curve points from the shape modeling using 3D
piecewise Clothoid in algorithm 5, it is possible to find and optimal
rotation matrix R and the translation vector [t, to] to register the two
curves. This is a least-square optimization problem and can be defined
as:

IR (pi —to) +t—ci)5 (6.21)

R, t) = i
(R, t) argIRin 2

t
i=

It can be solved using Singular Value Decomposition (SVD) or polar
decomposition methods as detailed in [8, 84].
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6.5 RESULTS AND ANALYSIS

Here, we demonstrate the accuracy in reconstructing frames, including
the accuracy of stereo reconstruction and the accuracy of fitting the
reconstructed points by Piece-wise Clothoid (PCD) curves. For this
validation, we chose the dataset where stimulation was applied to the
third section of a tendril (Figure 6.1.D). We selected three instances to
represent of a particular tendril’s morphing phase: the beginning (at
1% frame), half response (at 100" frame), and final shape response (at
200" frame) after the stimulation.

Figure 6.6: The shape comparison of extracted tendril skeletons (highlighted
in black) and the stereo reconstructed projections (highlighted
in cyan) in corresponding views, Vi, V, and V3. A, B and C are
the results of the 1 frame, the 100" frame and the 200" frame,
shown by row.

6.5.1 Accuracy of Stereo Reconstruction

To verify the accuracy of our stereo reconstruction method, we pro-
jected the reconstructed 3D tendrils points onto the image plane for
each perspective (i.e., V1, V, and V3) and compared them with the
extracted 2D skeletons. The visual comparison of Figure 6.6 demon-
strates a good match between the re-projections (highlighted in cyan)
in the three morphing phases and the extracted skeleton (highlighted
in black) in each view. The process of reconstruction relies on bundle
adjustment, which involves comparing pairs of images. Specifically,
we compare the pairs (V1, V») and (V3, V) in our case. Overall, the
reprojection accuracy in V; and )V, exhibits slightly better than in V.
This is because the bundle adjustment optimization process involves
using V, as a common feature in each pair of images being compared.
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Due to its closer proximity to V,, the view of V; provides superior
results compared to that of V3. Conversely, V3 perspective also con-
tributes to shape optimization of the 3D reconstructed model with
respect to the depth estimation.

We also conducted a numerical comparison of the image-pixel differ-
ences between the extracted skeleton points and the projections of the
reconstructed tendril points onto three image planes. The compared
disparity was determined by calculating the Mean Error (ME) and
Standard Deviation (SD) in three sections: the entire shape, base sec-
tion and tip section. The ME values for each section were calculated by
taking the absolute difference between the skeletonized points and the
projection of reconstructed points, and averaging over all the points in
the section. The SD values were calculated as the standard deviation of
the differences between the reconstructed tendril’s projection and the
extracted tendril points in each section. The length of the base section
and tip section was assigned to be one-quarter of the whole length
of the tendril, measured separately from its base and tip. The whole
image size is 1920 x 1080 pixels.

Table 6.1 demonstrates that the mean error for the base section is
the lowest among other sections, indicating a higher reconstruction
accuracy in this section. The tip section has slightly higher ME values,
indicating a slightly lower accuracy in sections. The ME value for the
total length of the tendril is higher than that for the base section but
still within an acceptable range, which is less than 23 pixels and quite
small compared to the overall size of 2.0736 x 10° pixels.

The sD values for all sections are relatively small, indicating that
the reconstructed curves are consistent and reliable. The SD for the
base section is the lowest, indicating a higher degree of accuracy and
consistency in this section. The SD for the tip section is slightly higher
than that for the other sections, which is due to the greater variability
of the tendril shape in this region. The difference in the SD of the entire
shape reconstruction is also small, less than 14 pixels.

Furthermore, both errors become more significant as the tendril
shape evolves from the initial morphology (1% frame) to the final
shape (200" frame). This is since our method adopted the first frame
for tendril shape initialization, and all subsequent frames were based
on this initialization.

Overall, the reconstruction accuracy of the base segment is higher
than that of the tip segment, and our reconstruction accuracy is con-
siderable.

6.5.2  Accuracy of Clothoid Fitting

Next, we also used the re-projection approach and compared the
projections onto the correspondent views to validate the accuracy of
reconstructed points fitted by the piece-wise clothoid curves method.
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Frame ME (pixel) SD (pixel)

Views | Entire | Base Seg | Tip Seg | Entire | Base Seg | Tip Seg
Vi 3.4951 | 2.9020 3.0643 | 0.8043 0.4448 0.4390
1 V) 4.9690 | 3.7757 9.5178 | 2.9742 0.6733 1.0568
V3 8.0666 | 6.8500 7.0944 | 1.9148 1.3554 1.9023
V1 7.9629 | 3.2556 | 15.0116 | 4.8738 0.6560 3.3446
100 %) 8.6539 | 6.8103 | 16.3470 | 5.2214 2.0423 2.8152
V3 17.628 | 9.1724 | 22.2579 | 7.0410 1.3888 6.7207
V1 13.001 | 5.7096 | 7.10485 | 8.6477 2.0893 5.8880
200 V) 10.935 | 6.1356 | 10.3278 | 5.6904 2.5911 1.5974
V3 22.454 | 13.125 | 10.4357 | 13.0686 | 3.2229 6.2604

Table 6.1: A comparison of average and standard errors in image pixel be-
tween skeleton points and projections of reconstructed tendril
points onto three image planes. The results are relative to the ten-
dril’s three morphing phases at the 1, 100", and 200" frame.

Figure 6.7: The shape comparison of the stereo reconstruction projections
(highlighted in cyan) and the Piece-wise Clothoid (PCD) fitted
projections (highlighted in red) in corresponding views, Vi, V,
and V3. A, B and C are the results of the 15 frame, the 100" frame

This involved comparing the projections of the fitted curves obtained
using the piece-wise clothoid method (highlighted in red) and the
original reconstructed tendril points (highlighted in cyan). Figure 6.7
illustrates that the stereo reconstruction projections and the piece-wise
clothoid fitted projections have a good fitting results for the whole
shape in each corresponding view. Intuitively, the fitting results in

and the 200" frame, shown by row.

middle sections have a certain deviation.
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To quantify the accuracy of the PCD curve fitting model, we also
performed a numerical comparison of the image-pixel differences
between the projections of the PCD curve fitting model and the original
reconstructed tendril points. Table 6.2 also shows the Mean Error
(ME) and Standard Deviation (SD) comparison of three representative
tendril sections, i.e., the base, tip, and entire segment. The results
show that the change trend of both error values is similar to that of
the reconstruction results in the Section 6.5.1. That is because our
fitting method is based on the reconstruction results. Therefore, both
errors overall become more significant as the tendril’s morphological
evolution from the initial shape (1% frame) to the final shape (200"
frame). Furthermore, an analysis comparison of ME values in the entire
shape and the base/tip segments indicates that the fitting results in
middle sections deviate significantly from other parts. The continuity
of curvature and torsion is required by the piecewise property of
clothoid curves, which is the main reason for this. The SD values for
all sections are relatively small (less than 10 pixels), indicating that
our clothoid fitting curves are reliable. To sum up, the results of our
analysis suggest that the piece-wise clothoid curve fitting model is an
effective method for accurately describing the shape of tendrils.

Stereo Curve

" £ th h £ ....PCC with e {x.7)
1%t Frame 100" Frame 200" Frame -2 PG with )

+.PCC with €, .7

, R ) 002 002
;o0 00 004 0ot 0.04

P,
006 0% 05 006

Figure 6.8: The selected frames after reconstruction and piecewise Clothoid
curve fitting under different penalties in curvature and torsion.

6.5.3 Sensitivity of Fitting Parameters

The goodness of piecewise fitting results lies in how to determine the
appropriate number of segments to achieve the optimal fitting. We
evaluated the results by setting different, arbitrary chosen penalties in
the optimization problem in Equation 6.16. The proposed algorithm
generates a different number of piecewise clothoid segments depend-
ing on the penalties. We can observe that values of penalties (€;(,) and
€i{t} where i = 1,2,3) highly affect the reconstruction, especially at
the 100" frame, where the deformation is at half of the process, visu-
alized in Figure 6.8. It is quite reasonable since during this stage, the
tendril undergoes changes in both curvature and torsion significantly.



6.5 RESULTS AND ANALYSIS 93
Frame ME (pixel) SD (pixel)

Views | Entire | Base Seg | Tip Seg | Entire | Base Seg | Tip Seg
V1 6.2466 3.7479 4.8391 | 2.7127 | 1.6500 1.5890
1 V) 5.3262 2.4242 6.3898 | 2.0181 | 1.0712 0.9608
V3 4.1638 2.1449 5.0599 | 1.4418 | 0.8736 1.5731
V1 15.3940 | 15.1840 | 10.3420 | 5.2313 | 5.9630 2.5095
100 V) 9.4546 8.1449 7.2112 | 3.1676 | 3.5505 2.1564
V3 6.1265 4.4073 4.5838 | 2.3424 | 2.1925 1.2073
V1 16.2491 | 15.2359 | 13.5972 | 7.4025 | 9.2382 1.3979
200 Vo | 105715 | 8.7959 | 9.4189 | 4.3685 | 5.5375 | 0.9723
V3 7.9385 5.5857 5.4172 | 3.6088 | 3.7365 1.5812

Table 6.2: A comparison of average and standard errors in image pixel be-
tween projections of reconstructed tendril points and piece-wise
clothoid fitted points onto the three image planes. The results are
relative to the tendril’s three morphing phases at the 15, 100", and
200" frame.

Tables hile, the corresponding numerical comparison is shown in
Table 6.3. To facilitate comparison, the number of segments required
for approximation, the coefficient of determination (R?) for Piece-
wise Clothoid Fitting, the Sum of Squares Error (SSE), and the Sum
of Squares Total (SST) are reported for each pair of parameters €;,
and €;(y. The errors in the table for comparing different parameters
selection also involved three regions, the tip segment, the base segment
and the entire length.

Generally, all cases produce an R? value larger than 0.9. Although
the Sum of Squares Total (SST) is similar across the different sets of
parameters, the Sum of Squares Error (SSE) shows variable results.
Therefore, we can automatically select the penalties to get the optimal
number of segments and reach an optimal fit for each frame. To this
aim, we rely on a grid search policy by minimizing SSE and R? within
a pre-defined range of penalty values. The search process is illustrated
in Figure 6.9, which depicts the penalty selection for the 100" frame
as an example. We performed a grid search within a broad range,
then selected several interest regions (for example, the regions within
grey dashed lines in Figure 6.9) and repeated the grid search until we
found the appropriate penalties determined by the error fitting of SSE
and R2.

6.5.4 Reconstruction From a Sequence of Frames

The above results were evaluated from a single frame. It is possible
to extract the evolution of the curvature and torsion over time by
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Frame Penalty Segments R? SSE SST3

I | €ifx) | €ifry | ¥ T | Entire | Base Seg | Tip Seg | Entire | Base Seg | Tip Seg | Entire | Base Seg | Tip Seg

1| 100 | 100 | 6| 136 | 0.9995 0.9977 | 0.9917 | 0.0014 0.0085 | 0.0006 | 2.7572 0.0373 | 0.0778

1 2| 200 | 300 | 3 56 | 0.9993 0.9989 | 0.9989 | 0.0018 0.0040 | 0.0006 | 2.7532 0.0373 | 0.0779
3| 500 | 500 | 3 49 | 0.9717 0.6589 | 0.7749 | 0.0788 0.0127 0.018 | 2.7859 0.0373 | 0.0782

1| 100 | 100 | 13 117 | 0.9963 0.9967 | 0.8540 | 0.0078 0.0001 | 0.0030 | 2.1123 0.0326 | 0.0206

100 | 2| 500 | 9oo | 7 30 | 0.9983 0.9854 | 0.9645 | 0.0034 0.0005 | 0.0007 | 2.0243 0.0325 | 0.0210
3| 600 | 1500 | 7 3 | 0.9699 0.9652 | 0.1882 | 0.0660 0.0011 | 0.0254 | 2.1889 0.0325 | 0.0214

1| 100 | 100 | 18 112 | 0.9973 0.9826 | 0.9762 | 0.0045 0.0007 | 0.0005 | 1.6781 0.0406 | 0.0231

200 | 2| 100 | 200 | 18 77 | 0.9977 0.9865 | 0.9801 | 0.0038 0.0005 | 0.0005 | 1.6782 0.0406 | 0.0231
3| 800 | 450 | 9 41 | 0.9850 0.9246 | 0.7727 | 0.0253 0.0031 | 0.0052 | 1.6851 0.0406 | 0.0229

Table 6.3: A summary of the results for the Clothoid model fitting as a function of the penalty parameters. The results are relative to the tendril
stimulated at S3 and for the 15, 100™, and 200" frame. To easily compare the results, for every pair of parameters ¢; (x) and €;}, the number
of segments needed for the approximation, the coefficient of determination (R?) for Piece-wise Clothoid Fitting, the Sum of Squares Error
(SSE), and the Sum of Squares Total (SST) are reported.
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Figure 6.9: The fitting error of selected 100" frame after piecewise clothoid
curve fitting with different penalties in curvature and torsion.

looking at the entire sequence of frames (15 min of recorded video
give approximately 21,500 frames). To compare the effects of the
applied stimuli, here we consider all the four cases S1, S2, S3, S4, as
introduced in Figure 6.1D.

By fixing the number of points in the reconstructed curve and the
penalty cost €;(,, and €;(,}, we can visualize the morphological evo-
lution of the tendril over time and the region of highest deformation.
Figure 6.10 shows the results of selected dataset for each case. All
the curves have been reconstructed using 200 points and considering
the temporal evolution over a subset of the videos sampling the data
every 120 s for a total of 200 frames. The highlighted pixels represent
the pixel index of the split segment. From the results it is possible to
notice that the number of piece-wise segments is generally the same
for all frames, and that the index locations stabilize after a while (e.g.,
Figure 6.10A, segment Sz, from frame 80). In addition, it is possible to
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Curvature

Torsion

100 (’l. 0 100
Frame Frame Frame Frame

Figure 6.10: Location of the splitting point between segments in the linear
fitting of A the curvature and B the torsion. For each case, we
reconstruct the curve using 200 points over a subset of the entire
video which was sampled every 120 s, thus reducing the amount
of frames to 200.

notice that the indices are denser around the location between point
150" to 200", this is more visible for the cases S3 and S4, which are
in the apical region of the tendril. The number of segments in torsion
plots (Figure 6.10B) is even higher. Thus, we can tell that the torsion
has a more nonlinear behavior along the entire tendrils’ length. From a
mechanics point of view, the reconstructed curve shows non-constant
twisting in space due to an additional out-of-plane torque. This pat-
tern fits the requirements of the plant tendrils to find support object
to grow against gravity.

Figure 6.11 shows the evolution of the tendril motion fitted by the
proposed algorithm. The initial and final frames were highlighted in
black and red curves respectively, while the dynamical motions in
colored curves. In all cases, the tendrils show a high response to the
stimulus and, at the exception of a stimulus in S1 region (Figure 6.11A),
show large deformations. This is also noticeable by looking at the
curvature and torsion evolution over time (second and third rows
in the figure). Here it is possible to see that for S1 and Sz there is
a large change in curvature in the apical area and a stimulus in the
Sz region (Figure 6.11B) produces a large, moving change in torsion.
Also, a stimulus in the S3 region produces a clear change in curvature
that moves from the tip backwards (Figure 6.11C from 3 min it is
possible to notice a sharp change in the curvature). A similar behavior
is present in the results relative to the stimulus in S4 region. Differently
from the previous results, the change in curvature is well localized in
the same region of the stimulus, while the change in torsion happens
in multiple points of the tendril.

To further confirm the movement trend of the morphological evolu-
tion of the studied tendrils as a consequence of the applied stimulus,
we averaged curvature and torsion values at initial and final states
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Figure 6.11: The comparison of morphology evolution of the four represen-
tative tendrils after stimulation in four different regions with
the correspondent variation of curvature and torsion. The first
row shows the morphology evolution of tendrils after the stim-
ulation in S1, S2, 53 and S4 region (from left to right) applied
individually for each case. The initial frame and the final frame
are highlighted in black and in red respectively. The middle row
demonstrates the correspondent color changes in normalized
curvature along the normalized curve length and the last row
shows the changes in normalized torsion.

over all the repetitions for each experimental group. Figure 6.12 sum-
marizes the results. We found that after the stimulus is applied to
any part of the tendril, it triggers a sequence of movements in the
tendril which brings a change in its morphology. This reveals that the
sensitivity of tendrils is endowed with local transduction at site of
stimulation whose effect is propagated to adjacent regions.

6.5.5 Analysis of Tip Motions

A final analysis possible thanks to the proposed modeling algorithm
is related to the motion of the most apical point of the tendril after
the application of a stimulus (Figure 6.13). When it occurred in the S1
region (Figure 6.13A), the tip showed a stable movement around to a
central point. The movement changes when the stimulus is applied to
the Sz region (Figure 6.13B) passing from a static motion to a quasi-
linear movement in the space. For the last two cases, stimulus in region
S3 and S4, the tip of the tendril moves following a curvilinear pattern
spanning in a large volume. The different tip movement patterns
support our previous results: regions of the tendrils closer to the base
result less active with respect to regions proximal to the tip.
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Figure 6.12: The comparison of curvature and torsion between the initial
state and the final state, in addition to the change trends.

6.6 SUMMARY

In this chapter, we present a new methodology to reconstruct and
analyse tendril curling shape and movement in space, based on stereo
vision reconstruction and 3D piece-wise clothoid for shape analysis,
with no need for marker-based features. We used this approach to
describe different 3D morphologies assumed by natural tendrils trig-
gered by mechanical stimulation and analyze their shape evolution
over time. This work provides a reliable (high accuracy, R? > 0.99) ap-
proach to reconstruct and model filamentous continuum structures. It
demonstrates its applicability to the morphological description of ten-
drils of passiflora and contributed to the analysis of stimulus-response
relationship in this model organ of climbing plant, helping identifying
region of high responsiveness which might be related with higher
sensitivity.

From our results we can infer information regarding the stiffness
of these organs and draw specifications for the design of slender,
continuum, curling robots targeting anchoring or grasping through
coiling deformations. For example, we can suggest a variable stiffness
distribution of the structure going from stiffer to softer from base to
tip, and greater sensitivity to be displaced at the tip. The proposed
method is implemented based on post-stimulus reconstruction and
static model representation of curling behavior in spacial dimensions.
Thus, neglecting possible dynamics that might act during deformation.
This is a crucial aspect when shifting this analysis to elaborate on
control strategies for soft robots. The integration of our model with
force-based dynamics models, such as the Cosserat rod theory, and the
fully automatic image segmentation for data pre-processing, remain
for future work. In addition, as a analysis tool of plant behavior, fully
automatic segmentation of interest organs and additional experimental
validation inferred by our approach could be discussed as the future
work.
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CONCLUSIONS & FUTURE DIRECTIONS

Curling behavior, as the most common geometry of continuum el-
ements, is able to produce various curling or coiling morphologies.
Such shape configurations are most curling up from the tip and bend-
ing along the arc length, producing a continuously curved shape.
While it is of great importance to building methods of shape analysis
for these kind of biological thin systems to facilitate the translation of
functional principles into artificial systems, such as soft robots.

However, the modeling and reconstruction of curling shapes are
still challenging in the biological and robotics fields, especially for
thin structures. More importantly, the lack of an analytical method for
shaping morphology analysis is a significant constraint in characteriz-
ing and enhancing the controllability of robotic systems, such as soft
continuum robots.

The main focus of this thesis is to present a novel shape modeling
and reconstruction approach that also provides a feasible solution to
morphological analysis of continuum, curling structures, from both
an engineering and biological perspective. This problem is mathemat-
ically complex due to the slender, continuous shape of the "almost"
1D-object (a curve) that is embedded in a plane (2D images) but
requires analysis in a 3D environment (motion space).

7.1 CONTRIBUTIONS OF THIS WORK

Taking the evolution of passiflora tendrils” morphology upon mechano-
stimuli as an example, this thesis proposes novel methodologies to
reconstruct and analyze tendrils” curling morphologies and movement
both in 2D and 3D cases. As mentioned in Chapter 1, passiflora tendril
is irritated by mechanical stimulation, we thus addressed the issue
of analyzing its shape changes employing a marker-less technology
of shape sensing based on vision and curve model fitting. This work
provides a promising tool from biological and engineering perspectives
for shape representation of tendril-like thin, continuum structures,
which prompted us to mainly investigate the following three questions:

* Q1: How to choose a curve model for accurate shape representa-
tion?

* Q2: For the vision-based shape reconstruction method, how to
process data in 2D and 3D respectively?

* Q3: How to characterize the morphological dynamics over time?
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The first question pertains to shape modeling and suggests that
choosing an appropriate curve model. The second question concerns
shape reconstruction using vision-based methods and inquires about
the difference between processing 2D and 3D data. Lastly, the third
question relates to motion analysis over time. These three questions
are all related to the field of computer vision and image processing
and address important considerations for accurately representing
and analyzing shapes and motions, in particular for thin continuum
structures.

7.2 ANSWERS OF PROPOSED QUESTIONS

We first conducted a survey concerning the shape reconstruction tech-
nique (Chapter 2), such as model-based, sensor-based and vision-based
approaches. These techniques can provide shape reconstruction under
different situations with limitations. We thus proposed a combined 3D
reconstruction approach for thin, slender objects that combines vision
and modeling techniques.

We introduced the clothoid curve to describe the curling continuum
shapes since the natural tendril has analogy characteristics — i.e.,
smooth transition between one straight line and one curve or between
multiple curve segments.

To describe 2D curling shapes, we proposed three model-based
approaches using: I) single-segment clothoid, II) piece-wise clothoid
with a prescribed number of segments (in Chapter 4) III) piece-wise
clothoid model with the optimal number of segments (in Chapter 5).
And to describe 3D curling shape, we based on the 2D work and
used 3D piecewise clothoid curve for the shape representation (in
Chapter 6).

As suggested from the presented results, the curling shape is reli-
ably described by clothoid curve fitting both in 2D and 3D cases. In
the 2D case, the proposed approaches have been validated on both
the biological and artificial continuum structures and are numerically
evaluated. We obtain an improvement of more than 100% in biological
tendril and up to 5% with a soft continuum robotic artefact, demon-
strating the feasibility and reliability of our approach. In addition,
we find that from 4 to 6 segments are enough to describe with high
accuracy (R? > 0.9) the tendril shape across different stages of curling
evolution in planar cases. In the 3D case, our work also provides a
reliable approach to reconstruct and model filamentous continuum
structures with high accuracy (R? > 0.99) in spacial dimensions.

In conclusion, clothoid spiral, both in 2D and 3D, fulfills our accurate
description requirements for curling shape and answers to question
Q1.

Next, to answer Q2, we describe the process of data acquisition
and processing in two different dimensions. In the planar, processing
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a single image or an image sequence is completed by the following
steps: image resizing, segmentation by thresholding, binarization for
better ROI extraction and sort of unarranged skeleton points, preparing
for the curve fitting. In the space, the processing is based on stereo
reconstruction. The process starts with the acquisition of video data
from three different perspectives via cameras. A semi-automatic seg-
mentation method was developed using small inter-frame variation
and K-NN search. Subsequently, the unordered skeleton points were
extracted after binarization and skeletonization. Then, the procedure
sorts the unordered skeleton points. After this, it is possible to find the
correspondence between the skeleton curves in different views using
the Fréchet distance. Finally, through triangulation, we project the 2D
points in the 3D space to obtain the reconstructed discrete 3D curve
points.

A common and important step in both processes is a novel sorting
algorithm for 2D unarranged points that I developed. It addresses
the issue of potentially unwanted branching and discontinuities, and
misleading ordering direction in the presence of sharp curvature
change by the implementation of a weight-point association. Moreover,
the developed algorithm is divided according to the occurrence of
intersection point as on-plane and off-plane cases (see Chapter 6).

After taking the vision and clothoid model-based shape reconstruc-
tion, we analyzed the changes over time in the morphology of natu-
ral tendrils after the mechano-stimuli, whose results concerning the
changes in curvature and torsion also respond accordingly to question
Q3.

In the 2D case, we noted that the portion close to the base of the
tendril does not change curvature in time, even though previously
stimulated along the body length, while the most apical region is more
dynamic in curvature variation.

To further study the morphologies and stimulus-response relation-
ship of tendrils, we set up the experiment protocol with piecewise
stimuli in four segments to explore the dynamic characteristics of
morphological motion over time in the 3D space while considering
the variation in both curvature and torsion. Specifically, we focused
on the relationship between the shape change and the trigger location.
We found that after the stimulus is applied to any part of the tendril,
it triggers a sequence of movements in the tendril which brings a
change in its morphology. This reveals that the sensitivity of tendrils
is endowed with local transduction at the site of stimulation, whose
effect is propagated to adjacent regions. In addition, stimuli applied
at different sites cause the tendril tip to follow different spatial trajec-
tories, such as a stable movement around a central point when stimuli
are applied in the base of a tendril, and stimuli in the apical area, the
tip of the tendril moves following a curvilinear pattern spanning in
a large volume. Such different tip movement patterns support our
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previous results in the 2D case: regions of the tendrils closer to the
base result less active with respect to regions proximal to the tip.
From the location where the linear fitting algorithm splits the curve
in the curvature and torsion graphs, we also found that the indices
of segmented location are denser around the tip of the tendril, that
is, the apical region is the region of highest deformation due to the
stimuli-responsive in situ. Moreover, the torsion has a more nonlinear
behavior along the entire tendrils” length than the curvature. This con-
clusion corroborates that the stimulated tendril shows non-constant
twisting in space due to an additional off-plane torque.

7.3 LIMITATIONS & FUTURE DIRECTIONS

This research provides favorable results, but still several aspects can
be improved to achieve better results in future works. The following
aspects could be expanded upon:

Automatic Image Segmentation: The tendril segmentation step in Chap-
ter 6 is semi-automatic, and it could be improved as a fully-automated
operation of image segmentation using pre-built foreground and back-
ground models. In addition, our data considers a simplified growing
environment — a white board as the background. The real environment
should be much complex, whose scenarios possible with poorer shape
visibility of ROI, or with overlapping parts. These works would be
favorable as a tool for analyzing plant growth and behavior in real
environment.

Real-time Shape Reconstruction: Now, our methods are off-line and all
the operations of shape reconstruction for each frame takes about 30s
on average, except the time of video loading and data pre-processing.
Considering the ultimate goal, real-time reconstruction of curling
shape will be necessary for shape control in the future work. The fully
automated segmentation mentioned in previous aspect could be also
as one part to realize the real-time shape reconstruction.

Dynamics Factors Involvement: Next, the proposed methods are im-
plemented based on static model representation of curling behavior.
Thus, neglecting possible dynamics that might act during deforma-
tion. This is a crucial aspect when shifting the analysis to elaborate
on control strategies for soft robots. The integration of our model
with force-based dynamics models, such as the Cosserat rod theory,
remains for the next step.

Non-Parametric Modeling Approach: Our suggested methodologies are
based on the parameterized clothoid models, which are implemented
through fitting curve data for local optimization, resulting in slow
speed of convergence and inaccuracy of shape reconstruction. In
Chapter 5, we further used a rational approximation of 2D clothoid
model, which is generated by evaluating the error of polynomial
approximation of the equations and point interpolation. Thus, one
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aspect of future works is to employ machine learning methods with
non-parametric models and shape geometry primitives for a better
fit to a spatial shape of a continuum robot and to incorporate the
pre-trained data to accelerate the speed of shape reconstruction and
representation.

Shape Control: Based on the proposed shape models incorporating
with seroving control strategy, a future application could be to use this
methodology for some spacial tasks, such as shape trajectory tracking
or end effector positioning. Such tasks under shape configuration are
achieved by an optimization-based closed-loop method to iteratively
solve the Jacobian matrix by minimizing the task space error. Further,
the shape-based method could also be used for the force estimation to
solve the force sensing problem in applications when the continuum
element interacts with the environment, such as, a tendril-like robot
climbing along a vertical support. Moreover, during the shape seroving
control process, incorporating the effect of gravity may be necessary.

In addition, we would also like to explore extensions, such as full
volumetric shape servoing, handling of contact or interact with the
external environment. These promising works pave the way for auto-
matic control of the 3D shapes of tendril-like growing robots targeting,
bending, twisting or deforming inspired by the moving-by-growing
abilities of climbing plants.

7.4 APPLIICATIONS

As a summary, I developed a reliable methodology to reconstruct
and model filamentous continuum structures that can be used as
a tool for the morphology analysis of tendril-like organs, such as
stem growing, earthworm or nematode locomotion [119]. Moreover,
the practical bio-analysis can provide the biological property for the
design of bio-inspired robots with stimuli-response characteristics.
For instance, we inferred information from the results regarding the
stiffness and sensitivity distribution of tendrils, which can be used
as specifications for the design of slender, continuum, curling robots
targeting, anchoring or grasping through coiling deformations. In one
specific example, a tendril-like robot with variable stiffness distribution
of structure that goes from stiffer to softer, from base to tip, with
increased sensitivity to displacement at the tip. It might also suggest
how the required sensors are distributed along the body length in
terms of quantity and position.

According to the design solution of the double symmetrical cycle
for biomimetic robots (in Chapter 1), the tendril-inspired robot can be
abstracted into a working platform to test hypotheses on the factors
causing morphological changes and sensitivity transduction, allowing
us to examine our understanding of biological systems without dealing
with the whole complex system of climbing plants.
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DERIVATION OF PARTIAL DERIVATIVES

According to Equation 3.4, Clothoid with Fresnel Integrals is defined
as:

S
X, = / FeosdE = on(klsz, kas, ug)
0

S
Y. = / FroinddE = Yo (k15, kas, o)
0 (A.1)

k
Foos = cos(Els2 + kos + ap)

.k
Frsin = sm(jls2 + kos + ap)

Then, we perform the affine transformation (i.e., ®,S,7T) to the
generated the fitting curve X and Yr, that is,

Xg =TXc
X = SX¢ (A.2)
X} =RXS

During each transform, it should be applied with respect to the
same fixed point [49],
XE] = —Xc[1] + Xz[1]
YI[1] = —Ye[1] + Yz[1]
X¢N = xgn) = x2 0]
YER) =Y [] =Y/ N

(A.3)

where X7 and Y7 represent the image skeleton points after ordering.
Here, we list the main calculation of partial derivatives for f of
Equation 4.3:

of X7 Y F
30 - (XF XI)T@ + (Yr Yz)% (Ag)

@ = Ws, hs; ﬁ/ kl/ lﬁl lb

Take the partial derivative of both sides of Equation 4.2,

VoXr h'é)
VeYr | = Ve | RST Yg (A~5)
0 1

where the correspondent relationship in parameters (®) are the
followings: width scale (w;) and height scale (/) are related to curve
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scale S, angle (B) is related curve rotation R, the parameters of cur-
vature (kp), start length (I;), end length (I;) are related to the fitted
curve.

In details, calculation of partial derivatives for the scale and rotation:

Vo XF X7

vaY]: =R VwSS T YCT (A6)
0 1

Vi X5 X7
0 1

VpXr X3

VeYr | = VR ST | Y] (A.8)
0 1

Subsequently, calculation of partial derivatives for the parameters
of fitted curve:

Vo, Xr Xt Vo, Xc
Veo,Yr | = Ve, (RST) Y|+ RST |Ve,Ye
(A.9)
0 1 0
®1 = {kll lﬂ/ lb}
Where
Ry IR;
Vo, (RST) = 55 RaRsST + RiRa 55 ST
a8 dS.
FRALGET + RE Sy —2T (A.10)

00,

oT
+RSa—®1

00,

Then, calculation of partial derivatives for Rotation R, Scalling S

and Translation 7 transformation:

0 X
81 07"7?,1: O 1 Ysr 7
00 1
[ 0
VoS =810 0 0| S3,
0

10 —Xg
S3orRz3= |0 1 -Y, | (A11)
00 1
0
Vil§=8110 1 0|8 (A12)
0
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—sin(B) —cos(B) 0
VR =Ri1 | cos(B) —sin(B) 0| Rs
0 0 0

Vo,R1= —Ve,Rs = Vo, 5

O 0 v@l Xsr
= - V®183 = 0 0 v@lysr
00 0
where
v®1Xsr Xc v®1XC
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0 1 0
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1
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