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ABSTRACT

Mobile robots have demonstrated exceptional capabilities in traversing diverse
environments, while manipulators excel at precise object interaction. However,
combining these functionalities within a single compact system remains challeng-
ing, particularly for applications requiring navigation through confined spaces while
maintaining object handling capabilities. This thesis introduces a novel solution:
a hybrid mobile robot with adaptive stiffness and morphology that can transition

between functioning as an efficient mobile platform and a versatile manipulator.

The proposed system features a dual locomotion unit architecture connected
by a variable stiffness bridge incorporating low melting point alloy. This design
enables controlled transitions between rigid and flexible states, providing stability
during locomotion and adaptability during manipulation. The robot’s modular
construction significantly reduces stiffness transition time while maintaining opti-
mal mechanical properties throughout operation. Each locomotion unit functions
autonomously while collectively facilitating coordinated bridge deformation during

flexible states, enabling precise morphological adaptations for object manipulation.

This dissertation presents the complete development process from design concep-
tualization to experimental validation. A comprehensive hybrid kinematic model
characterizes the robot’s behavior across both rigid and flexible states, identify-
ing four distinct locomotion modes emerging from its variable stiffness capabil-
ities. The hierarchical control framework integrates stiffness management with
motion planning through model predictive control schemes that optimize perfor-
mance across operational modes. For navigation, two complementary approaches
are implemented: a hybrid RRT*-APF algorithm for environments with sparse
obstacles, and a sophisticated Voronoi-based optimization method for highly clut-

tered environments requiring morphological adaptations.

Experimental results demonstrate the robot’s capacity for efficient omnidirec-
tional mobility, rapid stiffness transitions, and effective full-body grasping of ob-
jects with diverse geometries. The system successfully navigates through con-
fined spaces by leveraging its variable morphology to adapt to environmental con-
straints. Performance metrics validate significant advantages over conventional
single-function systems in terms of versatility, adaptability, and operational effec-

tiveness across multiple domains.



This research establishes fundamental design principles and control method-
ologies for a new generation of multifunctional robots with adaptive properties.
The contributions advance the field of robotics by bridging the gap between con-
ventional rigid systems and soft robots, creating versatile platforms capable of
addressing complex challenges in exploration, inspection, and search and rescue
operations where both mobility and manipulation capabilities are essential within

strict size constraints.
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Chapter 1
Introduction

ASK-specific robots have demonstrated remarkable performance in assisting
T people across various domains; however, their limited versatility restricts
applications requiring diverse behaviours and advanced capabilities, particularly in
uncontrolled, changing environments. This creates a clear need for multifunctional
robotic systems, especially those combining land-based mobility with the ability to
interact with objects of arbitrary shapes. We propose that such multifunctionality
can be achieved through hybrid robots with adaptive stiffness and morphology.
Their controllable properties enable switching between different operational modes,
each providing distinct functions. In this chapter, we explore various approaches to
developing robots that can navigate through tight spaces while maintaining object

manipulation abilities, define research objectives, and outline the thesis structure.

1.1 Effectiveness vs Versatility in Robotics

Robots have steadily integrated into numerous aspects of human life since their
inception, primarily designed to automate manual labor and streamline processes.
Initially dominated by industrial applications [1], robotic systems have expanded
into transportation [2| and logistics [3, 4], exploration [5] and surveillance [6],
healthcare [7], entertainment [8], and various other domains. Such rapid devel-
opment has been driven by advancements in physics, mechanical and electrical
engineering, optics, material science, and computer science, collectively enabling

robots to become increasingly sophisticated and intelligent.



Today’s robotic landscape features a large diversity of machines, each engineered
for specific tasks across numerous fields. This specialization stems from a fun-
damental approach in robotics development: identifying a particular problem or
application and subsequently designing a robot with precise capabilities to address
that specific task. While this approach has produced highly effective task-specific

robots, it has simultaneously created systems that lack versatility.

This presents a stark contrast to human capabilities. Humans, while rarely ex-
ceptional at any specific task, possess remarkable versatility across a broad spec-
trum of activities [9]. Robots, conversely, excel in their narrowly defined functions
but struggle outside their designated parameters. This specialization, though ad-

vantageous in controlled environments, introduces several significant limitations:

e Limited adaptability: Task-specific robots typically feature fixed mor-
phologies and capabilities, significantly restricting their ability to adapt to
new or unforeseen challenges. Their inherent rigidity renders them less ef-
fective in dynamic or unpredictable environments where versatility becomes
essential. When conditions change beyond their design parameters, these

specialized machines often fail entirely.

e Costly maintenance and development: The inability of robots to adapt
means that task modifications or environmental changes frequently necessi-
tate developing entirely new systems. This approach demands substantial
investments in financial resources, development time, and specialized exper-
tise. Furthermore, maintaining diverse fleets of specialized robots increases

operational complexity and costs while reducing overall system efficiency.

e Scaling challenges: Integrating various specialized robots into cohesive,
collaborative systems presents significant technical hurdles due to incompat-
ible standards and interfaces. This incompatibility fundamentally limits the
deployment potential of large-scale, coordinated robotic systems that could

otherwise address complex, multifaceted challenges.

These limitations highlight the growing need for multifunctional robotic plat-
forms — systems capable of performing diverse tasks within changing environments
while maintaining operational efficiency. By functionality, task-specific robots can

be broadly categorized into two major types (examples in Fig. 1.1):
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Figure 1.1: Examples of uni-functional robots. Manipulation robots used for: (a) assembly;
(b) welding. Mobile robots: (c) differential wheeled robot [10]; (d) robot vacuum cleaner; (e)
quadruped robot [L1]; (f) legged robot [12].

e Manipulation robots are designed to interact with objects, typically fea-
turing robotic arms [13-15| or grippers [16, 17| that can perform tasks such
as assembly [18], welding [19], and material handling [20]. These robots are
characterized by their precision, strength, and ability to perform repetitive
tasks with high accuracy. The most well-established manipulators are in-
dustrial robotic arms used in manufacturing [21] and surgical robots used in

medical procedures [22].

e Mobile robots are designed for movement and navigation [23|. They can be

further classified into various types based on their operational environments:
— Marine robots are vehicles for maritime applications [24, 25].

— Land-based robots navigate terrestrial environments through differ-
ent locomotion mechanisms, each designed to address specific mobility
challenges and operational requirements. Wheeled robots are the most
investigated and frequently used set of mobile robots [26]. They can
cover long distances on plain surfaces at high speed. Wheeled robots
are commonly used in drop shipping [27| and transportation in ware-
houses [28]. Legged robots are designed to traverse rough terrains where

wheel robots fail to perform [11,12,29]. These robots are typically more
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complex in design and control. Legged robots are perfect candidates for

exploration missions and rescue operations [30].

— Aerial drones: are the most recent mobile robots and quickly gained
popularity due to their ability to access remote or dangerous areas,
facilitate environmental monitoring and capture high-resolution imagery
[31]. Due to these functions, they are actively used in military, industrial

and commercial applications [32].

We can observe that while manipulation robots excel in interacting with ob-
jects, they lack mobility. Conversely, mobile robots are adept at motion but lack
sophisticated interaction capabilities with their surroundings. Though researchers
have attempted to bridge this gap by integrating manipulators onto mobile plat-
forms [33-35], the resulting systems often prove bulky and primarily confined to
structured industrial settings. This integration challenge becomes especially signif-
icant when considering applications requiring navigation through tight spaces while
maintaining object interaction capabilities — a critical requirement for industrial
inspection tasks, search and rescue operations in disaster zones, and maintenance
work in confined environments such as pipe systems or collapsed structures, see
Fig. 1.2. The conflict between achieving both compactness and functional versatil-
ity represents a persistent challenge in developing robots suitable for these complex

operational domains, where spatial constraints and manipulation needs coexist.

Industrial Indpection Research & Rescue Maintenance

Figure 1.2: Applications that require multifunctional robots.

1.2 Development of Multifunctional Robots

In this section, we analyze existing approaches to multifunctional robot design and

identify possible ways to achieve desired versatility.



1.2.1 Limitations of Conventional Hard Machines

Conventional robots are characterized by rigid links, fixed joints, and invariable
structures composed of hard materials with static properties. These design prin-
ciples have enabled robots with remarkable strength, precision, and speed — at-
tributes that have secured their position in industrial and manufacturing settings.
Hard robots utilize conventional electronics and power systems that provide con-
tinuous state monitoring and predictable control. Their discrete topology with
finite degrees of freedom simplifies modeling and control implementation but si-

multaneously restricts their adaptability and behavioural versatility [36].

The rigid-bodied design approach offers significant advantages in specific con-
texts. Manufacturing environments benefit from robots that can handle substantial
loads with high precision, performing repetitive tasks such as assembly, welding,
painting, and quality inspection with consistent accuracy. This reliability has
revolutionized production processes across industries. However, this approach is
lacking when attempting to develop multifunctional robots. Current mobile ma-
nipulators [33-35| are a prime example of it, as demonstrated in Fig. 1.3. These
systems typically consist of a robotic arm mounted atop a standard mobile plat-
form — essentially a direct combination of two single-function robots. This design

philosophy represents a mechanical compromise rather than an integrated solution.

Figure 1.3: Examples of conventional mobile manipulators. Left: KUKA KMR QUANTEC.
Right: Aubo Robotics AMR300.



The challenge stems from an inherent constraint: a structure with fixed material
properties and unchangeable configuration can only efficiently optimize for a single
function or a set of closely related functions. When attempting to incorporate

multiple functionalities into a conventional hard robot, engineers must either:
1. Accept performance compromises across all functions.
2. Significantly increase system complexity, size, and weight.
3. Narrow the operational range to address only specific use cases.

This fundamental limitation explains why most robots excel at specialized tasks
but struggle with functional versatility. Mobile manipulators, despite combin-
ing two functionalities, often become bulky, energy-inefficient, and impractical for
confined spaces or dynamic environments. Their rigid structure cannot adapt to

changing task requirements or environmental conditions.

The inherent constraints of conventional hard machines point toward a necessary
paradigm shift in robotics design. Rather than continuing to stack discrete func-
tional components onto increasingly complex platforms, we must reconsider the
foundational principles guiding robot development. This realization leads us to
explore new approaches that enable genuine multifunctionality through adaptive

morphology and material properties.

1.2.2 Adaptive Morphology for Expanded Functionality

Adaptive morphology represents a paradigm shift in robotics design, enabling sys-
tems to dynamically modify their physical structure and behavioural characteristics
in response to changing operational conditions. Unlike conventional rigid robots,
adaptively morphing systems can accommodate opposing dynamic requirements
(e.g., maneuverability, efficiency, and speed) when navigating diverse environ-
ments or transitioning between different substrates. This design philosophy offers
a promising solution for endowing robots with multiple functionalities, including

enhanced transportability and self-protection mechanisms [37].

Multi-modal locomotion stands as the most compelling application of adaptive
morphology. Researchers have developed robots that exploit morphing appendages

to facilitate seamless transitions between diverse locomotion modes. Recent ad-



vances have demonstrated remarkable combinations of movement capabilities, in-
cluding jumping-gliding systems [38-40], and rolling-climbing mechanisms [41-43|.
This approach extends to cross-environmental locomotion, with significant progress
in aerial-terrestrial robots that can both fly and walk effectively [44-46], and aerial-

aquatic systems capable of operating above and below water surfaces [47-49].

Beyond locomotion, adaptive morphology offers transformative potential for
functional versatility. Since function is often directly encoded in physical struc-
ture, the ability to reconfigure shape enables multiple functionalities within a single
system. This principle aligns with emerging concepts of programmable and smart
matter — materials that can assume different morphological configurations and
consequently perform various tasks [50]. Such approaches directly address the

hardware limitations inherent in conventional robotic systems.

The field has established several promising directions for implementation. Re-
configurable modular systems represent one established approach, utilizing collec-
tions of simple robotic units that can physically connect and collaborate to form
complex functional structures [51-53]. Alternative strategies leverage the struc-
tural and material properties of a single continuous system, as exemplified by self-
folding [54,55] and origami [56,57] robots that morph into different configurations

to perform diverse tasks.

The advancement of adaptive morphology is fundamentally tied to progress
in materials science and engineering design. While showing tremendous poten-
tial, this approach remains in early developmental stages and lacks standardized
methodologies. It necessitates the integration of novel technologies and unconven-
tional design principles, requiring researchers to explore diverse implementation
strategies. The field’s evolution demands cross-disciplinary collaboration between
roboticists, materials scientists, and engineers to overcome significant technical
challenges related to actuation, sensing, control, and energy efficiency in morpho-

logically adaptive systems.

As this research domain matures, it promises to deliver robotic platforms that
transcend the single-function limitations of conventional machines, offering genuine

versatility through structural adaptation rather than mechanical complexity.



1.2.3 Hybrid Robotics: Trade-off in Hard-Soft Design

The embodiment of adaptive morphology is perhaps most vividly realized in soft
robotics. Despite being a relatively young field, soft robotics has demonstrated re-
markable achievements in adaptability through its inherent compliance [58]. These
systems primarily utilize soft elastic elastomers, such as silicone, combined with
fluidic or pneumatic actuation mechanisms [59] that allow them to adapt to their
environment and interact safely with humans [60]. These robots feature contin-
uously deformable structures with muscle-like actuation that emulates biological
systems, resulting in a relatively large number of degrees of freedom compared with
their hard-bodied counterparts. Soft robots have proven particularly effective as
grippers and manipulators [61-63|, leveraging their ability to conform to objects
of diverse geometries and execute damage-free grasping operations. Fig. 1.4 shows

several examples of soft robots introduced by the scientific community:.

While soft robots excel in adaptability and safety, these advantages come with
significant trade-offs. Their limitations include reduced force capacity and re-
stricted mobility — soft robots often require external actuators [68,69], exhibit slow
and imprecise movement |70], and present greater modeling and control challenges
compared to rigid systems [71]|. Furthermore, the development of autonomous mo-
bile soft robots is hindered by the lack of sophisticated flexible electronics, making

it practically impossible to create fully self-contained soft machines.

This situation stands in direct contrast to conventional hard robots. This inher-

Figure 1.4: Examples of soft robots: (a) Caterpillar-inspired locomotion; (b) A multi-gait
quadruped [64]; (c¢) Active camouflage [65]; (d) Walking in hazardous environments [66]; (e)
Worm-inspired locomotion [67]; (f) Particle-jamming-based actuation; (g) Rolling powered by a
pneumatic battery; (h) A hybrid hard—soft robot.
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Figure 1.5: Classification of robots into rigid, soft, and hybrid robots [79].

ent trade-offs between soft and hard robots present designers with a fundamental
dilemma: choosing either mobility, force capacity, and autonomy, or adaptability
and versatility. To address this dichotomy, researchers have pioneered the concept
of hybrid robotics [72], see Fig. 1.5. These systems integrate both soft /flexible and
rigid components, enabling the development of robots that combine adaptability
with efficient movement capabilities [73—75|. Such hybrid platforms demonstrate
remarkable versatility, including the ability to switch between different locomotion
modes |76-78]. This approach holds significant promise for developing versatile

robotic systems that can perform a wide range of functions.

A key innovation in hybrid robotics involves the implementation of variable-
stiffness materials, which can significantly expand a robot’s functional capabilities
by exhibiting distinct properties and behaviours across different stiffness states [80].
Such controllable variable stiffness can be achieved by combining soft materials,
such as silicone, with phase-changing components or smart materials. Shape-
memory materials represent one promising approach, offering the ability to main-
tain temporary deformed shapes and return to their original configuration upon
external stimulation [81]. Notable applications include a finger-sized robot utiliz-
ing shape memory alloy (SMA) for crawling and climbing on rough surfaces [82],

and an SMA-actuated crawling micro-robot [83].
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Another effective approach to achieving variable stiffness involves jamming sys-
tems [84]. By leveraging jamming and stiffness modulation, Steltz et al. [85] trans-
formed a single-DOF linear actuator into a multiple-DOF bending actuator, suc-
cessfully developing a worm robot that achieves crawling motion through special-
ized actuation sequences. The integration of jamming techniques with distributed
hardware design enabled multi-functional capabilities in the work by Karimi et
al. [86]. Their hybrid robot demonstrates both locomotion and object manipu-
lation capabilities through a novel loop-shaped design, where rigid mobile units
are interconnected by a flexible membrane that achieves variable stiffness through

particle jamming activated by vacuum pumps.

Hybrid robotics with adaptive morphology emerges as an ideal principle for de-
veloping robots capable of both land-based motion and object manipulation. Our
motivation for this research lies in the potential of hybrid adaptive robots to bridge
the gap between conventional and soft robotics, creating a new class of versatile,
universal robots. By developing systems that can transition between rigid and
soft states, it becomes possible to address the fundamental limitations of existing
robotic paradigms and pave the way for more adaptable multifunctional robots

capable of operating effectively across diverse environments and applications.

1.3 Challenges in Integrating Mobility with Ma-

nipulation

Designing and developing a robot capable of both land-based motion and object
manipulation poses several significant challenges. First of all, since the intended
robot is supposed to be compact, it cannot have any additional tools or grippers
attached to it. This means that the only viable mechanical option for interact-
ing with external objects would be full-body grasping, where the robot uses its own
body to envelope objects and subsequently manipulate them. This approach neces-
sitates that the robot should be deformable, possessing adaptive morphology. On
the other hand, we also want it to be mobile (on a planar ground) and untethered
so that it can freely traverse long distances, which likely requires the integration
of conventional hard technologies. We can summarize these design-related re-

quirements as follows:
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e Dual functionality within a unified structure: The robot must seamlessly
transition between a locomotion-optimized configuration and a manipulation-
capable form while maintaining mechanical integrity, operational stability,

and energy efficiency throughout both modes of operation.

e [ntegration of opposing stiffness states: Dual functionality necessitates the
robot’s ability to achieve and maintain distinct mechanical properties — rigid
when mobility is prioritized and flexible when deformation is required for ma-
nipulation. The system must sustain each stiffness state reliably for extended
operational periods without performance degradation or mechanical fatigue.
Crucially, the stiffness transition mechanism must be designed to minimize
switching time between states, enabling rapid adaptation to changing task
requirements without significant operational delays that would compromise

the robot’s responsiveness and overall efficiency.

o Active deformation capabilities: Effective full-body grasping requires not
merely passive flexibility but controlled, actively-actuated deformation. The
robot must incorporate actuation mechanisms that enable precise morpholog-

ical changes while providing sufficient force to manipulate a range of objects.

e Shape retention and stability: In its rigid state, the robot must reliably main-
tain its current configuration against external forces, ensuring consistent loco-
motion performance and positional accuracy without unwanted deformation

or mechanical drift.

e Self-contained autonomous operation: All necessary components — including
actuation systems, stiffness-modulation mechanisms, power supplies, pro-
cessing units, and sensing elements — must be fully integrated onboard
within strict size and weight constraints while providing sufficient opera-

tional endurance.

o Size and weight constraints: The system must be compact while incorporat-

ing all necessary components for both functions.

Another important issue lie in the actuation and control strategies that enable
operation across both intended stiffness states. The actuation method must ensure
both efficient mobility when the robot is rigid and precise active deformation when

it transitions to a flexible mode. Since closed-loop control is desirable for reliable



12

performance, we must be able to accurately identify not only the robot’s location

but also its current stiffness state and morphology.

Morphological computation presents a significant challenge in this context. With
a variable shape, we must be able to estimate the robot’s configuration at any
given time, requiring the integration of distributed sensing systems while main-
taining system compactness. This introduces complex trade-offs between sensing

capabilities and overall system size.

Finally, control becomes a multi-layered problem with coupled complexities. The
stiffness regulation operates in a discrete state space with distinct rigid and flexible
modes, while motion and deformation control require continuous dynamic model-
ing. This necessitates integrating discrete stiffness transitions with continuous
motion dynamics within a unified control framework, with the added complexity
that the robot’s behavioural characteristics may vary significantly between stiffness

states. The actuation and control challenges can be summarized as follows:

o Multi-modal actuation requirements: The actuation system must effectively

drive both rigid-body locomotion and compliant morphological changes.

e State estimation across variable morphology: Developing sensing strategies
that can accurately determine the robot’s configuration, position, and stiff-

ness state despite changing physical properties and geometries.

o Hybrid control architecture: Creating a control framework that seamlessly
integrates discrete state transitions (between stiffness states) with continuous

motion control while accounting for changing dynamic properties.

e Dynamic model adaptation: Developing models that can adapt to the sig-
nificant changes in mechanical properties between rigid and flexible states,

including potentially nonlinear behaviours in the compliant state.

e Transition management: Ensuring smooth, controlled transitions between
stiffness states without introducing instabilities or compromising the robot’s

interaction with its environment.

o Energy-efficient control strategies: Implementing control approaches that
minimize power consumption during both locomotion and manipulation tasks

especially during stiffness transitions.
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e Real-time computation constraints: Balancing computational complexity and
the need for real-time performance on embedded systems with limited pro-

cessing capabilities.

e Fault tolerance and robustness: Developing control strategies that can com-
pensate for potential sensor limitations, actuator uncertainties, and environ-

mental disturbances across variable stiffness states.

Finally, planning presents substantial challenges that encompass both the robot’s
internal configurations and its interactions with the environment. Planning must
address motion and morphology on the robot’s state level, as well as navigation,
grasping, and manipulation on the functional level. The inclusion of variable stiff-
ness and morphology significantly expands the robot’s configuration space, making

planning much more complex and potentially computationally prohibitive.

This expanded complexity necessitates the development of sophisticated, uncon-
ventional planning methods that effectively balance planning objectives against
computational time and resource constraints. Additionally, variable morphology
introduces intriguing new capabilities that we wish to explore, particularly for navi-
gation through highly cluttered environments where adaptive deformation becomes
essential for obstacle avoidance. The planning challenges can be summarized as

follows:

e High-dimensional configuration space: Planning must account for both con-
ventional position variables and morphological variables, creating a substan-

tially larger search space than traditional robot planning problems.

o Stiffness state sequencing: Determining the optimal sequence of stiffness
transitions to efficiently accomplish complex tasks that require both loco-

motion and manipulation capabilities.

e Deformation planning: Developing algorithms that can compute optimal
body deformations for object grasping and obstacle avoidance while consid-

ering physical constraints.

o Tuask decomposition across morphologies: Breaking complex tasks into sub-
tasks that leverage the distinct advantages of each morphological state, with

appropriate transitions between stiffness states.
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o Multi-objective optimization: Balancing competing objectives such as energy
efficiency, operation speed, manipulation capability, and mechanical stability

throughout planned trajectories.

e Environmental interaction predictions: Anticipating how the robot’s variable
morphology will interact with different environmental features and incorpo-

rating these predictions into planning decisions.

e Computational efficiency: Developing planning approaches that can operate
within the computational constraints of an onboard system while handling

the increased complexity of morphological planning.

e Uncertainty management: Accounting for uncertainties in state estimation,
environmental conditions, and physical interactions, which are amplified by

the variable morphology.

e Planning horizons and hierarchies: Establishing appropriate planning hier-
archies that combine long-term strategic planning with short-term reactive

adjustments across both locomotion and manipulation domains.

1.4 Research Objectives

Given the described complex challenges, this research aims to pioneer a new class of
mobile multifunctional robots with advanced full-body grasping and manipulation
capabilities. This ambitious vision is structured around the following comprehen-

sive research objectives:

e To design and prototype a hybrid robotic system that integrates the
complementary advantages of traditional hard robotics and flexible technolo-
gies, creating a versatile platform capable of efficient land-based mobility,
rapid stiffness transitions, and effective full-body grasping across diverse ob-
ject geometries. This design will balance mechanical robustness, actuation
efficiency, and system compactness while maintaining the capacity for both

locomotion and manipulation within a unified structure.

e To develop control and planning methods that synchronously manage
the robot’s pose, stiffness state, and morphological configuration through-

out operational sequences. This includes implementing coordinated full-body
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grasping (approaching objects, transitioning to flexible state, and actively en-
veloping targets), and creating navigation strategies that leverage the robot’s
adaptive morphology to traverse cluttered environments and transporting

grasped objects to desired locations.

e To validate the proposed multifunctional design through systematic
experimental evaluation across diverse operational scenarios, establishing
quantitative performance metrics for locomotion efficiency, stiffness transi-
tion speed, grasping versatility, and manipulation precision. This validation
will demonstrate the advantages of our integrated approach compared to con-
ventional single-function systems and establish design principles for future

multifunctional robots with variable stiffness capabilities.

1.5 Methodology

In this dissertation, the author presents a comprehensive framework of solutions

addressing the stated research objectives through several innovative approaches:

e Dual Locomotion Unit Architecture: The robot employs two specialized
locomotion units connected by a variable stiffness bridge. Each locomotion
unit functions as an autonomous mobile robot with integrated electronics and
onboard power, ensuring the system remains untethered throughout opera-
tion. The redundant wheel configuration enables planar motion regardless of
the robot’s overall shape and configuration. Additionally, these units serve a
dual purpose by providing active, controlled deformation of the bridge when
it transitions to a flexible state, allowing for precise morphological adapta-
tions during object manipulation tasks. This architecture creates a symbiotic
relationship between mobility and manipulation functions, with each com-

ponent contributing to both operational modes.

e Advanced Variable Stiffness Mechanism: A sophisticated variable stiff-
ness bridge endows a robot with adaptive morphology and versatile behaviour
through the strategic incorporation of low melting-point alloy (LMPA). This
material transitions between solid and liquid phases upon controlled heat-
ing or cooling relative to its melting point, corresponding directly to the
robot’s desired stiffness states: liquid LMPA enables flexibility for defor-
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mation and full-body grasping, while solid LMPA provides rigidity for effi-
cient locomotion. The bridge features multiple independently controllable
segments, increasing the available degrees of freedom for complex shape for-
mation. A novel modular design approach significantly decreases stiffness
transition time while maintaining optimal mechanical properties, address-
ing one of the key challenges in variable stiffness robotics. This mechanism
includes real-time stiffness monitoring through non-linear state estimation
techniques and a robust finite-state machine framework that manages reli-

able transitions between stiffness states.

Hierarchical Hybrid Control Framework: The control system inte-
grates stiffness management with motion planning through a unified kine-
matic model that encompasses both rigid and flexible states. This model is
derived from the robot’s geometry and incorporates cardioid-based motion
patterns of the locomotion units when one or more bridge segments are in
a flexible state. The framework implements high-level decision-making al-
gorithms that synchronously coordinate stiffness transitions, locomotion pa-
rameters, and morphological adaptations based on environmental conditions
and task requirements. Model-predictive control schemes optimize perfor-
mance in each operational mode, defined by the specific stiffness states of
the various bridge segments, enabling smooth transitions between mobility

and manipulation functions while maintaining system stability.

Advanced Navigation Systems: Navigation capabilities are enhanced
through two complementary motion planning approaches optimized for dif-
ferent environmental conditions. For environments with sparse obstacles
that the robot can navigate in its default configuration, a hybrid algorithm
combines rapidly exploring random tree (RRT*) with artificial potential
field (APF) to efficiently generate optimal paths. When facing highly clut-
tered environments requiring morphological adaptations, the system employs
a sophisticated multi-step Voronoi-based optimization method. This ap-
proach identifies narrow passages, determines required morphological config-
urations, and plans appropriate stiffness transition sequences, enabling the
robot to navigate through confined spaces by leveraging its variable morphol-
ogy. These navigation systems integrate seamlessly with the stiffness control

and motion planning components to create a cohesive operational framework.
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1.6 Contributions

In this doctoral project, the author has developed a proof-of-concept mobile hybrid
robot with variable stiffness and adaptive morphology from scratch. This disserta-
tion introduces the full-stack development of the system, including comprehensive
robot design and fabrication, mathematical modeling, control system architecture,
experimental validation, and practical applications. The author presents five sig-

nificant contributions that advance the field of multifunctional robotics:

1. Design and fabrication of compact modular units capable of rapid, re-
versible transitions between rigid and flexible states. These LMPA-based
units can be assembled into diverse structures with controllable stiffness
and shape, establishing a foundation for adaptive robotic platforms.

2. Development of a hybrid mobile robot that combines conventional mobil-
ity with flexible manipulation capabilities. The dual-locomotion platform
combined with a special bridge with incorporated variable stiffness modular
units demonstrates seamless switching between functioning as an omnidi-
rectional robot for efficient navigation and as a flexible manipulator for
complex grasping tasks through coordinated stiffness control.

3. Derivation of a comprehensive hybrid kinematic model that characterizes
the robot’s behaviour across both rigid and flexible states. This unified
model identifies four distinct locomotion modes emerging from the robot’s
variable stiffness and morphological adaptability.

4. Implementation of an Model Predictive Control (MPC)-based decision-
making framework that optimizes real-time mode switching based on en-
vironmental conditions and task requirements. This controller simultane-
ously manages the robot’s motion parameters and morphological reconfig-
uration while maintaining system stability throughout operational modes.

5. Creation of motion planning and optimal control algorithms that enable
full-body grasping of arbitrarily shaped objects and navigation through
highly cluttered environments. These algorithms strategically modify the
robot’s stiffness and shape to perform manipulation tasks and traverse

confined spaces inaccessible to conventional rigid platforms.

The concerning results have been partially submitted to several peer-reviewed

journals and peer-reviewed conference proceedings, as listed in Appendix A.
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1.7 Outline

This dissertation is organized as follows:

Chapter 1 introduces the research context, highlights limitations of conventional
hard robots, presents the concept of adaptive morphology, identifies key challenges
in developing multifunctional machines, and establishes the research objectives,

utilized methodology, and contributions.

Chapter 2 reviews state-of-the-art morphologically adaptive systems and variable
stiffness technologies, analyzing current approaches and identifying opportunities

for advancement in versatile robot development.

Chapter 3 details the design and fabrication methodology of our hybrid mobile
robot with variable morphology, comparing unitary versus modular approaches

while providing guidelines for system customization across diverse applications.

Chapter 4 describes the stiffness control mechanisms, including thermal man-
agement systems, state estimation techniques, and finite-state machine implemen-

tation for robust transitions between rigid and flexible states.

Chapter 5 establishes a hybrid kinematic framework encompassing both rigid
and flexible states, analyzes four distinct locomotion modes, and presents the hi-

erarchical MPC strategies for optimal stiffness transitions and motion control.

Chapter 6 explores the robot’s manipulation capabilities, detailing control strate-
gies for full-body grasping of objects with arbitrary geometries and their transport

to target locations.

Chapter 7 presents advanced navigation strategies, including a hybrid RRT*-
APF algorithm and a multi-step Voronoi-based optimization method for efficient

planning with adaptive shape deformation in cluttered environments.

Chapter 8 summarizes key contributions, validates the initial claims, and outlines

promising directions for future research and applications.
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Chapter 2

Related Work

2.1 Adaptive Morphology in Robotics

The concept of adaptive morphology has emerged as a groundbreaking principle in
robotics, drawing inspiration from nature’s diverse solutions to locomotion [87-89|
and environmental adaptation. This approach leverages the interplay between
form and function, recognizing that an organism’s or robot’s physical structure
significantly influences its behavioural and locomotion strategies. Recent research
has demonstrated that adaptive morphological changes can not only enhance dy-
namic performance by mitigating tradeoffs during locomotion but also introduce

novel functionalities [37].

This biological inspiration stems from numerous examples in nature, where or-
ganisms demonstrate remarkable abilities to alter their physical form to adapt to
changing environments. From the way octopuses can modify their body shape to
squeeze through tight spaces [90], to how cats adjust their posture for different
types of movement [91], these natural adaptations have provided valuable insights
for robotic design. The implementation of such principles in robotics represents a

significant shift from traditional hard designs toward more adaptive systems.

The rise of adaptive morphology in robotics has been facilitated by advancements
in materials science and engineering, particularly the development of soft, variable-
stiffness, and functional materials and structures. These innovations have opened

new avenues for creating robots that can alter their physical form to meet varying
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environmental demands and task requirements. The ability to adapt morphology

presents several key advantages:

e Enhanced Versatility: Robots with adaptive morphology can effectively
navigate diverse terrains and transition between different substrates, accom-
modating opposing dynamic requirements such as maneuverability, stability,

efficiency, and speed.

e Multifunctionality: Morphological adaptation enables robots to reconfig-
ure their shape on-the-fly, potentially serving multiple purposes without the

need for separate, specialized machines.

e Improved Efficiency: By altering their form to suit specific tasks or envi-
ronments, adaptive robots can optimize their energy consumption and per-

formance.

e Increased Safety: Soft and morphing structures can enhance human-robot
interaction safety, making these robots more suitable for collaborative envi-

ronments.

The field of terrestrial robotics [92] has witnessed remarkable advancements in
adaptive morphology implementation. A groundbreaking example is the Whegs
series, which ingeniously incorporates principles from insect locomotion to develop
highly mobile robots with hybrid leg-wheel appendages [93]. Through systematic
design evolution, the Whegs platform has significantly improved its capability to
traverse challenging terrain through passive morphological adaptations. A key in-
novation in recent models is the integration of a passive body flexion joint, directly
inspired by cockroach biomechanics [94]. This joint enables the robot’s front sec-
tion to flex downward during obstacle encounters, effectively preventing the robot
from becoming stranded during climbing sequences - a common problem known as

high-centering [95].

The success of the Whegs design prompted further innovations in adaptive lo-
comotion systems. Kim et al. [96] advanced this concept by developing a sophis-
ticated robot featuring wheels with passive morphological adaptation capabilities,
as illustrated in Fig. 2.1(a). These innovative wheels exhibit dual functionality:
maintaining their circular geometry for efficient rolling on smooth surfaces while

automatically transforming into leg-like structures when encountering obstacles.
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Figure 2.1: Innovative terrestrial robots demonstrating adaptive morphology: (a) Adaptive
wheel-leg robot featuring morphing wheels that transform to overcome obstacles [96]; (b) STAR
platform showcasing adjustable sprawl angles for optimized vertical and planar movement [97];
(¢c) Bio-inspired GoQBot exhibiting dynamic rolling configuration transformation [75].

This intelligent design approach effectively addresses the traditional performance
trade-offs associated with different terrain types. The robot achieves optimal en-
ergy efficiency during flat-surface locomotion through conventional wheel rotation,
while seamlessly transitioning to more aggressive leg-like movements when nav-
igating challenging obstacles. This adaptive mechanism represents a significant
advancement in creating versatile mobile robots capable of efficiently operating

across diverse environmental conditions.

The implementation of passive adaptation mechanisms in both the Whegs series
and Kim’s design demonstrates a crucial principle in adaptive morphology: the

ability to achieve complex behavioural changes through relatively simple mechani-
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cal solutions. These systems respond to environmental interactions without requir-
ing complex sensing or control systems, offering a robust and reliable approach to
adaptive locomotion. This passive adaptation strategy has proven particularly ef-
fective in scenarios where rapid response to terrain changes is essential, and where

the added complexity of active control systems might be disadvantageous.

Building upon the Whegs concept, Kim et al. [96] developed a robot with wheels
capable of passive morphological changes, see Fig. 2.1(a). These wheels maintain
a circular shape on flat surfaces but can transform into leg-like structures when
encountering obstacles. This adaptive design minimizes performance trade-offs
across varying terrain types, enabling efficient movement on flat surfaces while

maintaining the ability to navigate rough terrain effectively.

The development of adaptive locomotion systems has continued to accelerate
through innovative design approaches. She et al. [98] pioneered the integration of
advanced manufacturing techniques with adaptive morphology, developing a so-
phisticated platform featuring additively manufactured wheels capable of active
transformation into articulated leg structures. This advancement in fabrication
methodology enabled complex geometric transformations while maintaining struc-
tural integrity. In parallel, the Quattroped system [99] demonstrated a novel ap-
proach to hybrid mobility, incorporating four independently actuated wheel-leg
units that seamlessly transition between rolling and walking configurations, repre-

senting a significant advancement in reconfigurable locomotion systems.

The RHex platform [100] presents another breakthrough in bio-inspired robotics,
drawing upon cockroach locomotion principles to create a highly versatile mobile
system. Its distinctive design features six synchronized, compliant rotating legs
that generate efficient propulsion across challenging terrain. The platform’s evo-
lution has produced several sophisticated variants, each introducing novel mor-
phological adaptations. The Sprawl-Hex [101] and its successor, the STAR plat-
form [97], illustrated in Fig. 2.1(b), showcase an innovative approach to locomo-
tion through variable geometry. These systems incorporate dynamically adjustable
sprawl angles, enabling a remarkable range of locomotion capabilities. During low-
sprawl configurations, the robots achieve stability and forward velocity metrics
comparable to traditional wheeled platforms. Conversely, high-sprawl configu-

rations enhance traction and obstacle negotiation capabilities through increased
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ground clearance and improved leg engagement. This geometric adaptability ex-
tends to confined space navigation, where minimal sprawl angles enable the robot

to significantly reduce its vertical profile.

Building upon the RHex architecture, Galloway et al. [102] introduced an inno-
vative variable compliance mechanism in the leg design. This advancement enabled
dynamic adjustment of leg stiffness, allowing the robot to optimize its mechanical
impedance based on terrain characteristics and locomotion requirements. In a dra-
matic departure from these designs, the GoQBot |75] demonstrates an extreme im-
plementation of morphological adaptation inspired by caterpillar mechanics [103].
This unique platform combines a flexible silicone body structure with strategically
positioned shape-memory alloy (SMA) actuators, enabling dramatic morphological
transformations. The robot can rapidly reconfigure from an elongated, serpentine
form into a compact, wheel-like configuration, as shown in Fig. 2.1(c). This trans-
formation facilitates a distinctive ballistic rolling locomotion mode, representing a
novel approach to achieving high-speed movement through extreme morphological

adaptation.

These examples underscore the potential of adaptive morphology to revolution-
ize mobile robotics. By incorporating soft technologies and leveraging advanced
manufacturing processes, engineers can create more flexible, efficient, and adapt-
able robotic systems. The future of adaptive morphology in robotics holds promise

for:

Intelligent machines that can dynamically balance conflicting locomotion re-

quirements.

Multifunctional robots capable of on-the-fly reconfiguration.

Soft wearable robots that adapt to user needs and environmental conditions.

Exploration robots that can navigate and adapt to unknown terrains.

As research in this field progresses, we can anticipate the development of in-
creasingly sophisticated adaptive robots that blur the lines between rigid and soft

structures, potentially leading to a new paradigm in robotic design.
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2.2 Variable-Stiffness Mechanisms and Control

The advancement of robotic systems capable of safe and effective interaction within
complex, unstructured environments has driven significant research into stiffness
modulation techniques [104-106]. These approaches are fundamental to enhancing
compliance and adaptability in soft robotics, offering solutions that bridge the gap
between rigid and soft structural elements. The following overview examines the
most prominent thermally-actuated materials that have demonstrated particular

promise in robotics applications.

Thermally Actuated Materials have emerged as a versatile solution for achieving

variable stiffness properties:

e Wax-based composites: These innovative materials [107-109] exhibit re-
markable stiffness variability, ranging from several kilopascals to approxi-
mately 1 MPa through thermal modulation 2.2(a). Particularly notewor-
thy are wax-impregnated polyurethane foams and additively manufactured
lattice structures, which exhibit exceptional characteristics including sub-
stantial modifications in volume, morphology, and elastic modulus across
accessible temperature ranges. A distinctive advantage of these composites
is their inherent self-healing capability, which enhances their durability and

operational lifespan [110].

e Thermoplastic-polycaprolactone (PCL): Recent experimental investi-
gations have revealed PCL’s [111, 112] remarkable transformation capabili-
ties, demonstrating a transition from a rigid state with a Young’s modulus of
190 MPa to a compliant state measuring 2.2 MPa when heated from ambi-
ent temperature (20°C) to 50°C 2.2(b). This property has been successfully
implemented in robotic manipulation, enabling three-fingered grippers to ex-
ecute precise grasp-and-hold operations while achieving passive mechanical

locking without continuous energy input [113].

e Polyethylene terephthalate (PET): This material [114-116] exhibits dis-
tinct phase transitions, characterized by a glass transition temperature range
of approximately 65°C to 70°C, with full transition to a rubbery state oc-
curring around 80°C. Advanced variable stiffness mechanisms incorporating

PET medical tubing, combined with internal stainless-steel heating elements,
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have demonstrated remarkable stiffness modulation capabilities. These sys-
tems achieve stiffness variations of up to 47-fold, spanning from 0.47 MPa
to 22.22 MPa 2.2(c), representing a significant advancement in controllable

compliance [117].

The implementation of these thermally-actuated materials in robotic systems
represents a significant advancement in achieving controllable, variable stiffness
properties. Their ability to undergo substantial mechanical property changes in
response to thermal stimuli provides engineers with powerful tools for developing
adaptive and responsive robotic structures. These materials enable the creation
of systems that can dynamically modify their mechanical characteristics to meet

varying task requirements and environmental conditions.

Smart Materials [118, 119] have revolutionized variable stiffness applications
through their unique phase-change properties and significant mechanical trans-

formations:

e Shape Memory Polymers (SMP): These smart materials can memorize
a permanent shape, be deformed and fixed into a temporary shape, and then
recover their original form when exposed to an external stimulus such as heat,
light, or chemical triggers [120-122] SMP’s combine the structural properties
of conventional polymers with the ability to undergo controlled, reversible
transformations between different configurations, making them valuable for
applications ranging from biomedical devices to aerospace structures. Their
integration in robotic hand design has achieved remarkable stiffness modula-
tion capabilities, demonstrating enhancement ratios exceeding 120-fold when
thermally activated between room temperature (25°C) and 70°C 2.2(d). This
significant property variation maintains essential flexibility characteristics,
enabling precise manipulation tasks while providing structural rigidity when
required. The implementation has proven particularly effective in adaptive
gripping applications, where variable compliance is crucial for handling di-

verse objects [123].

e SMP-metal composites: These advanced hybrid materials [124,125] repre-
sent a breakthrough in variable stiffness technology, achieving an exceptional
rigid-to-soft modulus ratio of approximately 1500:1. The incorporation of

metallic particulates serves a dual purpose: enhancing the material’s rigid-
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Figure 2.2: Variable stiffness mechanisms: (a) Wax; (b) Thermoplastic-polycaprolactone
(PCL); (c) Polyethylene terephthalate (PET); (d) Shape memory polymers (SMP); (e) SMP
composites with metal; (f) Hydrogel composites with metal.

state stiffness at lower temperatures while simultaneously reducing the com-
posite’s hot-state stiffness when the metallic components transition to their
melted state 2.2(e). This dramatic stiffness variation enables unprecedented

levels of mechanical adaptability in robotic applications.

e Low-melting-point alloys (LMPAs): These innovative materials exhibit
remarkable phase transition properties, transforming from solid to liquid
states within a narrow temperature range < 400°C [126-128|. In their solid
state, LMPAs demonstrate impressive mechanical properties with stiffness
values exceeding 1.4 GPa [129]. When incorporated into hydrogel composite

structures, these materials enable dramatic and reversible stiffness modu-



27

lation through controlled solid-liquid phase transitions 2.2(f). This prop-
erty has been particularly well-demonstrated in composite systems where
the LMPA components provide structural support in their solid state while

enabling complete compliance when liquefied [130].

The integration of these smart materials into robotic systems represents a signif-
icant advancement in achieving controllable mechanical properties. Their ability
to undergo dramatic property changes in response to thermal stimuli provides de-
signers with powerful tools for developing highly adaptive structures. These ma-
terials enable the creation of robotic systems that can dynamically modify their
mechanical characteristics across several orders of magnitude, adapting to diverse
task requirements while maintaining structural integrity. The combination of high
stiffness ratios and controllable transition temperatures makes these materials par-
ticularly suitable for applications requiring precise modulation of mechanical prop-

erties, from soft robotics to adaptive manipulation systems.

Magnetic/Electric Field-Based Approaches have emerged as dynamic solutions

for real-time stifflness modulation:

e MR fluid-based gripper: Magnetorheological fluid systems [131,132] show
remarkable versatility in robotic manipulation tasks. In their default low-
viscosity state, these systems excel at conforming to and carefully handling
delicate objects with irregular geometries. Upon magnetic field application,
they undergo rapid transformation to a rigid state, enabling secure grip of
substantial loads. Advanced implementations in multijoint manipulator sys-
tems have achieved elastic modulus enhancement ratios of approximately 5.3
under controlled magnetic field conditions. This adaptive behaviour enables
a single system to handle both precision manipulation and high-load tasks

effectively.

e ER fluid-based actuators: These kind of actuators utilize special fluids
that rapidly and reversibly transform from liquid to solid-like states when
exposed to electric fields, enabling precise, fast-responding, and voltage-
controlled mechanical systems with minimal moving parts [133-135]. Elec-
trorheological fluid integration in soft pneumatic systems has yielded sig-
nificant improvements in manipulation performance. Comparative analysis

shows these systems achieve a 62.3% reduction in vibration amplitude and
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a 48.3% decrease in decay time relative to conventional pneumatic actua-
tors [113]. In specialized applications such as flexible fin designs, ER fluid
systems demonstrate stiffness modulation ratios of 1.86 when subjected to
electric field strengths ranging from zero to 1.5 x 10° V. m~!. This capabil-
ity enables precise control over system dynamics and improved operational
stability.

Solid Structures and Soft Materials represent another frontier in variable stiffness

technology:

e Electrostatic attraction-based soft finger: These innovative systems
achieve substantial bending stiffness variation through electrostatically in-
duced friction mechanisms [136, 137]. Multilayer designs incorporating di-
electric elastomer (DE) units demonstrate remarkable stiffness modulation
capabilities, achieving variation ratios of approximately 39-fold under con-
trolled electric field conditions. This significant range of adjustment enables
precise control over manipulation tasks requiring varying degrees of compli-

ance and force application.

e Polyvinyl chloride (PVC) gel actuator: These systems exhibit sophis-
ticated stiffness modulation capabilities influenced by multiple parameters
including DC field intensity, DBA40 weight ratio, gel thickness, and anode
mesh characteristics [138-140]. Advanced implementations utilizing 15-layer
configurations demonstrate impressive stiffness ranges, transitioning from 20
kPa at zero field strength to 240 kPa at 1200 V m™!, achieving a stiffness
modification ratio (w) of 11. This tunability enables precise control over

mechanical properties in response to varying operational requirements.

While each of these approaches presents unique advantages in achieving vari-
able stiffness properties, they also face distinct challenges that warrant ongoing
research attention. The selection of an appropriate mechanism depends heavily on
specific application requirements, including response time, power consumption, op-
erational environment, and required stiffness range. Future developments in these
technologies will likely focus on addressing current limitations while expanding

their practical applications in soft robotics.

Key areas for future investigation include:



29

Enhancing response times and control precision

Reducing power consumption and improving efficiency

Expanding operational temperature ranges

Developing more robust and durable implementations

Improving integration methods with existing robotic systems

Addressing scalability challenges for different applications.

Summary

Variable stiffness mechanisms have evolved significantly through diverse techno-
logical approaches. Thermally actuated materials include wax-based compos-
ites that exhibit stiffness variations from kilopascals to 1 MPa, thermoplastic-
polycaprolactone that transitions from 190 MPa to 2.2 MPa when heated, and
polyethylene terephthalate systems that achieve 47-fold stiffness variations (0.47-
22.22 MPa). Smart materials show even more impressive capabilities, with shape
memory polymers demonstrating 120-fold stiffness enhancement and SMP-metal
composites achieving exceptional 1500:1 rigid-to-soft ratios. Low melting point al-
loys offer remarkable phase transitions with solid-state stiffness exceeding 1.4 GPa.
Field-responsive systems include magnetorheological fluids with 5.3x modulus en-
hancement and electrorheological actuators that provide precise, rapid-response

stiffness control.

We conducted a comprehensive comparison of the most well-established variable
stiffness technologies, evaluating their performance across five critical parameters:
relative stiffness changes, number of distinct absolute stiffness states, transition
speed, complexity of untethered design implementation, and fabrication complex-
ity, see Table 2.1. The analysis revealed significant trade-offs among these technolo-
gies. Shape memory alloys offer modest stiffness changes with medium transition
speeds, though they benefit from simple fabrication and implementation. Shape
memory polymers deliver high stiffness variation but with slow transition dynamics
and challenging fabrication processes. Jamming-based systems provide high stiff-
ness changes with impressive response times but present substantial challenges for

untethered applications due to their pneumatic requirements. Low melting point
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alloys demonstrated superior overall performance with their combination of high

stiffness variation (solid-state stiffness exceeding 1.4 GPa), the greatest number

of distinct stiffness states (4), reasonable transition speeds, and remarkably low

complexity in both untethered implementation and fabrication processes.

Relative Distinct Speed of | Complexity | Complexity
stiffness absolute stiffness of of
changes stiffness transitions | untethered | fabrication
states design
SMA Low 1 Medium Low Low
SMP High 2 Slow Medium High
Jamming High 3 Fast High Medium
LMPA High 4 Medium Low Low

Table 2.1: Comparison of variable stiffness technologies.

Based on this comparison, LMPA’s provide the best overall trade-off among the

technologies evaluated. Its advantages make LMPA the optimal choice for our

robot’s design, balancing performance capabilities with practical implementation

considerations. The combination of significant stiffness modulation, multiple dis-

crete states, reasonable transition times, and straightforward fabrication process

establishes LMPA as the most suitable variable stiffness technology for the pro-

posed robotic application.
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Chapter 3

Design and Fabrication of 2SR
Robot

In this chapter, we delve into the design and fabrication of a mobile robot with
variable stiffness (VS) and adaptive morphology, which we refer to as the 2SR (Self-
Reconfigurable Soft-Rigid) robot. This innovative design approach is not limited
to a single robot but represents a new class of robots with unique features and
functions. The 2SR robot is equipped with components and mechanisms that
enable it to transition between rigid and flexible states, significantly enhancing its
performance and capabilities. These capabilities, such as shape fitting, grasping,
and manipulating objects using the robot’s body, will be explored in detail later

in this chapter.

When in its rigid state, the 2SR robot can navigate a planar substrate like a
conventional omni-robot. Conversely, in a flexible state, it can adapt its shape
similarly to soft manipulators, allowing for a diverse range of applications. We
will discuss the design features, operational principles, and fabrication procedures

employed to bring this versatile robot to life.

We derived two versions of the robot’s design, with the first one serving as a
proof of concept to test its performance and capabilities. Following this, we in-
troduced the concept of modularity at several levels, which enhanced the robot’s
performance and robustness to failure as well as provided significant design flexi-

bility. This modular approach allows for numerous variations of the robot, tailored
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to meet specific requirements. The modular structure used in the 2SR robot can
be also applied to other fields beyond mobile robotics, as the modular units can
be assembled into different materials and structures with variable stiffness and
shape. Compared to the initial design, the modular version demonstrated faster
stiffness transitions, higher resistance to failure, more economical use of materials,

and easier fabrication.
The following chapter details the 2SR robot’s design and fabrication, including:
1. Methods and mechanisms selected to implement adaptive behaviour.
2. Materials and hardware components used.
3. Fabrication processes and techniques.
4. Guidelines for adapting the 2SR design approach to other applications.

By the end of this chapter, readers will understand the philosophy of the 2SR
robot’s design, its key components, and fabrication methods. This knowledge will
provide context for the subsequent chapters on kinematics, control, and practical

applications of a 2SR robot.

3.1 Conceptual Design of 2SR Robot

Modern mobile robots have shown significant advancements over the years, par-
ticularly in control strategies, localization, and navigation. However, they are
fundamentally limited by their hardware design, which primarily focuses on the
ability to traverse long distances quickly and accurately. This capability has been
instrumental in transitioning mobile robots from laboratory settings to real-world
applications, such as managing warehouses and delivering goods. Despite these
successes, current design approaches have inherent limitations that restrict their

potential. These limitations can be summarized as follows:

o Limited Locomotion Modes: Robots typically exhibit only one mode of loco-

motion, which restricts their versatility in various environments.

o [nability to Adapt to Changing/Cluttered Environments: Robots often strug-

gle to navigate and operate in dynamic or cluttered settings.
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o Minimal Interaction with Surroundings: Robots generally have limited means
of interacting with their environment and often require external equipment

to do so.

These challenges have shaped the primary goal of this research: to design a
mobile robot with enhanced adaptive skills and the ability to interact with other
objects without additional instruments. Before commencing the design process, the
following conditions and prerequisites were established to guide the development
of a 2SR robot:

e Preservation of Conventional Mobile Robot Features:
— Efficient planar mobility
— Complete autonomy with onboard power and processing
— Precise motion control across operational modes
e Enhancement of Adaptive Features:
— Real-time morphological reconfiguration
— Reversible reshaping with consistent performance across multiple cycles
— Stable maintenance of adopted configurations for extended periods
— Retention of omnidirectional movement capabilities regardless of shape

Existing design strategies in robotics often present mutually exclusive features.
Traditional hard robotics excel in mobility, autonomy, and precision but lack adapt-
ability. On the other hand, soft robotics offers excellent adaptability but faces
significant challenges, such as the lack of sophisticated flexible sensors and elec-
tronics to make soft robots self-contained. Soft robots often require bulky external
actuators, which compromise their mobility. Additionally, they tend to be slow

and complex in terms of modeling and control.

Therefore, the development of a hybrid robot that combines the advantages of
both rigid and soft robotics while eliminating their drawbacks is essential. The
main challenge lies in integrating these two concepts to create a robot that main-
tains the mobility, autonomy, and precision of rigid robots while incorporating the

adaptability and interaction capabilities of soft robots.
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Figure 3.1: Conceptual design of a 2SR robot: (a) Schematic representation of a 2SR robot in its
default configuration (rigid state, straight variable-stiffness segments[VSS]). (b) Omni-directional
motion in a rigid state. (c¢) Transition of one VSS into a flexible state. (d) Example deformation
with either locomotion unit (LU) as an actuator. (e) Various altered shapes achievable by the
2SR robot. (f) Omni-directional motion of a robot in the new solidified configuration.

To address these challenges and achieve multifunctionality, we propose a novel
2SR robot design comprising two Locomotion Units (LU) connected by a Variable
Stiffness Bridge (VSB), as shown in Fig. 3.1(a). Each locomotion unit operates
as a self-contained mobile robot with two omni-wheels and integrated electron-
ics and power systems on-board. The central innovation is the variable stiffness
bridge, which incorporates phase-changing materials to transition between rigid
and flexible states. The VSB can be divided into independently controllable vari-
able stiffness segments (VSS), with the basic configuration featuring two segments,

each connected to its adjacent LU both mechanically and electrically.

When the VSB is rigid, the entire system functions as a conventional omni-
directional mobile robot (Fig. 3.1(b)). The bridge itself lacks active actuators;
instead, the coordinated movement of the LLUs defines the shape of a flexible VSB
(Fig. 3.1(c)(d)). To transition a specific VS segment to a flexible state, its corre-
sponding LU delivers power and control signals, enabling controlled deformation.
Once the desired configuration is achieved, the VSB can resolidify, maintaining the

new shape (Fig. 3.1(e)). The strategic placement of two omni-wheels on adjacent



35

sides of each locomotion unit ensures the robot maintains omnidirectional mobility
regardless of its current configuration (Fig. 3.1(f)). This reshaping process can be

repeated multiple times without significant material fatigue.

This design effectively satisfies our established requirements: self-contained lo-
comotion units provide autonomy, mobility, and precise motion control, while the
variable-stiffness bridge serves as a passive shape-altering element, enabling real-
time adaptability. The modular architecture allows for customization according
to specific application needs, including variations in segment length and quantity.
For proof-of-concept, we implemented a bridge with two independently controlled
segments, where each LU manages its adjacent segment’s stiffness transitions while
both units collectively determine the shape of any flexible segment through coor-

dinated movement.

3.2 Structure of Locomotion Units

The 2SR robot’s mobility and actuation heavily rely on its locomotion units. These
LUs are engineered as compact, autonomous, non-holonomic robotic modules, each
measuring 47 x 47 x 75.5 mm. Their characteristics are crucial to the overall

performance and versatility of a 2SR robot.

Each LU features two custom-designed omni-wheels (10 mm radius) positioned
on adjacent sides and oriented outwards. This configuration creates a diagonal
velocity vector that passes between the wheels. A castor wheel completes a stable
triangular base, while internal steel reinforcements enhance structural integrity

and ensure consistent ground contact.

This strategic wheel arrangement serves two purposes: when the bridge is flexi-
ble, the LUs can precisely deform it into desired shape (Fig. 3.1(d)). Conversely,
when the bridge is rigid, the LUs and bridge collectively form a traditional omni-
directional robot. This configuration preserves three degrees of freedom, irrespec-

tive of the bridge’s shape, allowing for versatile movement across planar surfaces.

Each LU is equipped with a suite of components to enable autonomous operation

and precise control, see Fig. 3.2(c):

e AS5600 encoders for wheels’ position and rotation sensing
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e Li-ion battery (3.7V, 1000mAh) with voltage boost to 9.6V
e STM32-based controller for real-time processing and decision-making
The STM32 controller manages multiple critical functions:
1. Driving brushless DC motors for wheel actuation
2. Controlling phase transitions in the adjacent bridge segment
3. Exchanging control commands and state information with the ground server

To facilitate coordination and higher-level control, each LU is fitted with a wire-
less serial board. This enables seamless communication with the ground serverr,
allowing for complex, synchronized movements and operations of the entire 2SR

robot system.

The integration of these components results in locomotion unots that are not
only capable of independent movement but also work in tandem to manipulate the
variable stiffness bridge, thereby enabling the unique rigid-flexible transitions that

characterize a 2SR robot.

3.3 Rigid-Flexible Transitioning Mechanism

As discussed in Related Work (Chapter 2), various methods for implementing
controllable stiffness have been explored in the research field. These methods
include the use of electro-rheological and magneto-rheological fluids, shape memory

polymers (SMPs), and low melting point alloys (LMPAs).

In selecting the appropriate technology for our application, we focused on the
requirement for only two distinct stiffness states: rigid and flexible. In the rigid
state, the material must be sufficiently stiff to maintain its shape while the loco-
motion units are active. Conversely, in the flexible state, the structure must be
deformable enough, with minimal or no restoring force, to allow the LUs to eas-
ily deform the bridge. In addition, the stiffness transitions should be as rapid as

possible to allow the robot to respond immediately to environmental changes.

After careful consideration, we selected LMPAs for the following reasons:
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e Magneto-rheological fluids rely on external high-voltage activators and con-
tinuous energy consumption to maintain a solid state. Given that the rigid
state is the default and is expected to occur more frequently than the soft

state, this would be inefficient.

e Shape memory polymers have relatively slow phase transitions due to their
low thermal conductivity, making them less suitable for applications requiring

fast responsiveness.

e LMPAs possess higher thermal conductivity compared to the other materials

mentioned, allowing them to undergo phase transitions much faster.

e LMPAs are significantly stiffer than magneto-rheological fluids and SMPs
when in their solid state ( [141-143]), providing the necessary rigidity for our

application.

LMPAs exhibit two phases: solid and liquid. At room temperature, they are
typically in a solid state. External or direct heating can be used to melt them,
transitioning them to a liquid state. For our purposes, we adopted the approach
introduced in [144, 145]. They developed a variable stiffness fiber composed of an
LMPA core, a tubular encapsulation made of silicone rubber, and a conductive
wire used as a heater to melt the alloy. Their research demonstrated that such
fiber could become over 700 times softer and over 400 times more deformable when
heated above the LMPA melting temperature. The bridge returns to a solid state
by cooling down the alloy. Thus, the VS fiber is rigid when the LMPA is solid
and flexible when the alloy is liquid. The compliance of the fiber when the alloy is

liquid is defined by the properties of the encapsulating silicone layer.

3.4 VSB: Monolithic Approach

Our initial design for the 2SR robot’s variable stiffness bridge consisted of two
distinct segments (VSS), with each adjacent to one of the locomotion units. This
design choice was driven by the presence of two locomotion units (LUs), allowing
each LU to control its adjacent segment. This configuration provides the robot
with greater degrees of freedom and a wider range of achievable shapes, while

maintaining a manageable level of complexity in both control and fabrication.
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In our first implementation, we adopted what we term a monolithic approach,
where each VS segment was conceived as a single, unified component that could be
connected to another segment to form a complete bridge. This approach featured
an integrated design where the stiffness-changing mechanism, structural elements,

and thermal management systems were combined within a single structure.
The monolithic design offered several potential advantages:
e Structural integrity through continuous construction
e Uniform thermal distribution throughout each segment
e Reduced complexity in the initial control architecture

However, as our research progressed, we identified several limitations inherent
in this approach that prompted our transition to a modular approach, where each
segment comprises multiple smaller, interchangeable units. This evolutionary step
in our design philosophy represented a fundamental shift in how we conceptualized

and implemented variable stiffness mechanisms.

The following sections provide a comprehensive analysis of both approaches, de-
tailing the technical specifications, performance characteristics, and design trade-
offs that informed our ultimate decision to adopt a modular architecture for en-

hanced functionality and performance.

3.4.1 General Structure and Components

Figure 3.2(a) illustrates the variable stiffness bridge and its internal architecture.
Each bridge segment is fabricated as an independent unit and then assembled into

a complete structure using two specialized connection systems:

1. VSS-to-VSS clamps join adjacent segments, ensuring structural integrity

at intersegmental junctions.

2. LU-to-VSS clamps secure segments to locomotion units, providing both

mechanical stability and electrical connectivity.

Within the non-deformable region concealed by the LU-to-VSS clamp, we incor-

porate plastic fillers. They serve dual purposes: containing the phase-change alloy
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Figure 3.2: Variable stiffness bridge (VSB) with two segments: (a) Perspective view; (b) Cross-
sectional view. (c) Locomotion unit (LU). (b) Assembled 2SRA.

within its designated chamber and protecting embedded sensors and wiring from
mechanical stress and environmental exposure.

Each VSS features a sophisticated multi-layered construction (Fig. 3.2(b)) en-

gineered to achieve controlled variable stiffness:

e Silicone Rod (5 mm diameter): Functions as the structural core and scaffold

for subsequent layers.

e Enameled Wire: Precision-wound heating element that delivers uniform

thermal energy to the phase-change material.

e Silicone Tube (7 mm internal diameter, 1 mm wall thickness): Provides

thermal insulation and hermetic containment for the liquid-state alloy.

e Low Melting Point Alloy: Phase-change material distributed within the

annular cavity.

e NTC Thermistor: High-precision temperature sensor for closed-loop ther-

mal regulation.

The active region of each segment (containing LMPA) extends 40 mm, while

each connector spans 30 mm, resulting in a total bridge length of 170 mm. These
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dimensional parameters were established through rigorous analysis of several in-

terdependent factors and finding trade-off between them:

1. Operational Range vs. Material Efficiency: Optimizing segment dimensions
requires balancing increased workspace (favoring longer segments) against

material consumption and weight considerations.

2. Energy Consumption and Thermal Dynamics: The volume of LMPA directly
impacts power requirements and phase-transition response times. Larger
volumes (in long and wide segments) necessitate greater heating capacity

and exhibit longer thermal equilibration periods.

3. Actuation Force Requirements: Segment length critically influences the force
required for deformation. According to beam theory, the actuation force (F)

scales inversely with the cube of segment length (L):

3EI6
F ="

(3.1)

where E' is Young’s modulus of the material, [ is the area moment of inertia
of the beam’s cross-section, and ¢ is the beam’s deflection. This means that

shorter segments require bigger bending force from LUs.

4. Fabrication Constraints: The minimum achievable thickness of the LMPA
layer is fundamentally limited by fluid mechanics phenomena. As the annular
gap narrows, capillary forces increasingly impede uniform alloy distribution.

This relationship is quantified by the Young-Laplace equation:
AP = —, (3.2)

where AP represents the pressure differential required to overcome surface
tension effects, 7 is the alloy’s surface tension coefficient, and r is the effective

gap radius.

Development of the variable stiffness bridge represents a careful optimization
across multiple design domains. By balancing geometric parameters, material
properties, thermal characteristics, and manufacturing constraints, we have created
a system that achieves the desired variable stiffness performance while maintaining

practical fabrication and operational requirements.
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3.4.2 Operational Principle

The operational mechanism of the variable stiffness segment hinges on a carefully
designed thermal control system that manipulates the phase state of the low melt-
ing point alloy. The alloy layer envelops the enameled wire wrapped around the
silicone rod. Both terminations of this heating element are connected to the PCB

within the adjacent locomotion unit, forming a closed electric circuit.

When current (0.8-1 A) flows through the wire, Joule heating generates thermal
energy that transfers conductively to the surrounding LMPA. This thermal transfer
induces a phase transition in the alloy (melting point is 7;, = 62°C for Field’s

metal), resulting in two distinct operational states:

1. Rigid State: When the LMPA temperature is below T,,, the solid alloy
provides structural integrity and load-bearing capacity throughout the VSS.

2. Flexible State: When the LMPA temperature exceeds T,,, the liquid alloy
permits unrestricted deformation, allowing the segment to conform to various

configurations.

We implemented a pulse-width modulation (PWM) control system to regulate
thermal distribution during the flexible state. A temperature-based PID con-
troller actively maintains alloy at an optimal temperature slightly above its melting
threshold while preventing thermal degradation of surrounding components. Real-
time temperature monitoring employs an NTC thermistor positioned within the
segment. To minimize measurement interference, resistance readings are acquired
exclusively during PWM low states, when heating current is momentarily sus-

pended. Temperature calculation employs the thermistor characteristic equation:

1
7= (3.3)
1 R 17
R i

where [ is the thermistor’s coefficient, Ty = 298.15K is the based temperature

point (equivalent to 25°C), and Ry is the corresponding resistance at Tj.

The flexible-to-rigid transition occurs through natural cooling when power is
discontinued. During solidification, minimizing mechanical disturbances is critical
to prevent structural defects in the alloy matrix that could compromise mechanical

integrity.
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The two states exhibit dramatically different mechanical characteristics:

e In the flexible state, the segment behaves as a compliant, liquid-filled elas-
tic tube with minimal internal resistance to deformation, enabling complex

shape adaptation.

e In the rigid state, the segment transforms into a structural element with
beam-like properties, capable of withstanding and transmitting significant

compressive and tensile forces throughout the robot’s body.

This controlled phase-change mechanism enables the robot to dynamically tran-
sition between rigid locomotion and adaptive morphological states, providing the

foundation for its multifunctional capabilities.

3.4.3 Fabrication Process and Materials

Fabrication of the variable stiffness segments is a critical process that directly influ-
ences the performance and reliability of the 2SR robot. This subsection details the

materials selection, preliminary calculations, and step-by-step fabrication process.

The first crucial step is to choose a suitable low-melting point alloy. We selected
Field’s metal (composition by weight: 16.5% tin, 32.5% bismuth, 51% indium) for

its advantageous properties:
1. Low melting temperature (T,, = 62°C), allowing for easy phase transitions.

2. High absolute stiffness when solid (Young’s modulus > 3 GPa), providing

robust structural support.
3. Low wviscosity when liquid, enabling smooth transitions and deformations.
4. Safety and simple utilization in standard laboratory conditions.

While alternatives like Cerrolow 11 (7;,, = 47° C) offer lower temperature thresh-
olds, their composition (45% bismuth, 23% lead, 19% indium, 8% tin, and 5% cad-
mium) includes toxic elements like lead, necessitating strict safety measures and

specialized handling environments.
The materials utilized in the fabrication process include:

e Silicone rod (r = 2.5 mm): Forms the core structure
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e Enameled wire (r = 0.05 mm): Serves as the heating element
e Field’s metal (RotoMetals, USA): Provides variable stiffness

e NTC thermistor (MF52AT, Sourcingmap, China, B-value: 3950): Enables

temperature sensing

e High-temp silicone hose (BLING, China, r; = 3.5 mm, r, = 4 mm):
Encapsulates the VSS assembly

e Platinum-cured liquid silicone (Smooth-On Dragonskin 30, USA): Used

for sealing and protection
e 30 AWG wrapping wires: Used for electrical connections

Before fabrication, preliminary calculations were conducted. Given that the
maximum voltage output from locomotion units is 9.6V, the heater’s resistance
(R) is constrained to 9.6€2. From the relationship between the resistance and wire

dimensions, we can determine how tightly to coil the wire around the core:

pl
mr?’

R= (3.4)

where p is the wire’s resistivity, [ is its total length, and r is its cross-sectional
radius. For instance, for a copper wire with a radius of 0.05 mm, the maximum
length is calculated to be 4.45 m. Based on this length, we can determine the

target pitch p using the helix length formula:
h
= —+/(md)* +p*, (3.5)
p

where h is the helix height (equal to the active length of the VS segment) and d is

the wire’s diameter.

Figure 3.3 illustrates the fabrication process of a monolithic variable stiffness
segment. We begin with core preparation, using a silicone rod as the foundation.
A carefully dimensioned cavity is machined at one end to house the temperature
sensor and associated wiring. The heating element is constructed by winding
enameled copper wire around the rod at a predefined pitch. To align both wire
terminals and connect them to the controller board within a locomotion unit, we

employ a bidirectional winding technique where the wire returns along the active
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region with several additional turns from the end opposite the sensor cavity. To
prevent electrical contact between the heating element and conductive alloy, we
apply a layer of high-temperature Teflon tape, providing both electrical insulation

and thermal transfer efficiency.

Then, the electrical connections are established. Both ends of the heater wire
are extended using 30 AWG wrapping wires and securely fixed within the pre-
pared cavity. Similarly, the NTC thermistor, also extended with wrapping wires,
is carefully inserted into the cavity and fixed in place with adhesive. This arrange-
ment ensures stable electrical connections and accurate temperature sensing. To
protect these delicate components and secure the connections, the cavity is sealed
with Smooth-On Dragonskin 30 silicone. Once cured, this silicone layer prevents
component movement and shields the assembly from external damage. Further
protection is provided by applying a plastic filler over the sealed cavity, extending
up to the start of the heater. This encapsulates all components, creating a smooth

transition between the sensing and heating sections.

The core assembly is then inserted into the silicone tube, leaving extra space at
both ends for future sealing. After that, small pieces of Field’s metal are carefully
inserted into the space between the heater core and the hose. To ensure even
distribution of the alloy, the heater is periodically activated, melting the metal
and allowing it to distribute and fill the available space. This process is repeated

multiple times until the hose is completely filled with the alloy.

The fabrication sequence concludes with terminal sealing, where both ends of
the silicone tube are carefully sealed with additional Dragonskin silicone, creating
a fully encapsulated and environmentally isolated variable stiffness segment. The
completed segments are then integrated with the locomotion units to form the
assembled 2SR robot, as shown in Figure 3.2(d).

This fabrication methodology ensures consistent performance across manufac-
tured segments while maintaining the precision required for reliable thermome-

chanical operation.
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Figure 3.3: Fabrication steps of a monolithic variable stiffness segment.
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3.5 VSB: Modular Approach

3.5.1 Motivation and Conceptual Architecture

Our initial monolithic variable stiffness bridge design successfully validated the
foundational concept of an adaptive mobile robot capable of simultaneous locomo-
tion and object manipulation. The performance of this system has been evaluated
through multiple experiments including shape formation and full-body grasping.
For further details refer to Chapter 5. While these tests confirmed the viability of
our approach, they also revealed several significant performance limitations that

necessitated architectural reconsideration.

Problem 3.5.1. The monolithic design demonstrated prolonged phase transition
times exceeding 100 seconds, substantial power requirements (approzimately 9V
per segment), and constrained bending capabilities due to a rigid 30 mm connector

between segments.

These operational constraints stemmed from design characteristics inherent to

the monolithic architecture:

o Fxcessive Material Volume: The continuous LMPA core required substan-
tial quantities of Field’s metal, increasing system mass, thermal inertia, and

material costs

e Thermal Response Limitations: The large thermal mass resulted in extended

heating and cooling cycles, restricting operational responsiveness

e FEnergy Inefficiency: Maintaining the entire segment in a flexible state de-

manded continuous high power input

e Non-uniform Thermal Distribution: Achieving consistent temperature pro-

files throughout the elongated segments proved challenging

e Fabrication Complexity: The manufacturing process required precise control

over LMPA distribution within extended cavities

o Compromised Maintainability: Component failures necessitated complete

segment replacement rather than targeted repair

To address these limitations, we developed a novel modular architecture that
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preserves the core variable stiffness principles while introducing significant perfor-
mance enhancements. This revised approach centers on a custom 3D-printed cable
chain that serves dual functions as a structural backbone and protective housing

for compact variable stiffness modules, see Fig. 3.4.

The cable chain features strategically designed flat anterior and posterior sur-
faces that enable conformable environmental interaction, while an integrated cylin-
drical channel houses a series of independently controllable modular units (MUs).
The cable chain design limits total bridge bending to 7 radians ( per segment),
preventing locomotion unit collision while maintaining sufficient deformation range
for effective manipulation tasks. This constraint ensures that while the robot main-
tains full capability to form useful configurations like U-shapes, it cannot bend to

potentially dangerous angles that might cause self-damage.
Our modular system architecture offers several critical advantages:
1. Reduced LMPA volume per module, enabling faster phase transitions
2. Lower power consumption through more efficient thermal management
3. Improved robustness (to failure) through easy MU replacement
4. Consistent bending characteristics throughout the cable chain structure
5. Simplified manufacturing and assembly processes

6. Scalable design allowing for bridge length customization

3.5.2 Variable Stiffness Modular Units

Variable stiffness modular units (MUs) represent a significant advancement over
our previous monolithic architecture, preserving the fundamental phase change
principles while considerably improving thermal efficiency, power consumption,

and maintainability through miniaturization and refined engineering.

Each MU features a precision-engineered layered construction: a central silicone
rod (3 mm diameter) extends through a cylindrical Field’s metal element (10 mm
length, 3 mm inner diameter, 5 mm outer diameter), with the entire assembly
encapsulated by custom-designed plastic end caps and housed within a protective

silicone shell (5 mm inner, 6 mm outer diameter). A key innovation in this design
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Figure 3.4: Structural overview of the upgraded 2SR robot: exploded view of the locomotion
unit showing its internal architecture; composition of the assembled variable-stiffness (VS) bridge
with modular units forming a cable chain backbone; detailed view of a single VS modular unit
showing its components and operating principle; photographs of manufactured components in-
cluding the cast alloy layer and fully assembled module.

involves the repositioning of the heating element — a fine copper wire (0.1 mm
diameter) — to the exterior of the silicone shell rather than between the core
and alloy layer. This critical modification serves multiple purposes: it eliminates
potential wire damage during the fabrication process, simplifies the manufacturing
sequence, and enables non-destructive heater replacement without compromising

the alloy-containing section.

The electrical interfacing strategy has been completely redesigned, replacing
vulnerable external wiring with robust brass cap terminals directly soldered to the
heating element and mounted at the unit’s extremities. This approach improves

electrical reliability while simplifying the integration process.

Through precision manufacturing techniques, we achieved a highly compact
modular unit measuring approximately 20 mm in length and 7 mm in diame-
ter. The fabrication process begins with the precise formation of the Field’s metal
component — small alloy fragments are melted in a temperature-controlled syringe
and injected into a high-resolution 3D-printed mold, producing a hollow cylindrical
element with engineered notches at both ends that ensure secure mechanical cou-
pling with the plastic encapsulators. After the alloy layer is prepared, a silicone rod
is passed through the molded cylinder, after which this assembly is inserted into

the encapsulating silicone hose. Both sides are then sealed with curable silicone.
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The heating element is applied using an automated precision coiling device that
wraps the copper wire around the silicone shell at a consistent 0.26 mm pitch.
This configuration yields a total resistance of 1.7€2, a value carefully optimized
through thermal modeling to achieve rapid phase transitions at 1A current (the
maximum safe current for the wire) while limiting the required voltage to 1.7V,
thereby minimizing power consumption. A protective layer of Dragon Skin™ 30
curable silicone is applied over the heating element to prevent mechanical damage
and provide electrical insulation. Components and tools used during fabrication

are illustrated in Fig. 3.5.

The complete bridge incorporates two independently controlled segments, each
containing four modular units, requiring a maximum of 6.8V per segment. The
length of each segment constituted to 80 mm resulting in a total bridge length (in-
cluding LU-to-VSS connectors) of approximately 22 cm. Modules are positioned
between chain nodes, with their brass terminals making direct contact with cop-
per conductors embedded within the node channels, establishing reliable electrical
connectivity throughout the structure. At the junction between segments (middle
chain node), modules are designed without outward-facing brass caps to maintain

electrical isolation between the independently controlled segments.

Terminal modules positioned at the locomotion unit junctions incorporate NTC

Figure 3.5: Components and tools used in fabricating variable stiffness modular units. (a)
Silicone rod. (b) Silicone hose. (c¢) Field’s metal. (d) Enameled copper wire. (e) Brass cap. (f)
Syringe with embedded heater. (g) Automated precision coiling device. (h) Modular unit with
winded enameled wire.
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thermistors for real-time temperature monitoring and feedback control, see Fig.
3.6. Each variable stiffness segment connects to its adjacent locomotion unit
through a four-conductor interface: two conductors for the temperature sensor
and two for the heating circuit (one from the terminal module, another from the

middle node contact), establishing a complete control loop.

Figure 3.6: Terminal modular unit with embedded NTC thermistor for temperature monitoring
of the Field’s metal.

This modular architecture significantly enhances system maintainability — indi-
vidual failed units can be readily extracted and replaced without requiring complete
segment reconstruction, reducing maintenance complexity and operational down-
time compared to the monolithic design. Performance evaluation of the modular
variable stiffness segment, detailed in Chapter 4, revealed a 2.5-fold improvement

in stiffness transition time compared to the monolithic design.

3.6 Summary

In this chapter, we have introduced the design and fabrication methodologies for
the 2SR (Self-Reconfigurable Soft-Rigid) robot, representing a novel class of mobile
robots with adaptive morphology and variable stiffness capabilities. The 2SR robot
combines the precision mobility of conventional hard robots with the adaptability
of soft robotics, creating a versatile hybrid platform capable of navigating planar

environments and manipulating objects through body deformation.

The core design consists of two locomotion units (LUs) connected by a variable
stiffness bridge (VSB). Each LU functions as a self-contained omnidirectional robot
with two strategically positioned omni-wheels, integrated electronics, and power
systems. This configuration enables both conventional mobility when rigid and

controlled deformation when flexible.

We presented two evolutionary implementations of the variable stiffness bridge.
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The initial monolithic design established proof-of-concept with a continuous vari-
able stiffness segment containing Field’s metal, a low melting point alloy (LMPA)
with a transition temperature of 62°C. This design featured a silicone rod with
a heating element wrapped around it and encapsulated within a silicone tube
containing the phase-change material. While functional, this approach revealed
significant limitations in transition speed, power consumption, and maintenance

complexity.

Our refined modular design addressed these limitations through a fundamen-
tal architectural shift, incorporating a 3D-printed cable chain housing discrete
variable stiffness modules. Each modular unit contains a significantly reduced vol-
ume of LMPA and features an optimized heating system with the heating element
repositioned outside the alloy layer. This innovation enabled faster phase transi-
tions (2.5 improvement), reduced power requirements, enhanced maintainability

through replaceable units, and more uniform thermal distribution.
The modular approach offers numerous additional advantages:
e Scalability - bridge length can be customized by adding or removing modules
o Design flexibility - module characteristics can be varied within a single bridge

e Resource efficiency - uses significantly less Field’s metal while maintaining

performance
o Simplified assembly and disassembly processes
e Potential for mass production through standardized components

The fabrication processes for both designs were detailed, highlighting material
selection criteria, dimensional optimization balancing operational range against
power consumption, and the precise manufacturing techniques required for reliable
thermomechanical performance. Particularly noteworthy is the optimization of the
modular units’ electrical characteristics to achieve efficient heating with minimal

power consumption.
The described fabrication steps for both designs include:

e Material selection based on thermal, mechanical, and safety properties
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e Dimensional optimization balancing operational range against power con-

sumption

e Precise manufacturing techniques required for reliable thermomechanical per-

formance

e Electrical characteristics optimization to achieve efficient heating with mini-

mal power consumption
e Strategic integration of sensing elements for closed-loop thermal control

This chapter has established the foundational design principles and fabrication
methodologies that enable the 2SR robot’s unique adaptive capabilities. The evo-
lution from monolithic to modular architecture demonstrates how iterative design
refinement can substantially enhance performance while maintaining core function-
ality. The modular approach not only improves operational characteristics but also

provides flexibility for future adaptations and applications beyond mobile robotics.

The developed 2SR robot represents a significant advancement in adaptive mo-
bile robotics, bridging the gap between traditional rigid systems and compliant
soft robotics. By combining omnidirectional mobility with controllable stiffness,
the platform establishes new possibilities for robots that can seamlessly transition

between efficient locomotion and versatile environmental interaction.
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Chapter 4

Stiffness Control

The ability to modulate stiffness in robotic systems opens new possibilities for
adaptive behaviour and enhanced interaction capabilities. This chapter focuses
on the control system design for our novel mobile robot equipped with variable-
stiffness components. The robot’s unique architecture features two segments, each
with independently controllable stiffness, presenting both distinctive opportunities

and considerable challenges in control system development.

Each VS segment comprises compact modular units that incorporate low-melting
point alloy and heating elements for stiffness control. We use Field’s metal as
the LMPA, characterized by a melting temperature of approximately 62° Celsius.
Below this temperature, the alloy is solid, providing structural stability to the
segment. At or above the melting temperature, the alloy transitions to a liquid

phase, making the unit flexible and allowing for morphological adaptation.

Electrical design of the system implements a simplified control architecture where
all units within a segment are connected in series within a common circuit. This
means that units within each segment are controlled collectively — they all transi-
tion between rigid and flexible states simultaneously. To reduce circuit complexity
and minimize the number of components, we incorporate just one temperature

sensor per segment, rather than monitoring each unit individually.

This design choice, while offering practical advantages in implementation, intro-

duces several significant limitations and requirements:
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1. Indirect Temperature Monitoring:
e The temperature sensor is not in direct contact with the metal
e A single sensor must represent the state of multiple units

e Manufacturing variations between units (different unit lengths, varying
amounts of metal, and slight differences in heater coil lengths) create

inconsistencies in their heating and cooling behaviour

2. State Transition Management:

e The transition to the flexible state requires active heating of the alloy

e The return to the rigid state relies on passive cooling

e Accurate state estimation is crucial despite limited sensing capabilities
3. System Integration:

e Motion dynamics is continuous while the stiffness states are discrete

e Robot behaviour directly depends on the stiffness state of its segments

e Control strategies must account for both motion and stiffness transitions

These challenges lead to two major problems that must be addressed:

Problem 4.0.1 (Stiffness Estimation). With only a single temperature sensor per
segment and indirect temperature measurements, we cannot directly observe the
LMPA’s physical state throughout the structure. This limitation is compounded by
asymmetric thermal behaviour during heating versus cooling cycles, creating a com-
plex, nonlinear relationship between sensor readings and actual segment stiffness

that cannot be resolved through simple threshold-based approaches.

Problem 4.0.2 (Hybrid Control Integration). The robot operates across funda-
mentally different control domains that must be seamlessly integrated: the discrete
stiffness states of each segment (rigid or flexible) and the continuous dynamics of
robot motion. This integration is particularly challenging because the robot’s kine-
matic and dynamic properties change dramatically between stiffness states. The

control system must manage stiffness transitions in real-time while simultaneously
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maintaining stable motion and positioning — all while accounting for the signifi-

cant time delays inherent in thermal state changes.

4.1 Temperature Estimation

Temperature monitoring in our system is implemented using NTC thermistors,
which exhibit an inverse relationship between temperature and resistance. The
raw temperature measurement is obtained through a series of conversions. First,

the thermistor resistance is calculated using the voltage divider, see Fig. 4.1:

1023
Rout = Ruey (V— — 1> . (4.1)
out

The temperature is then derived using the Steinhart-Hart equation, simplified

to the pS-parameter equation:

T = : (4.2)

where Ry and Tj are the base values for the thermistor. Finally, the temperature

is converted to Celsius:
T, =T — 273.15. (4.3)

+«— NTC thermistor

Vout

Rref = ZK .Q

Figure 4.1: NTC thermistor circuit diagram.
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However, direct application of raw temperature measurements proves inadequate
for accurate system state estimation. Experimental observations revealed signifi-

cant discrepancies between the measurements and the system’s actual behaviour.

Remark 1. Segments were observed to transition to flexible states more rapidly
than indicated by temperature measurements, and readings continued to increase
even after heating power was disabled. These differences can be attributed to various
factors including heat transfer delays in the sensor and thermal gradients between

sensor location and LMPA.
These discrepancies might be attributed to several factors:
e Thermal mass effects
e Heat transfer delays in the sensor
e Residual heat in the surrounding area
e Thermal gradients between the sensor location and the LMPA

To compensate for these effects, we implement a nonlinear estimation model:

_ _r-r1

Tnorm TomaT"’
/ m /
Testim =T + Tnorm (Tlmpa -T )7

(4.4)

where 7" = 22°C is the ambient temperature in the lab, T, is the maximum
temperature reading from the sensor, and Tlmpa is the maximum observed temper-
ature of the alloy. These model parameters were empirically calibrated by manually

testing segment stiffness.

4.2 Finite-State Machine

The integration of temperature and motion control presents a significant challenge
in our system. While temperature is managed at the lower level through PID
control with a conservative setpoint of 64°C, a higher-level control strategy is
required to coordinate stiffness transitions with robot motion. The Finite-State
Machine (FSM) approach provides an elegant solution for managing these discrete

state transitions while maintaining system stability and reliability.
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Figure 4.2: (a) Finite-state Machine (FSM)diagram showing the rigid (0) and flexible (1)
states with corresponding transitions. (b) Hysteresis curve illustrating the relationship between
temperature and stiffness during phase transitions.

In our robot’s variable-stiffness core, each modular unit can exhibit two discrete
states: rigid and flexible. Since units within a single fiber segment receive identical
commands and share approximately the same stiffness state, we can simplify its
representation by considering stiffness at the segment level rather than individual

units. For our 2SR robot with two segments, we define the discrete state space as:
s = [s1,59]T, (4.5)

where s; is a boolean value representing the stiffness state (0 for rigid and 1 for
flexible) of the i—th segment.

The Finite-State Machine approach is particularly well-suited for controlling and

handling stiffness changes in our robot for several reasons:

1. Discrete Nature: The binary stiffness states of a 2SR robot (rigid or flex-
ible) align perfectly with the FSM’s discrete state representation.

2. Event-Driven Transitions: FSMs excel at modelling systems where state
changes occur in response to specific events or inputs, which is precisely how

our robot’s stiffness changes are triggered.

3. Clear Logic: The FSM provides a clear and intuitive way to define the rules
for state transitions, making the control logic easy to understand, implement,

and debug.
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4. Scalability: As we potentially add more segments or states to our robot,

the FSM can be easily extended to accommodate these additions.

5. Efficient Implementation: FSMs can be implemented with minimal com-

putational overhead, which is crucial for real-time control of our mobile robot.

The stiffness transitions in our robot occur at discrete intervals triggered by
control decisions. To manage these transitions systematically, we implement a
Finite-State Machine with clearly defined states, inputs, and transition functions.
The FSM operates with two possible states (rigid or flexible), and accepts three
types of inputs as shown in Fig. 4.2(a):

States: 5:0,1

Inputs: »:0,1,—1
(4.6)
Transition function: §: S x X — S

Next state law : s;(k + 1) = §(s;(k), a;),

where a; represents the discrete action to change the stiffness of segment i, k
represents the discrete time step. Action @ = 0 means to stay in the current
stiffness state, a = 1 means to start LMPA melting, and ¢ = —1 means to cool
down LMPA. The transition function (s, a) is elaborated in Table 4.1:

State Input | Next State Output
0 Rigid (0) None
Rigid (0) 1 flexible (1) | Melts LMPA — VSS turns flexible
-1 Rigid (0) None
0 flexible (1) None
flexible (1) 1 flexible (1) None
-1 Rigid (0) | Solidifies LMPA — VSS turns rigid

Table 4.1: State-transition table of the FSM stiffness controller.

State transitions in our variable stiffness system are not instantaneous but rather
gradual changes that occur over time. When the FSM receives a command to
change state, it initiates either the melting or cooling of the low-melting-point
alloy within all modular units of a segment. These phase transitions are inher-
ently time-dependent due to the thermal properties of the materials involved. To

monitor these transitions, the robot is equipped with temperature sensors that
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continuously provide feedback about the thermal state of the VS core. The stiff-
ness controller uses this real-time temperature information to make decisions about

state transitions and ensure that the desired stiffness change has been achieved.
The state transition process is handled by FSM as follows:
1. Temperature Monitoring:
e Continuous sensor feedback monitors the thermal state
e Real-time temperature information guides transition decisions
e System ensures complete phase transitions before state updates
2. Transition Thresholds:
e Field’s metal nominal melting point: 62°C
e Conservative softening threshold: T = 63°C
e Operating setpoint: 64°C (safety margin)
3. Rigid-to-Flexible Procedure:
(a) FSM activates a segment heater via low-level controller
(b) LMPA temperature increases under PID control
(c) Temperature sensors provide continuous feedback
(d) FSM confirms transition to flexible when 7' > Ty

This approach ensures that the LMPA has fully melted before the system con-
siders the segment to be in the flexible state. The slight increase in the threshold
temperature (from 62°C to 64°C) provides a safety margin to guarantee complete
melting across all modular units in the segment, accounting for potential minor
variations in heating distribution or sensor accuracy. It’s important to note that
even after the FSM has transitioned to the flexible state, the actual physical proper-
ties of the segment may continue to change slightly as the temperature potentially
rises further or as the melted alloy distributes more evenly throughout the modular
units. However, for control purposes, these minor changes are considered negligible

once the flexible state has been reached.
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The transition from the flexible to rigid state presents a more complex scenario

than its counterpart. This complexity arises from various factors related to the

mechanical properties of the adaptive bridge and its modular units, as well as the

thermal dynamics of the system:

1.

Non-uniform Alloy Distribution: During the fabrication process, slight
variations in the amount of LMPA encapsulated within each modular unit
are inevitable. These variations, while minor, lead to differences in melt-
ing/cooling rates across units. Units with more alloy will take longer to cool
and solidify completely, potentially leading to non-uniform stiffness across

the segment during the transition phase.

Thermal Inertia and Non-uniform Solidification: When the heating
elements are turned off, the high temperature doesn’t immediately dissipate.
Instead, it persists for several moments before gradually declining. This ther-
mal inertia results in a non-uniform solidification process across the LMPA
segment. As cooling begins, some parts of the LMPA may start to solidify
while others remain liquid, creating a complex, partially solidified state that

is neither completely flexible nor fully rigid.

Limited Sensor Distribution: Our current design incorporates only one
temperature sensor per segment. While this approach minimizes complexity
and cost, it also means that we’re relying on a single point of measurement
to infer the thermal state of the entire segment. This limitation can lead
to potential discrepancies between the measured temperature and the actual

thermal state of all units within the segment.

Indirect Temperature Measurement: The temperature sensor is not in
direct contact with the LMPA but instead measures the ambient temperature
within the modular unit. The environment within the MU retains heat longer
than the LMPA itself, potentially leading to an overestimation of the alloy
temperature. Additionally, the sensor itself has thermal mass and requires

time to cool down, introducing a delay in temperature readings.

Measurement Noise: Like all sensor systems, our temperature measure-
ments are subject to noise. This noise can come from various sources, includ-

ing electromagnetic interference and thermal fluctuations. While individual
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noise instances might be small, they can accumulate and affect the accuracy

of state determination, especially near the transition thresholds.

Remark 2. These factors collectively contribute to a phenomenon known as hys-
teresis. Hysteresis is a characteristic where the system’s output (in our case, the
stiffness state) depends not only on the current input (temperature) but also on the
system’s previous state and history. In the context of our variable stiffness robot,
hysteresis manifests as a difference between the melting and solidification tempera-
tures of the LMPA, as illustrated in Fig. .2(b). While the alloy begins to melt at
around 62°C, it doesn’t immediately solidify when cooled back to this temperature.
Therefore, to ensure complete solidification across all modular units, the system
needs to be cooled further. Through empirical testing, we’ve determined a lower
temperature threshold as T, = 53°C.

This conservative approach ensures the reliability and consistency of our variable
stiffness system, albeit at the cost of a longer transition time from flexible to
rigid compared to the reverse process. The complete FSM stiffness controller is

summarized in Algorithm 1.

Algorithm 1: FSM Stiffness Controller
Input: sg, sg4
Result: s

1 Initialize a, T}, Ty, Ty = 63, T, = 53;

2 S = 8y,

3 Function ControlLoop():

4 | while a # (0,0) do

5 Ty, Ty < ReadTemperature(sy);

6

7

8

9

a < (GetAction(0), GetAction(1));
SendCommandsToRobot (sy);
ApplyAction(0, al0], T1);
ApplyAction(1, a[l], T5);

10 Function GetAction(7):

11 if s[i] = s,4[i] then return 0;
12 else if s[i] = 0 and s4[i] = 1 then return 1;
13 else return -1;

14 Function ApplyAction(i, a, T):
15 if a=1and T > T, then s[i] + 1;
16 else if « = —1 and T' <7, then s[i] + 0;
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4.3 Experiment: Stiffness Characterization of the
Modular VSS

To validate the effectiveness of our robot’s design and the proposed stiffness control
system, we conducted a stiffness characterization experiment. The experimental
setup was deliberately simplified to focus on the fundamental capabilities of the
variable-stiffness mechanism. We mounted a single variable-stiffness segment to a
platform equipped with a microcontroller and battery. The segment was positioned
horizontally, parallel to the floor, with its initial configuration being straight and
rigid, see Fig. 4.3. The experiment was conducted in a laboratory environment

with a controlled ambient temperature of approximately 23°C.

The experimental protocol consisted of three complete state transition cycles,

with each cycle comprising three distinct phases:
e Heating phase: transition from rigid to flexible state.
o Sustained flexibility phase: maintaining flexibility for one minute.

e Cooling phase: transition from flexible to rigid state (by cooling down to

42°C in order to get a better picture of the solidification process).

In order to demonstrate the variable stiffness capabilities of the bridge segment,
we attached a lightweight test load (a 9.7g toy cat) to the distal end of the segment.
This provided a visible indicator of the segment’s mechanical state. When rigid, the
segment maintained its straight configuration despite the load. Upon heating and
transitioning to the flexible state, the segment visibly deformed under the combined

weight of itself and the test load, demonstrating its increased compliance.

During the sustained flexibility phase, we manually manipulated the segment
in both upward and downward directions to verify its pliability. In one cycle,
we deliberately held the segment in an upward-curled position during the cooling
phase, allowing it to solidify in this deformed configuration. Notably, when heated
again in the subsequent cycle, the segment naturally uncoiled and returned to its

initial straight, hanging state due to gravity.
The experimental results confirmed several key aspects of our design:

e Successful bidirectional transitions between rigid and flexible states.
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Figure 4.3: Graphical representation of a variable-stiffness segment (VSS) alternating between
rigid and flexible states. The VSS undergoes three complete state transition cycles, each com-
prising three distinct phases: heating (transition from rigid to flexible), maintaining sustained
flexibility, and cooling (transition from flexible back to rigid). The blue line in the graph indicates
the temperature profile. The red line illustrates the segment’s stiffness.

e High flexibility in the flexible state allowing significant deformation.
e Sufficient rigidity in a rigid state to maintain arbitrary shapes.
e Repeatability of the state transitions across multiple cycles.

The transition characteristics showed significant improvements over the previ-
ous monolithic design. The average flexible-to-rigid transition time was 47.1 sec-
onds, with complete cooling to 42°C requiring 142 seconds. The rigid-to-flexible
transition time varied with initial temperature: 35.9 seconds when heating from
42°C and 22.4 seconds from 53°C. These transition times represent a 2.5-fold im-
provement, compared to the previous non-modular design, demonstrating that the
modular architecture substantially enhances the phase transition performance of
the variable-stiffness segment. These timing characteristics are important consid-

erations for practical applications and motion planning.

The conducted experiment demonstrated that the modular variable stiffness seg-
ment successfully achieves its design objectives, providing controllable transitions
between rigid and flexible states while maintaining the desired mechanical prop-
erties in each state. The ability to hold arbitrary shapes when rigid, combined
with high deformability when flexible, confirms the potential utility of this design

in adaptive robotic applications.
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4.4 Summary

This chapter addressed the critical challenge of stiffness control in our variable-
stiffness hybrid mobile robot. We developed a robust control system to manage
the robot’s ability to transition between rigid and flexible states, which is essential

for its multifunctional capabilities.

We began by identifying two fundamental problems inherent in the system de-
sign: accurate stiffness estimation with limited sensing capabilities, and integration
of discrete stiffness states with continuous motion control. Our solution comprised

two key components:

First, we implemented a nonlinear temperature estimation model to compensate
for the limitations of having only a single temperature sensor per segment. This
model addresses the complex thermal behaviour during heating and cooling cy-
cles, accounting for factors such as thermal mass effects, heat transfer delays, and

thermal gradients between the sensor location and the LMPA material.

Second, we developed a Finite-State Machine (FSM) approach that elegantly
manages the discrete stiffness transitions while integrating with the robot’s con-
tinuous motion dynamics. The FSM handles the hysteresis phenomenon observed
during phase transitions, implementing different temperature thresholds for melt-

ing (63°C) and solidification (53°C) to ensure reliable operation.

Experimental validation demonstrated the effectiveness of our stiffness con-
trol system, showing successful bidirectional transitions between rigid and flexible
states, high deformability when flexible, and sufficient rigidity to maintain arbi-
trary shapes when rigid. Our modular design achieved a 2.5-fold improvement in

transition times compared to the previous non-modular approach.

This stiffness control framework provides the foundation for the robot’s advanced
capabilities, enabling the seamless integration of mobility and manipulation func-

tions that will be explored in subsequent chapters.
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Chapter 5
Motion and Morphology Control

A 2SR robot presents a unique fusion of hard and soft capabilities. This dual na-
ture significantly expands its potential applications, from traditional mobile robot
tasks to complex manipulation scenarios requiring adaptive morphology. However,
this versatility introduces substantial challenges in developing a unified control

framework that can effectively manage both operational modes.

The primary challenge lies in reconciling two fundamentally different behavioural
states: when rigid, the robot functions as a conventional mobile platform with
omnidirectional movement capabilities; when flexible, it behaves as a deformable
manipulator requiring precise shape control. These distinct operational modes
necessitate different approaches to kinematic modelling and control strategy de-

velopment.

In this chapter, we present a comprehensive control framework that addresses
these challenges through a hybrid kinematic model. Our approach begins by sepa-
rately analyzing the kinematics for both rigid and flexible states, then integrates

these analyses into a unified model. This hybrid model accounts for:
1. The discrete nature of stiffness states and their impact on robot behaviour
2. The continuous dynamics of motion in both rigid and flexible configurations
3. The additional complexity of shape control when segments are flexible

4. The coordination between locomotion
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Before delving into the detailed analysis, we establish several key assumptions

that frame our control approach:

e The stiffness state of each bridge segment is represented by a boolean vari-
able s;, where s; = 0 indicates a rigid state and s; = 1 indicates a flexible
state. During state transitions, the robot remains stationary, allowing us to

disregard transition dynamics in our kinematic model.

e Bridge segments maintain constant length throughout all operations, simpli-

fying our kinematic calculations.

e Flexible segments deform exclusively into circular arcs with constant curva-

ture, allowing for predictable and controllable shape modifications.

e The locomotion units can operate independently when segments are flexible,
enabling sequential movement strategies where one unit remains fixed while

the other moves.

e The omnidirectional capability of the robot is maintained in a rigid state
through the strategic placement of four omni-wheels (two per locomotion

unit), regardless of the robot’s configuration.

These assumptions provide a foundation for developing our control framework
while maintaining practical applicability. The remainder of this chapter details the
development of our Motion & Morphology Controller, which successfully manages

the robot’s dual nature while ensuring precise control in both stiffness states.

5.1 Hybrid Kinematics

Development of a comprehensive kinematic model for the 2SRA (2SR agent)
presents unique challenges due to its variable morphology and dual-state nature.
Unlike traditional robots with fixed geometry, our robot’s shape can dynamically
change through the deformation of its VS bridge. This characteristic requires a

more sophisticated approach to state space definition and kinematic modeling.

The key to our hybrid kinematic framework lies in effectively describing the
robot’s configuration while accommodating both rigid and flexible states. Each

bridge segment, when flexible, deforms into a circular arc with constant curvature,
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following our simplifying assumptions. This behaviour allows us to parameterize

the segment’s shape using three key elements:
1. The position of one endpoint
2. The tangent direction at this endpoint
3. The segment’s curvature

Given the mechanical coupling between the two segments at their shared connec-
tion point, we establish a body reference frame { B} at this junction as illustrated
in Fig. 5.1. This frame is strategically aligned with the tangent at the connection
point, providing a natural reference for describing the robot’s overall configuration.

This choice of frame placement offers several advantages:
e [t creates a consistent reference point regardless of segment states
e [t simplifies the description of segment curvatures
e [t represents continuity between segments

Based on the chosen reference state, the complete configuration of the robot can

thus be captured by a five-dimensional vector of generalized coordinates:

q= [mb7yb79ba/{/17ﬁ/2]1-7 (51)

where (z, yp) represents position of the { B} frame in the global coordinate system,

0, is its orientation, x; denote the curvature of the i—th segment.

Remark 3. A 2SR robot has distinct front and back sides. The variable stiffness
bridge is offset from the center of the locomotion units toward one face, creating a
continuous smooth surface across both LUs and the bridge. This design maximizes
potential contact between the robot and its surroundings when needed. We refer to
this smooth side as the "front" and the opposite side as the "back.” Additionally,
we designate the left (first) locomotion unit as the "head" and the right (second)

locomotion unit as the "tail.”

This formulation provides a unified way to describe the robot’s configuration
regardless of its segment states, while maintaining the ability to represent both

rigid (r; = 0) and flexible (k; # 0) states within the same mathematical framework.
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5.1.1 Rigid Mode

When both segments are in a rigid state (s; = so = 0), a 2SR robot functions as
a conventional omnidirectional mobile platform. In this configuration, the robot’s
shape remains constant, and its motion can be fully described by the velocities of
the body frame {B}. Kinematics in this case is much simpler compared to the

flexible mode, since the curvatures rate remains fixed (£ = f2 = 0).

The rigid mode kinematics can be expressed through a straightforward relation-

ship between the generalized coordinate velocities and the control inputs:

. |R: ()
q = (81 V 52) 0 u,, (52)

(. J/
-~

Jr

where R, (6,) € R? is a rotation matrix around the vertical axis of the global frame
and U, = [Upy, Vby, wp|T is a vector of robot’s “rigid" control velocities associated
with the {B} frame.

Remark 4. The zero elements in the bottom of J,. reflect the constant curvature

rates during rigid operation.

This formulation provides a direct mapping between the desired motion com-
mands and the resulting changes in the robot’s configuration, enabling straightfor-

ward implementation of motion control strategies in the rigid state.

Figure 5.1: Schematic representation of the 2SR robot’s geometry and reference frames.
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5.1.2 Flexible Modes

The kinematic behaviour of the 2SRA robot becomes more complex when one or
both segments transition to their flexible state (s; = 1 and/or s, = 1). In these
configurations, the locomotion units operate independently, creating distributed
bending patterns along the flexible segments. The uniform distribution of iden-
tical nodes in the adaptive bridge results in approximately constant curvature
deformation, allowing us to model each flexible segment as a circular arc. To pre-
vent collisions between locomotion units, the cable chain bending is restricted to

a half-circle, constraining segment curvatures to —g S ki < g

Remark 5. A key insight in understanding the flexible mode kinematics comes
from observing the motion patterns of the LUs. During bridge bending, LUs trace
a distinctive curve. Initially, we employed logarithmic spirals to model this motion
due to their apparent resemblance to the observed paths, see Fig. 5.2. However,
this approach required separate functions with different parameters for positive and
negative curvatures, creating discontinuities at boundary conditions. Subsequently,
we adopted a cardioid model, which provides a single mathematical shape that effec-
tively approzimates LU paths across all permissible curvature values. The following

kinematics derivation is based on this cardioid representation.

Cardioid curve is described by the following parametric model:

2(¢) = pcos¢
y(¢) = psing (5.3)
p =2r(1—cos¢),

where 0 < ¢ < 27 is the rolling angle, p is the cardioid’s radius at ¢, and r is the

common radius of the two generating circles of the cardioid.

To fully comprehend the kinematics of the robot in a flexible state, we categorize
the operational modes into three distinct scenarios where different combinations
of bending and motion occur. Each scenario is associated with a unique cardioid,

as illustrated in Fig. 5.3:
I: Flexible-Rigid Configuration with Actuated Flexible End

e One segment is flexible while the other maintains rigidity
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Figure 5.2: Shape deformation of a 2SR robot and corresponding logarithmic spirals when:
(a), (b) one soft VSS is bent by an adjacent LU (Case 1); (c), (d) one soft VSS is bent by the
opposite LU (Case 2); (e), (f) both segments are soft (Case 3).

e Motion is initiated by the LU connected to the flexible segment
IT: Flexible-Rigid Configuration with Actuated Rigid End

e Similar to Case I but with motion initiated by the LU adjacent to the
rigid segment

e The resulting spiral differs due to the altered motion constraints
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[II: Dual-Flexible Configuration
e Both segments are flexible
e Either LU can initiate movement
e The spiral parameters accommodate the increased degrees of freedom

Through path analysis and curve fitting, we determine the cardioid radius r
and the corresponding ¢ range for each scenario, as listed in Table 5.1. The VSS
curvature exhibits an inverse linear relationship with the rolling angle ¢, enabling
reliable tracking of the robot’s frame displacement using the cardioid equations.
The robot’s motion in flexible states is controlled through “soft" velocities u, =
I

[v1,v2]", where v; represents the velocity of the j-th locomotion unit traversing a

specific cardioid path.

Remark 6. This control approach differs fundamentally from the rigid state. By
examining each scenario in isolation, we can elucidate the individual contributions
to the robot’s overall kinematic behaviour. Integrating these insights into a cohesive

model yields the kinematic equations that govern the robot’s movement.

Table 5.1: Cardioids Parameters

Cardioid | r | @™ | ¢™ma®
1 0.021 | 242 | 3.87
2 0.049 | 2.19 | 4.09
3 0.043 | 1.73 | 4.56

Cardioid 1

The first flexible scenario is characterized by the motion of the j-th LU along a
cardioid with velocity v;, causing an adjacent flexible segment to bend while { B}
remains stationary. The other locomotion unit is fixed in place and the curvature
of the rigid VSS does not change, that is &, = 1, = éb = k3_; = 0. Hence, in this
scenario, we only need to determine the rate of change in curvature of the flexible

segment.
This configuration can be formally described through the following conditions:

o VS bridge states: s; =1, s3; =0
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Figure 5.3: Kinematic representation of the soft robot deformation and locomotion unit motion
approximated by three distinct cardioid trajectories.

o LU velocities: vj # 0, v3_; =0
e Indices: i,j € [1,2],1=j.

Curvature of the flexible segment can be derived through the rolling angle of

Cardiotd 1 by mapping their corresponding ranges:

T T maxr
Ki R ot ey (o7 b1)

O1(ki) = O™ + ZA;bl (% - Hz‘) )

where Ax = T and A¢y = ¢ — o™

Remark 7. The rolling angle rate is proportional to the speed of the object tracing
the curve. Note that LU2 is located on the positive side of the z-axis of the frame,
while LUI1 is on the negative side. Therefore, a positive velocity of LU2 increases
the curvature (and decreases ¢), while a positive velocity of LUI decreases the

curvature (and increases ¢ ).

Differentiating curvature in (5.4) with respect to ¢, we get:

Uj . . e

—— = R; = —1)7

P1 - [Ad1p1
——

Kl (Iil)

b1 = (—1)7" v;. (5.5)
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Cardioid 2

The second operational scenario presents a more complex behaviour pattern where
motion is initiated by the locomotion unit (LU) connected to the rigid segment,
while the other segment remains flexible. Unlike Case I, this configuration results
in movement of the robot’s central frame {B}, creating an intricate relationship

between the LU motion and the overall robot configuration.

When the LU connected to the rigid VSS moves, it generates bending force that
causes the flexible segment to deform. This bending, in turn, forces the robot’s
body frame to follow a curved path. The locomotion unit in motion traces Cardioid

2, while the body frame traverses Cardioid 1 with its origin at the stationary LU.
This configuration can be formally described through the following conditions:
o VS bridge states: s; =1, s3; =0
o LU velocities: vj # 0, vz_; =0
e Indices: i,j € [1,2],1#
The body frame can be localized through its position on Cardioid 1 using (5.3):
(=1)’""p1 cos ¢y
Py

) =Ty p1 8N ¢y ) (5.6)
1

where p, = [y, 1]7 is the body frame’s position vector and T}; represents the co-

ordinate transformation from the stationary LU frame {B;} to global coordinates.

The orientation of the frame {B;} is calculated as:

Figure 5.3 illustrates that the body frame traverses Cardioid 1 with velocity
v’, which differs from the LU velocity v; along Cardioid 2. We can establish the

relationship between these velocities by leveraging the fact that the curvature rate
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remains constant regardless of which cardioid we use for its derivation:

™ . ™

_M¢l — —M@- (5.8)

/'{/i:

Then, using the definition of the rolling angle velocity from (5.5) we obtain:

V= ——— pyv;. (5.9)

Now, differentiating (5.6) with respect to ¢; and substituting rolling angle’s

derivative with (5.9), we find the rate of body frame’s displacement:

x .0
| = (_1>]71ﬂ)\2(fﬂ) vj. (5.10)
Yb 01 .
Jj2(7€:79b)

The orientation of frame { B} changes proportionally to the variation in segment

curvature:

Ay = (—1)" Akl (5.11)

Consequently, using the previously derived relationships for curvature rate in
(5.5), we obtain:
éb = ZKQ(KZZ‘)’U]'. (512)

This mathematical framework captures the complex interplay between the LU
motion, segment deformation, and body frame movement, providing a foundation
for precise control in this operational mode. The motion patterns in this case differ
significantly from Case 1, as the robot exhibits both translational and rotational

movements while maintaining a specific segment in its flexible state.

Cardioid 3

The third scenario represents the most versatile configuration of a 2SR robot, where
both segments transition to their flexible state simultaneously. This dual-flexible

mode enables the robot to achieve more sophisticated shape transformations and
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movements, as both segments can actively participate in the deformation process.

In this configuration, when one LU initiates motion, it creates a synchronized
bending pattern where both segments deform with equal curvature rates: f; =
k9. This symmetric behaviour arises from the mechanical coupling between the

segments and the uniform distribution of forces through the robot’s bridge.
This configuration can be mathematically expressed as:
o VS bridge states: s; =1, s3_; =1
o LU velocities: vj # 0, vs_; =0
e Indices: i,j € [1,2]

The synchronized deformation of both segments creates a motion pattern where
the moving locomotion unit follows Cardioid 3 and the robot’s body frame follows
Cardioid 1. The generalized coordinates and their derivatives follow the same
principles established in the previous cases, with the key distinction being the
simultanious bending of both segments. The frame position and orientation can
be determined using the previously derived equations, accounting for the combined

effect of dual segment flexibility.

Remark 8. The key distinction in this scenario is that the robot exhibits enhanced
compliance and increased degrees of freedom in its movement, allowing for more
complex maneuvers while maintaining symmetric deformation patterns. This prop-
erty can be particularly advantageous in scenarios requiring adaptive shape changes

or navigation through constrained environments.

5.1.3 Unified Kinematic Model

The culmination of our kinematic analysis leads to a unified model that elegantly
captures all possible configurations of the 2SR robot through a single comprehen-
sive Jacobian matrix. This unified framework synthesizes the relationships derived
from all three cases, providing a complete mathematical description of the robot’s

behaviour across different operational modes.

The unified model combines the curvature derivatives, body frame motion equa-

tions, and orientation changes into a structured Jacobian matrix that adapts to
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different soft states of the robot. This adaptability is achieved through the use of

binary state variables s; and sy, which act as switches to activate or deactivate

different components of the model based on the current configuration.

Assembling equations (5.5)-(5.12), we can express the kinematics of all soft states

through the following unified Jacobian matrix:

q=J(q,s)u

Ja,s) =[], u=[u,u]

-52 S1
S2 51
Js = |S2 S1
S1 S1
So  So
(m,n)

Jl'rz(’i279b) JQn(’iheb)
IK,(k2) [K, (k1)
o (5.13)
—Km(l‘{,l) Kn(lfl)

i _Kn<’€2> Km('@) ]

(3, 3) if S1 A\ 59,
(1,2) otherwise.

This unified model serves several important purposes:

1. Establishes a single comprehensive mathematical framework that automati-

cally adapts to all possible stiffness states of the robot

2. Captures the complex coupling between bridge segments bending and body

frame displacement

3. Enables straightforward computation of both robot’s motion and morpho-

logical deformation given the LU velocities

4. Facilitates the development of advanced control strategies that can seamlessly

transition between different operational modes without discontinuities

The structure of the Jacobian reflects the robot’s mechanical architecture, where

the Hadamard product (denoted by o) with the binary state matrix ensures that

only the relevant terms are activated based on the current configuration. This

mathematical elegance translates to practical advantages in both analysis and con-

trol implementation.
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5.2 Baseline Controller

The unique capability of the 2SR robot to dynamically transition between rigid
and flexible states opens up new possibilities for locomotion control. This section
describes a baseline control strategy designed for obstacle-free environments, lever-
aging the robot’s ability to reconfigure its segments in real-time to form various

planar shapes.

A block diagram in Fig. 5.4(b) shows that the proposed algorithm comprises

three primary components:
e Motion Planner
e Wheel Drive
e Stiffness Controller

Central element of this control system is the Motion Planner, which deter-
mines the optimal sequence of locomotion modes from the four possible configu-
rations represented by the set S = [[0,0], [0, 1], [1,0],[1, 1]]T, where each element

defines a unique combination of rigid and flexible states for the two segments.

Remark 9. This Motion Planner was implemented using a hybrid kinematics

framework based on logarithmic spirals and simplified temperature control.
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Figure 5.4: (a) The relationship between 2SR robot coordinates and the geometry of the
logarithmic spiral I. (b) 2SRA control strategy.
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The planning process works as follows:

1. For each possible configuration in S, the system:
e (Calculates the corresponding unified Jacobian matrix
e Solves the inverse kinematics equations

e Evaluates the Euclidean distance between the resulting configuration

and the target state.

2. The planner selects the configuration that minimizes this distance. However,
there’s an important practical consideration: frequent transitions between
rigid and soft states must be avoided due to the time required for the Field’s

metal to undergo phase transitions.

3. To address this, the controller maintains the current stiffness configuration
as long as the robot is making progress toward its target. Configuration
changes are only triggered when the intermediate configuration stops updat-

ing effectively.

Algorithm 2: 2SR Robot Motion Planner

o N O ok W N o=

©

10

11
12
13

14
15

Input: Initial configuration qq, desired configuration qq
Output: List of optimal stiffness values S*, list of optimal velocities V*
S < set of possible VSB stiffness values
S*, V* < empty lists
while ||qs —q|| > 0 do
for=1to 4 do
J « hybridJacobian(qo, q, S[7])
v[i] < J7'\(qq — q) // X - feedback gain
q < Jv[i]
q[i] < q+qdt
Aq” <« llgq — g7
1* < argmin Aq*
if * 7£ iprev then
if ||q — q*[ipres]|| > 0 then
L L 7 iprev
q < q'[i']
Add S[i*] to S*; Add v[i*] to V*




79

The complete Motion Planner pseudocode is given in Algorithm 2. The
Wheel Drive component translates the planned motions into actual wheel veloc-
ities using the kinematic model established earlier. This control strategy balances
the need for efficient motion with the practical constraints of the phase-transition
mechanism, ensuring smooth and effective locomotion while minimizing unneces-

sary state transitions.

5.3 Experiments

The experimental validation of the proposed control system employed a compre-
hensive setup designed to track both the robot’s kinematics and thermal states, see
Fig. 5.5(a). At the core of the experimental platform was a 2SR agent equipped
with three Aruco markers strategically positioned - two on the locomotion units
and one on the VSB connector. This marker configuration enabled precise tracking

of the robot’s state and movement throughout the experiments.

Remark 10. These experiments were conducted using the first generation of the

2S8R robot, which featured a monolithic variable stiffness bridge design.

The tracking system utilized a RealSense camera that captured the positions
of all markers in the workspace. The VSB marker served as a reference point for
the robot’s frame {B} position coordinates, while the LU markers provided data
for curvature estimation. For analytical simplicity, the system assumed uniform
bending along the segments. Additional Aruco markers at the platform corners
clearly defined the workspace boundaries, ensuring controlled experimental con-
ditions. Complementing the position tracking, a thermal camera monitored the
temperature states of the variable stiffness segments, providing crucial insights
into the robot’s thermal-mechanical performance. A ground computer handled all
data processing and control computations, coordinating the various components

of the experimental setup.

5.3.1 Simulation of the Motion Planner

Prior to physical implementation, we conducted simulations in a Python-based
environment. The simulation study focused on evaluating two main components
of the 2SRA motion model: Forward Kinematics (FK) and Motion Planner (MP).
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Figure 5.5: (a) Experimental setup. (b) Comparison of error minimization in Forward Kine-
matics (FK) and Motion Planner (MP) trajectories. Time ¢ and error Ag are normalised with
min-max scaling: t' = (t — tiin )/ (Emaz — tmin) and Aq" = (Aq — Agmin)/ (AGmaz — Agmin). The
last section of the MP graph shows that a 2SR agent sometimes has to switch motion modes to
fit into the target: one time (top figure); three times (bottom figure).

Figure 5.5(b) illustrates the error reduction Ag = ||¢: — ¢|| in trajectories gen-
erated by both methods. For FK testing, we initialized the system with random
configurations and applied constant velocity and VSB stiffness settings. This pro-
duced linear coordinate progression, establishing baseline trajectories. FK end

states then served as target configurations for evaluating the MP’s performance.

The Motion Planner exhibited strong asymptotic stability, with the error metric
Agq showing consistent exponential decrease across all test cases. During conver-
gence, we observed that curvature parameters typically reached their target values
more rapidly than positional coordinates — an expected outcome given the differ-

ent scales of these parameters.

Our comprehensive evaluation comprised 100 simulation runs, revealing remark-
able behavioural consistency. Each trajectory required at most four distinct mo-
tion mode transitions to reach its target, invariably concluding in Case 0 (the fully
rigid state). This pattern demonstrates an efficient balance between configuration

accuracy and minimizing state transitions.

The simulation results confirmed the effectiveness of our control strategy, show-
ing both reliable convergence to target configurations and efficient utilization of

the robot’s various motion modes. The consistent transition patterns indicate that
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the planner successfully manages the system’s inherent complexity while respecting

practical operational constraints.

5.3.2 Curvature Estimation of the VSS

The hybrid kinematic model of the 2SR agent relies on a constant curvature (CC)
approximation for variable stiffness segments. To validate this assumption, we
conducted a systematic experimental analysis of the actual curvature distribution

along segments under various bending conditions.

Our experimental procedure involved fixing one VSS in its rigid state with its
adjacent locomotion unit secured to the plane. The other segment, maintained
in the flexible state, was methodically deformed through a comprehensive range
of curvatures from —= to 7, allowing us to characterize the segment’s behaviour

across its complete motion range.

Thermal imaging provided crucial insights, as illustrated in Figure 5.6(a), where
bright-colored regions clearly indicate high-temperature zones of molten LMPA
within the segment’s shell. Using the OpenCV library, we developed an image
processing pipeline that generated binary images highlighting segment contours

and constructed a median curve, as shown in Figure 5.6(b).

Our analysis compared three different representations of the segment’s shape,
depicted in Figure 5.6(c): the raw median curve extracted from imaging data, its
smoothed version, and the constant curvature approximation. By calculating the
gradient at each point along the smoothed median curve, we obtained a detailed
distribution of curvatures throughout the segment. Each test configuration was

repeated five times to ensure statistical reliability.

Results presented in Figure 5.7(a) reveal the relationship between the mean
curvature (MC) of the VSS median curve and the constant curvature calculated
from Aruco marker positions. For small deformations, these measurements showed
strong agreement, while larger bending angles introduced more pronounced differ-
ences. Quantitative analysis yielded a mean square error of 9.09 m~! between
CC and MC measurements, with an average standard deviation of 14.39 m™! in

curvature distribution along the segment.

Significantly, curvatures in the range of 0-15 m~! exhibited relatively small vari-
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Figure 5.6: (a) Thermal image of a soft VSS. The bright-coloured area shows the high-
temperature zone of the molten LMPA inside the segment’s shell. (b) Contours and a median
curve of the bent segment extracted from a thermal image. (¢) Comparison of the median curve,
its smoothed version and the approximated curve with constant curvature. (d) Five scenarios of
the pose-shape formation when a robot has a task to reach a target configuration. The top row
shows the 2SRA simulation, and the bottom row is the real-case motion. Blue colour represents
a soft segment while a rigid segment is red. A faded image shows a target; the bright one is the
current configuration. The first case takes more time because the agent switched stiffness more
than one time.

ations relative to segment lengths. This finding strongly supports the validity of
the CC assumption for representing VSS bending within this operational range,

confirming the appropriateness of our modeling approach for practical applications.

These results not only validate our modeling assumptions but also provide valu-
able insights into the mechanical behaviour of variable stiffness segments under

different deformation conditions.

5.3.3 Pose-Shape Formation

The culmination of our experimental validation focused on Pose-Shape Formation
tasks, where the 2SR robot needed to achieve specific target configurations through
coordinated planar motion and segment deformation. These experiments compre-
hensively tested the system’s ability to manage multiple degrees of freedom while

orchestrating transitions between rigid and flexible states.

We conducted five distinct experiments with varied initial and target configura-
tions. Target positions were established through manual robot deformation, with

precise configuration measurements captured via the RealSense camera system.
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Figure 5.7: (a) Comparison of the VSS constant curvature (CC) approximation and mean
curvature (MC) of the segment arc extracted from thermal images. The solid-coloured area
demonstrates curvature distribution along the segment arc. (b) Comparison of the configuration
trajectories obtained during the Pose-Shape Formation experiment (third case) and the corre-
sponding simulation. Reference is the configuration returned by a Motion Planner and further
supplied to the robot; the Estimated value is the configuration measured via camera and Aruco
markers. (c¢) Minimization of the normalised error A¢’ during the task execution. (d) Quantified
difference (DTW distance) between the configuration trajectories from the Pose-Shape Forma-
tion experiments and corresponding simulations.

To enable rigorous comparison between theoretical predictions and practical per-
formance, identical scenarios were first simulated and then implemented on the

physical platform.
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As visualized in Figure 5.6(d), the trials demonstrated diverse motion patterns
and execution durations. Simulated and physical implementations exhibited sim-
ilar movement sequences, despite some inevitable practical differences. Through-
out each trial, we continuously monitored two key configurations: the reference
configuration determined by the Motion Planner and the estimated configuration

measured through the camera system.

The detailed trajectory comparison presented in Figure 5.7(b), revealed signifi-
cant insights into system behaviour. A particularly notable observation concerned
the locomotion units during deformation phases. When VSB segments transitioned
into a flexible state, the resulting slack and tilt in the LUs occasionally compro-
mised wheel-surface contact, causing deviations from simulated trajectories. This
effect was especially prominent in positional coordinates due to their smaller scale

relative to curvature measurements.

The system’s convergence behaviour, illustrated in Figure 5.7(c), demonstrated
consistent progression toward target configurations. To optimize performance and

prevent unnecessary state transitions, we implemented termination thresholds:
e Position coordinates ((xp,, ¥s,)): < 0.01
e Curvature values ((k1, ko)): < 4.

We quantified overall performance across all experiments using Dynamic Time
Warping (DTW) distance between simulated and experimental trajectories, as
shown in Figure 5.7(d). Despite observed deviations, error margins remained
within acceptable bounds, confirming the effectiveness of our hybrid model in prac-

tical applications.

The wheel slip phenomenon suggests potential mechanical refinements, partic-
ularly in locomotion unit design. Increasing the mass or incorporating additional
steel bars within the LUs could enhance ground contact stability during defor-
mation phases, potentially reducing trajectory deviations and improving system

precision.

These experimental results validate the practical viability of our proposed hy-
brid model and control strategy while identifying specific areas for mechanical

optimization in future iterations.
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5.3.4 Manual Object Manipulation

The 2SRA’s unique combination of variable stiffness and mobile locomotion enables
a diverse range of manipulation tasks that showcase the system’s versatility. The
robot’s ability to dynamically transition between rigid and flexible states makes it

particularly well-suited for adaptive object interaction and manipulation scenarios.

As demonstrated in Figure 5.8(a), the 2SRA exhibits remarkable adaptability
when interacting with curved surfaces. The robot can approach a cylindrical object
and selectively soften one segment, allowing it to conform precisely to the object’s
curvature. This capability demonstrates a key advantage over traditional rigid
mobile robots, which typically lack the ability to adapt their shape to irregular

objects or surfaces.

Figure 5.8: 2SR agent performing objects handling tasks: (a) conforming to an object with a
cylindrical shape. (b) gripping and moving a cube on the plane.

The sequence shown in Figure 5.8(b) illustrates a more complex manipula-

tion task involving multiple state transitions. The process follows several distinct

phases:
1. Initial approach to the target object
2. Transition of both segments to the flexible state

3. Conformable grasping of the cubic object
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4. Return to the rigid state while maintaining the grasp

5. Free planar movement while securely holding the object

Remark 11. The object grasping and manipulation demonstrated here were per-

formed using manual control inputs.

This demonstration highlights the robot’s ability to seamlessly combine soft
manipulation with hard mobility, enabling it to not only grasp objects but also

transport them effectively across the workspace.

The demonstrated capabilities represent only a fraction of the 2SRA’s poten-
tial applications. By bridging the gap between conventional rigid robots and soft
robotics, the system opens up possibilities across various domains. The ability to
dynamically alternate between rigid and soft states, combined with mobile capa-

bilities, suggests applications in:

e Adaptive manufacturing environments

Search and rescue operations

Confined space exploration

Delicate object handling

Collaborative human-robot interaction scenarios.

5.4 Multi-Modal Motion and Shape Control

The development of an advanced controller for the 2SRA required a sophisticated
approach capable of handling both continuous dynamics and discrete stiffness tran-
sitions. Model Predictive Control (MPC) emerged as an ideal choice for this ap-

plication due to several key advantages:

1. Constraint Handling: the 2SR robot operates under multiple physical con-
straints, including wheel speed limitations and actuator bounds. MPC nat-

urally incorporates these constraints into the optimization problem.

2. Multi-Variable Control: The system requires simultaneous control of posi-

tion, orientation, and segment curvatures. MPC’s ability to handle Multiple



87

Input Multiple Output (MIMO) systems makes it well-suited for this task.

3. Preview Capability: By optimizing over a prediction horizon, MPC can antic-
ipate future state trajectories, particularly valuable during mode transitions

and complex maneuvers.

Having established the robot’s operational modes through hybrid kinematics,
we implement a comprehensive control strategy comprising four distinct model
predictive controllers (MPC) corresponding to each possible stiffness configuration
s € S, where S = {[0,0], [1, 0], [0, 1], [1, 1]}:

e MPCI1 (Rigid Mode): both segments are rigid

e MPC2 (Flexible Mode 1): first segment flexible, second rigid
e MPC3 (Flexible Mode 2): first segment rigid, second flexible
e MPC4 (Flexible Mode 3): both segments are flexible

For a prediction horizon N, the MPC optimization problem is formulated as:

N N
minimize Z q;Qax + Z u/Ruy
k=0 k=0
subject to  Qr = Ak — Qref (5.14)
Qi1 = Ak + J(qr, sp)uy

lw;i| < Winae, @ =1...4,

where

e ;. is the robot’s state vector

® (. is the robot’s reference state

e U, is the control velocity vector

e Q and R are positive definite weighting matrices

e s, is the stiffness configuration

e J(qy,sk) is the Jacobian defined in (5.13)

e w; represents individual wheel velocities bounded by w4,
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Remark 12. Fach controller follows the same general MPC framework while uti-

lizing mode-specific kinematics derived from the hybrid cardioid-based model.

The MPC implementation utilizes the GEKKO optimization framework, solving
the constrained optimization problem at each time step and applying the first con-
trol input of the optimal sequence. The prediction horizon and weighting matrices

are tuned for each motion mode to achieve the desired performance characteristics.

Remark 13. To balance computational efficiency with control performance, we im-
plemented a relatively short prediction horizon (11 steps) for each MPC' controller.
It was empirically determined that this value maintains sufficient predictive capa-

bility while enabling real-time execution on our hardware platform.
The derived control formulation allows for:
e Explicit handling of state and input constraints
e Preview of future trajectory evolution
e Smooth transitions between different motion modes
e Balance between tracking performance and control effort

While the mode-specific MPC controllers handle the continuous dynamics and
optimization, a higher-level control structure is needed to manage the discrete tran-
sitions between different stiffness states and coordinate the overall robot behaviour.
This led to the development of a comprehensive Motion & Morphology Con-
troller (MMC) that orchestrates both the continuous motion control and discrete

stiffness state transitions.

The integrated control framework combines motion planning with morphology
adaptation through a hierarchical structure. The controller continuously evaluates
the target configuration to determine optimal stiffness and corresponding motion

commands. This supervisory framework operates through two key mechanisms:

1. Stiffness State Management: Determines required segment stiffness based
on target configuration. When the shape error between current and target
curvatures exceeds a predetermined threshold Ak,,;,, the controller initiates

selective softening of the appropriate segments.
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the current stiffness state.

2. Motion Coordination: Activates the appropriate MPC controller based on

Remark 14. This approach optimizes system performance by maintaining segment

rigidity by default and initiating transitions only when necessary for shape control.

The complete controller formulation is provided in Algorithm 3.

Algorithm 3: Motion & Morphology Control (MMC)

1
2
3
4
5

© 0 N O

10
11

12
13

14
15

16
17

18
19
20

Input: current configuration q = [z,y, 0, k1, k2]T, target configuration q;

Result: u
Initialize velocity vectors: u, < [0,0,0], u, < [0, 0]
Initialize target stiffness: s; < [0, 0]
for:€1,2do
if |k; — Kit| > ARy then
| sili] <1

while not (s; = [0,0] and close2Pose(q, q;)) do
0] and close2Shape (K1, ko, q;) then
0

if s, =[0,0] then

| w,, q <+ mpcl(q, qi,u,)
else if s; = [1,0] then

| u,, q ¢ mpe2(q, qi,uy)
else if s, = [0, 1] then

| us, q < mpe3(q, qi,uy)
else

| u,, g mped(q, qa,uy)
u < [u,, ug;

Send velocities to the robot;
Update stiffness states via FSM Controller

// reset velocities

The controller executes in a continuous loop, performing the following key op-

erations:

3. Generates optimal velocity commands

1. Evaluates shape error to determine required segment stiffness

2. Selects appropriate MPC controller based on stiffness state
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4. Synchronizes motion execution with stiffness transitions through FSM con-

troller formulated in Algorithm 1
5. Monitors convergence to target configuration

This integrated approach ensures smooth coordination between shape-changing
behaviours and locomotion while maintaining stability during transitions. The
FSM controller manages the physical stiffness transitions, preventing motion dur-

ing critical phase changes.

5.5 Summary

This chapter has presented a comprehensive control framework for the 2SR robot,
addressing the unique challenges posed by its hybrid rigid-flexible nature. Our
development progressed from fundamental kinematic modeling to sophisticated

control strategies, culminating in the advanced Motion € Morphology Controller.
Key contributions and findings include:
Hybrid Kinematics

e Development of a unified kinematic model capturing both rigid and flexible

stiffness states

e Identification of three distinct flexible operational scenarios based on segment

stiffness combinations

e Validation of the constant curvature assumption for flexible segments within

practical operational ranges

e Mathematical characterization of the robot’s dynamic morphology using log-

arithmic spiral and cardioid path models for locomotion unit motion
Control Architecture
1. Baseline Controller:

e Implementation of an efficient motion and stiffness planner for obstacle-

free environments

e Integration of wheel drive and simplified stiffness control systems
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e Demonstration of reliable convergence to target configurations
2. Advanced Controller:
e Development of mode-specific Model Predictive Controllers

e Implementation of a hierarchical control framework managing both con-

tinuous motion dynamics and discrete stiffness state transitions

e Incorporation of physical constraints and multi-objective optimization

criteria
Experimental Validation

e Successful demonstration of precise pose-shape formation capabilities across

multiple configurations

e Verification of object manipulation functionalities, including conformable

full-body grasping and secure transport

e Quantitative performance analysis through detailed trajectory comparison

and Dynamic Time Warping metrics

e I[dentification of practical considerations, particularly regarding wheel-surface

contact during flexible mode operations

The experimental results and theoretical developments presented in this chap-
ter demonstrate both the potential and challenges of hybrid rigid-flexible robotic
systems. Our findings suggest that integrating variable stiffness elements with
conventional mobile robotics creates opportunities for enhanced adaptability and
manipulation capabilities beyond what purely rigid or purely soft systems can

achieve independently.

The successful implementation of the hierarchical Motion & Morphology Con-
troller, particularly its ability to manage discrete stiffness transitions while main-
taining stable motion and shape control, represents a significant advancement in
hybrid robot control. However, several areas for improvement emerged during our
investigation. The observed wheel slip during flexible-state operations indicates
that mechanical refinements could enhance system performance. Additionally, the

current control framework would benefit from more sophisticated state estimation
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and adaptive parameter tuning.
The developed control framework establishes a foundation for:
1. Expanded application scenarios in complex, adaptive manipulation tasks
2. Integration of advanced sensing and environmental planning capabilities

3. Optimization of mechanical design, particularly for locomotion unit stability

during morphological transitions

4. Development of sophisticated manipulation strategies that fully leverage the

system’s hybrid nature

Limitations and Future Plans

Our analytical model operates under several significant assumptions and limita-
tions, resulting in a kinematic framework that captures only a subset of the robot’s
actual dynamics. This abstraction, while effective for initial control implementa-
tion, constrains our ability to fully leverage the 2SR robot’s inherent capabilities.
The control framework is consequently more limited than the robot’s physical po-

tential would allow.

For instance, a 2SR robot can translate laterally in a flexible mode because
very small bending forces occur along the robot’s elongated axis - a capability
our current model does not reflect. Similarly, the three derived cardioid-based
motion patterns represent only a fraction of the possible movement and deforma-
tion available in flexible states. The rich continuum of configurations accessible
through variable stiffness actuation extends far beyond our current mathematical

characterization.

Additional limitations emerge from our simplified treatment of wheel-surface in-
teractions, particularly during stiffness transitions and deformation phases. The
model inadequately accounts for the complex friction and slip patterns that de-
velop as the robot’s weight distribution shifts during morphological changes. These
simplified assumptions introduce discrepancies between predicted and actual be-

haviour, especially in scenarios involving substantial deformation.

The performance of the 2SR robot could be considerably enhanced by combin-
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ing our analytical model with machine learning techniques. Reinforcement learning
(RL) offers particularly promising avenues for enhancing the 2SR robot’s capabil-
ities beyond the limitations of our analytical model. Several specific implementa-

tions could address the current framework’s constraints:
Hybrid Model-Based /Model-Free Architecture

The unique hybrid nature of our 2SR robot presents an ideal case for combining
model-based control with model-free RL techniques. The analytical kinematics
could provide a structured baseline for stable behaviour, while RL components
could discover and exploit emergent dynamics not captured in our mathematical

formulation:

e The model-based controller could handle well-understood rigid-state locomo-

tion and basic shape transitions

e RL agents could progressively learn complex flexible-state behaviours, in-
cluding lateral translation and intricate deformation patterns beyond the

cardioid approximations

e Gaussian Process-based model learning could continuously refine the system’s

understanding of state transition dynamics during morphological changes
Hierarchical Reinforcement Learning Framework

The inherent structure of the 2SR robot—with its discrete stiffness states and

continuous motion control—naturally maps to a hierarchical RL architecture:

e High-level RL policies could learn optimal stiffness transition sequences for

different tasks and environmental conditions

e Mid-level policies could discover effective shape configurations for specific

manipulation scenarios

e Low-level controllers could optimize wheel actuation patterns to minimize

slip and maximize traction during flexible-state operations

This hierarchy aligns with our existing control architecture while enhancing its

adaptability through learning.

Learning Physical Interaction Dynamics
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A critical limitation in our current model involves wheel-surface interactions

during deformation. RL could directly address this through:

e Learning contact-aware policies that anticipate and compensate for wheel

slip

e Developing adaptive friction models that adjust motor commands based on

detected surface conditions

e Discovering optimal weight distribution strategies during morphological tran-

sitions to maintain traction

By incorporating these RL approaches, we could transcend the limitations of
our analytical model while maintaining stable, interpretable control. The resulting
system would progressively discover and exploit the full spectrum of capabilities
inherent in the 2SR robot’s hybrid rigid-flexible design, particularly in complex
manipulation scenarios requiring adaptive morphology beyond predefined motion

patterns.
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Chapter 6

Grasping and Manipulating

Curvilinear Objects

6.1 Problem Formulation

The major advantage of a 2SR robot lies in its ability to simultaneously move and
adapt its morphology by dynamically altering stiffness and motion modes. Most
significantly, it possesses the unique capability of full-body grasping — envelop-
ing objects with its body to create secure, conformable grasps. This distinctive
characteristic establishes a natural application domain: grasping and manipulat-
ing objects of arbitrary shapes. Through its morphology-changing capabilities, the
robot can reconfigure its body to envelope objects in a hugging manner, performing

versatile and adaptive grasps impossible for conventional rigid manipulators.

In this chapter, we explore scenarios where the robot must grasp objects of
arbitrary shapes and transport them to designated locations. This application

presents several interrelated challenges that must be systematically addressed:

Problem 6.1.1 (Implementation of full-body grasping). Determine the optimal
grasping configuration and procedural sequence that enables the robot to securely
grasp objects while minimizing disturbance to the target. This includes identify-
ing appropriate stiffness transitions, approach trajectories, and final morphological
adaptations that ensure both grasp security and efficient configuration for subse-

quent manipulation.
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Problem 6.1.2 (Transport optimization). Determine the manipulation and con-

trol strategies that ensure the successful transport of grasped objects.

A contact between a 2SR robot and a manipulandum can be described as a
mapping between forces exerted by the robot at the points of contact and the
resulting wrenches at the object’s center of mass. This relationship captures how
the robot’s applied forces translate into object motion during manipulation tasks.
We represent velocities and twists at both the contacts and on the object using
coordinate frames attached to the contact locations and the object’s reference
point, with the assumption that contact points remain fixed relative to the object

during manipulation.

The modeling of grasp and manipulation has been conducted based on the fol-

lowing assumptions:

1. The system operates in a planar (2D) environment, constraining all forces,

torques, and velocities to the horizontal plane

2. The robot achieves manipulation through continuous environmental con-

straint rather than traditional firm grasping:
e The robot cannot pull the object backwards

e Lateral object motion is limited due to the nature of the constraint-

based manipulation

e Manipulation primarily relies on a combination of pushing forces and

geometrical constraint through body envelopment
3. Surface friction is sufficient to maintain stable contact during manipulation.

4. No slippage occurs between robot and object, ensuring that contact points

maintain fixed positions relative to the object’s surface

5. Contact forces are effectively transmitted through the robot’s variable stiff-
ness structure without significant internal deformation that would compro-

mise the manipulation accuracy

6. Quasi-static conditions apply throughout the manipulation process, allowing

to neglect inertial effects and consider force equilibrium at each configuration
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6.2 Robot-Object Contact Model

The manipulandum is a right prism with an arbitrarily shaped closed curve as
its base. During manipulation, the 2SR robot establishes contact with this rigid
object primarily through its variable-stiffness bridge, which conforms to external
surfaces along its flat side, as illustrated in Fig. 6.1. This conformable interaction
represents a key advantage of the 2SR platform, allowing it to adapt to diverse

object geometries.

While the VSB may not achieve perfect surface contact with the object’s entire
contour due to geometric limitations and material properties, it establishes suffi-
cient contact area to develop a secure, stable grasp. This adaptive contact pattern
creates a mechanical constraint that effectively couples the robot and object mo-
tion. Under our assumption of no slip at the contact interface, this configuration
enables a direct kinematic mapping between the desired object twists and the

corresponding robot control velocities:
u, = Adr,, u,, (6.1)

where u, € R3 represents the robot’s "rigid" velocity vector (containing linear and
angular components), u, € R? represents the object’s velocity vector, and Adr,, is
the adjoint transformation that maps between these two coordinate frames. This

transformation is expressed as:

T

R(0ho) [”yo _b$0:|
0 1

Ady,, = (6.2)

In this formulation, R(6,,) is the rotation matrix representing the orientation
difference between the robot’s body frame and the object frame, while *z, and y,
are the Cartesian coordinates of the object’s center of mass with respect to the
robot’s body frame. The parameter 6, captures the relative angular orientation

between these frames.

This kinematic mapping is particularly important for manipulation planning, as
it allows us to determine the required robot motion that will induce a desired object

motion. The conformable nature of the VSB ensures that this relationship remains
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Figure 6.1: Schematic illustration of a 2SR robot transporting an object of arbitrary shape
along a prescribed path..

valid across a range of object geometries, provided the contact is maintained. The
efficacy of this contact model depends on maintaining sufficient normal forces at
the interface to prevent slippage. This is achieved through appropriate full-body
grasping and careful planning of the manipulation sequence to ensure stable contact

throughout the task execution.

6.3 Three-phase Full-body Grasping Strategy

To implement full-body grasping ability in a 2SR robot, several aspects should
be considered. First, we need to determine how the robot should be positioned
relative to the object for grasping - this defines the grasp configuration. Based on
this grasp configuration, we can then establish a target pose for the path planning
(navigation is discussed in detail in Chapter 7) that allows the robot to smoothly

transition into the grasping motion.

To achieve this objective, we establish a three-phase grasping strategy: approach
with default shape, grasp without contact, and final contact. The final contact
configuration qy = [xr,yy, 05, K1f, kog]T is derived from the object geometry by
satisfying several crucial conditions: maintain a suitable distance to the object
for stable grasping, maximize shape conformity between the robot and the object,
and ensure proper robot orientation to facilitate object’s translation in the desired

direction.

With object contour parameterized by ¢ € {0...1}, this configuration can be
established through the following procedure:

1. From the object’s initial position on the transport path, extend a line in the
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direction opposite to the local motion direction vector.

2. Locate the intersection point ¢y between this extended line and the object’s

contour: (z¢,yr) = (c(<), Ye(S0))-

3. The orientation component §; = 6.(g) is set to the tangent angle at the

contour intersection point.

4. Each segment curvature is computed from its contact region:

n

i = 3 el (6.3

=1

where k. (s;) is the contour curvature at the point ¢;, with n points spanning
VSS arc length.

Problem 6.3.1. While the final grasp requires full conformity to the object’s con-

tour, direct approach to this configuration risks object disturbance and oscillations.

Therefore, we additionally introduce an intermediate grasp q, and pre-grasp

pose x, by progressively offsetting from the final contact position by margin 4:

Qg = [zp + sin(0y), yr — 6 cos(0gf), Of, kag, raf]T

6.4
X, =[xy +2sin(0f), yr — 20 cos(0,f), 0f]. (64)

6.4 Object Path Tracking

Once the object has been grasped by the robot, it needs to be transported along
a predefined path. For this purpose, we implemented an MPC-based pure pursuit
algorithm for object path tracking. The pure pursuit controller is a geometric path-
tracking approach that calculates steering commands to guide the object along the

reference trajectory.

Definition 6.4.1. Let a set of points I' = {(z(n),y,(n)) | n € [0, N]} denote the
reference path, where N 1s the total number of points. Then, the trajectory state

at each point n is defined as:

X~(n) = [14(n),y,(n), 1y (n),vy(n)]T, (6.5)

Vv
pose X~
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where x.,(n),y,(n) are Cartesian coordinates of I'(n), 1, (n) is the heading angle,

and v, (n) is the prescribed velocity.

Remark 15. The object reference frame {O} is assigned such that its initial ori-
entation 0, coincides with the heading direction at the beginning of the reference
path 1,(0). Therefore, in the object control velocity vector U, = [Vogz, Voy, Wo|T, Vos

represents the heading velocity that we want to keep constant.

At each MPC update, we generate a reference trajectory over the prediction
horizon of N steps. Denoting the last traversed point on the path curve as ng, the

reference trajectory is initialized with:

X'(0) = [x,(n0), Vou]T, (6.6)

where v,, is the current heading velocity of the object. For subsequent points in
the prediction horizon k € {1...N} with time step duration At, we calculate the

accumulated travel distance:

k—1

d(k) = [v'(i)|At. (6.7)

1=0

The projected path index at step k is then computed as:

ng = ng + {@W , (6.8)

L
where L is the lookahead distance and |-] denotes rounding. The object’s reference

state is assigned according to this index:

ng), ifng <N
() = 4 (©9)
X~(n), otherwise.

Having generated the reference trajectory, we linearize the object’s dynamics for
use in the MPC controller. The object’s motion can be described by a discrete-

time linear state-space model around the reference trajectory. At each time step
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k, the linearized system dynamics is given by:

x(k+1) = A(k)x(k) + B(k)u(k), (6.10)
where
e X =X, — X is the object’s pose error
e U = u, — u denotes the control velocity error

e u' = [V/(k),0,0]T is the reference control input that maintains forward motion

along the path

The time-varying system matrices A (k) and B(k) are computed as:

10—/ (k) sin(des (k) At
A(K)= [0 1 o/(k)cos(ires (k)AL
0 0 1
At cos(tye (k) —Atsin(es (k) 0
B(k) = | Atsin(¢,e,(k))  Atcos(yes(k)) 0
0 0 At

(6.11)

Here, A(k) captures how the object’s state evolves over time without additional
control inputs, while B(k) represents how control inputs affect the state. The ma-
trices account for the nonlinear coupling between orientation and position through

appropriate trigonometric terms.

Local linearization around the reference trajectory approximates the nonlinear

system dynamics, allowing the MPC optimization problem to be formulated as:

N-1
minimize E (%, Q%) + u Ru, + AujRqAwy) + XN QeXy
X,V
) k=0

(6.12)
subject to X¢ = x, — x'(ng)

ik-&-l = Akik + kalk

where x, = [,, Yo, 0,]T is the current object pose.
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The cost function comprises:
e Position and orientation tracking errors penalized by Q
e Control effort penalties through R
e Control smoothness constraints via input rate penalties Rq

e Terminal state penalty Qg that ensures stability at the prediction horizon’s

end

The weighting matrices Q, R, Rg, Q¢ > 0 are carefully tuned to balance
path tracking accuracy against smooth, feasible motion that respects the physical

constraints of the robot-object system.

After solving this optimization problem at each control iteration, we extract the
optimal control deviation u and combine it with the reference input to obtain the
commanded object velocity: u, = u + u’. This object velocity command is then
transformed into robot control commands using the kinematic mapping established
in the contact model section (Equation (6.1)), ensuring coordinated manipulation

that guides the object precisely along the desired path.

The MPC-based pure pursuit approach offers several advantages for our specific
application, including the ability to anticipate path curvature, optimize motion
over a future horizon, and explicitly incorporate the physical constraints of the

2SR robot-object system into the control formulation.

6.5 Experiment: Transport of the Grasped Object
Along the Path

To validate the proposed grasp configuration and MPC-based manipulation strat-
egy, we conducted experimental trials involving the transport of four distinctly
shaped objects along predefined paths. The experiments were designed to test
both the robustness of the grasp configurations and the effectiveness of the MPC
pure pursuit algorithm under varying geometric conditions. In this section, we also
analyzed object grasping and transportation that occurred during experiments de-
scribed in Chapter 7.
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Experimental Setup

The experimental platform was constructed as a custom-designed testing environ-
ment housed within a 2.78 x 1.4 x 1.4m box frame (Fig. 6.2 (left)). The frame is
equipped with six OptiTrack cameras installed around its top perimeter to provide
comprehensive motion capture coverage of the workspace. An RGB camera is cen-
trally mounted on the top of the frame to provide additional visual monitoring of
the experiments. To ensure reliable robot motion, the platform floor is covered with

a non-slip silicone mat that prevents wheel slippage during manipulation tasks.

Figure 6.2: Left: Experimental platform.Right: Manipulandums of 4 different shapes: circle
(yellow), ellipse (green), heart (red), bean (purple).

For the experimental trials, we fabricated four manipulandums with distinct
geometric shapes: circle, ellipse, heart, and bean (Fig. 6.2 (right)). Each ma-
nipulandum is equipped with three support wheels to minimize friction with the
platform floor, enabling smooth motion during manipulation. To enable precise
tracking, three infrared (IR) markers are attached to the top surface of each ma-
nipulandum. The 2SR robot is equipped with nine IR markers: three on the head
link unit, one on the tail link unit, and five distributed along the variable-stiffness
bridge. This marker configuration allows us to accurately track not only the robot’s
position and orientation but also approximate the curvature of its segments during

manipulation tasks.

Given a set of marker points (x;,y;);_,, we approximate the robot’s shape using

parametric cubic splines. The process can be formalized as follows:

1. First, we fit a parametric spline curve r(s) = (z(s),y(s)), where s € [0,1]
is the curve parameter. This is achieved using B-splines with the following

properties:
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e Minimal smoothing (s=0)
e Cubic interpolation between points.

2. The arc length of the spline curve is computed as:

L= [ Weds = 3 Vil — G+ (e —vG0F (613

where N is the number of discretization points (1000 in the implementation).

3. The curve’s midpoint (x,,,y,,) is found by locating the point where the ac-

cumulated arc length equals L/2.

4. The heading angle 6 at the midpoint is computed from the tangent vector:
0 = arctan(y'(sm), ' (sm)) (6.14)

with continuity enforcement across the 7 boundary.

5. The curvature is computed separately for the first and second halves of the
curve using the standard differential geometry formula:
'(s)y"(s) —y'(s)z"(s)

S PPy 019

6. The mean curvatures for each half are then calculated:

o N2
KL= o 2 K(si)
, (6.16)
Ko = o | Z K(S;)
i=N/2+1

For each manipulandum, we conducted three experimental trials, each following
a unique reference path I'. These paths were generated using cubic Bézier curves

to ensure smooth transitions from the initial to the final configurations.

The path generation process can be formalized as follows. Given:
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o [nitial pose: Psiart € R?
o Target pose: Peng € R?
o [nitial heading: Ogqrt
e [Final approach angle: Ocpg.
The Bézier control points are defined as:
Po = Dstart
P = Pstart + dexit[cOS(Ostart), Sin(estart)]T

P2 = Pend — dentrance [Cos(estart + 6) Sin(estart + 6>]T
P3 = Pend

(6.17)

where d..;; and depirance are the exit and entrance distances that control the path

curvature.

The reference path T is then generated using the cubic Bézier formula:

B(t) = (1 —1)°Po+3(1 — )P, + 3(1 — t)t’P, + t°P3, t€[0,1]  (6.18)

The path is discretized into 100 points for practical implementation, providing

a dense representation while maintaining computational efficiency.

Task Execution

The transport experiment procedure began with manual positioning the 2SR robot
in a pre-computed grasping configuration around each target object. This exper-
iment was performed with all four manipulandums, with three trials per shape.
Real-time state feedback was provided by the OptiTrack system, enabling the
MPC-based pure pursuit controller to compute appropriate object and robot ve-
locities. Computed velocities were then transmitted to the M&M controller for

real-time robot motion execution.

Experiments presented in Chapter 7 assessed the robot’s complete manipulation
sequence: navigation through obstacles, object approach, grasping, and trans-

portation. These experiments were conducted exclusively with the heart-shaped
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object, with four trials per experiment. While Chapter 7 provides detailed analysis
of the navigation strategies and motion planning performance, the present chapter
focuses specifically on the grasping and transportation performance across all ex-
perimental trials. The crucial distinction between the pure transport experiments
and the navigation-included experiments lies in their initial conditions. In the
pure transport experiments, the grasping configuration was manually prepared in
advance, with the robot directly beginning at the transport phase. In contrast,
the navigation-included experiments evaluated the complete sequence, including

autonomous approach and full-body grasping before proceeding to transport.

Analysis

Figures 6.3 and 6.6 illustrate time-lapsed sequences of transportation tasks con-
ducted under two distinct experimental conditions: with manual pre-configured
grasping and with automated full-body grasping, respectively. The orientation
plots in Fig. 6.4(a) reveal distinctive manipulation characteristics across the differ-
ent object geometries, highlighting how object morphology significantly influences

manipulation stability and precision.

The ellipse-shaped manipulandum exhibited the most pronounced oscillatory
behaviour during transport, characterized by periodic fluctuations in orientation

tracking. This instability can be attributed to several factors:
e Its narrow profile and smaller footprint offered limited contact surface area

e The high curvature of its perimeter (exceeding the robot’s maximum achiev-
able curvature for variable-stiffness segments) prevented complete conformity
of the robot’s body

e The resulting loose grasp created opportunities for micro-slippage during

direction changes

e The lower rotational inertia of this smaller object made it more susceptible

to perturbations from uneven surface friction or minor control variations

These characteristics manifested as higher-frequency, lower-amplitude oscilla-
tions in the orientation plot, indicating continuous small adjustments by the con-

troller attempting to maintain the desired trajectory.
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Different shapes with no grasp

Figure 6.3: Time-lapsed sequences of transportation trials conducted with pre-configured grasp-
ing for four different object shapes. Each row represents a different manipulandum (circle, ellipse,
heart, and bean), and columns show three separate trials for each object.

In stark contrast, the bean-shaped object demonstrated remarkably stable ma-
nipulation performance across all trials. This enhanced stability stems from several

advantageous properties:

e [ts larger size provided substantially more surface area for contact establish-

ment

e [ts extended length along one axis significantly enhanced rotational stability

through increased moment of inertia

e The moderate curvature regions along its perimeter enabled better confor-

mity with the robot’s variable-stiffness segments
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e The asymmetric shape created natural "keying" points for the robot’s grasp

Particularly noteworthy was the performance in trial "Bean 1," where the robot
successfully executed an exceptionally sharp turn—a maneuver not achievable with
other objects. The quantitative analysis in Fig. 6.4(b) confirms the minimal slip-
page during this challenging manipulation. The plot reveals only minor deviations
occurring precisely during the sharp turn where higher rotational forces were re-

quired to redirect the object’s momentum.

This momentary slip manifests in the data as a slight orientation offset between
the robot and object at the turn’s completion. Notably, after this brief devia-
tion, the orientation profiles quickly realign and maintain close correspondence for
the remainder of the trajectory, indicating that the control system successfully
re-established secure contact and stable manipulation without requiring explicit
recovery actions. This self-stabilizing behaviour demonstrates the inherent robust-

ness of the combined mechanical compliance and control approach.

Other objects exhibited intermediate performance characteristics, with perfor-

mance quality generally correlating with:
1. The available surface area for contact establishment

2. The compatibility between object contour geometry and the robot’s achiev-

able morphological configurations

3. The object’s moment of inertia, which affects rotational stability during turn-

ing maneuvers

Figure 6.4(c) shows the system responses during trial "Ellipse 3", where the plot-
ted velocities represent control inputs. The object maintains a smooth heading ve-
locity of 0.05 along straight paths, with adaptive velocity reduction proportional
to path curvature. The robot’s heading velocity closely tracks the object’s target

velocity, exhibiting corrective oscillations around the object’s velocity profile.

The lateral velocity profiles demonstrate mirror symmetry with similar magni-
tudes but opposite signs, resulting from the configuration where the robot’s z-axis
and object’s g-axis are approximately orthogonal (6, &~ 90°). The elliptical ob-
ject’s narrow profile facilitates precise lateral control, allowing it to closely follow

the robot’s lateral motions. However, this geometric advantage in lateral manip-
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Figure 6.4: a) Comparison of orientation change over time across trials for different shapes (one
representative trial per shape) during the experiment with pre-configured grasp. (b) Comparison
of orientation change over time for robot and object during trial "Bean 1". (c) Tracking error
evolution and system responses during trial "Ellipse 3" showing heading, lateral, and rotational
velocities for both robot and object. (d) Comparison of position coordinates and tracking error
evolution between trials "Heart 7" and "Heart 9". (e) Box plot summarizing tracking errors
across different object shapes, where "h-g" denotes heart trials conducted with dynamic grasp.
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ulation presents challenges during rotational movements. The rotational velocity
profiles reveal significant corrective actions required from the robot to compensate
for limited contact surface and maintain the desired object orientation. This be-
haviour contrasts with the bean-shaped object, which exhibits more stable forward

pushing but requires greater effort for lateral adjustments.

Fig. 6.5 illustrates the time-lapsed sequences of the 2SR robot executing the
final two steps of the three-phase grasping method: transitioning from pre-grasp
to intermediate grasp configuration, followed by progression to final grasp contact.
The quantitative plots from trial "Heart 4" provide a comprehensive view of the
robot’s states and control inputs throughout this process. Initially positioned in a
default rigid, straight configuration at the pre-grasp pose (2-4 cm from the target
object), the system begins its transformation by initiating thermal activation of
both variable-stiffness segments. This phase transition from rigid to flexible states
is evidenced by the increasing temperature curves and the subsequent reduction

in segment stiffness.

Once sufficient flexibility is achieved, the robot employs specialized "flexible"
velocity controls to deliberately adjust the curvature of both segments. This de-
formation process is not passive but actively controlled by locomotion units that
induce specific bending patterns in the compliant structure. As the segments
progressively conform to the desired morphological configuration, we observe co-
ordinated changes in both curvature values (k; and ky) that reflect the robot’s

adaptation to match the target object’s contour geometry.

Upon completing the desired deformation profile, the robot initiates the solidifi-
cation phase, gradually cooling the low melting point alloy within bridge modular
units to lock in the acquired shape. After that, the controller makes subtle ad-
justments to the robot’s overall pose, optimizing alignment with the object before
establishing direct contact. It was observed that during this final phase minor
fluctuations in bridge curvatures persist despite the intended rigidity. These fluc-
tuations stem from the structural design’s inherent mechanical compliance that is

caused by small gaps between the modular units.

The phase transitions between different stiffness states are characterized by dis-
tinct waiting periods, during which locomotion controls remain inactive while ther-

mal management continues. These deliberate pauses appear as plateaus in the



111

;

c_ _ | —_ e
§ 15 ‘: : w 5| T VX “rigid” linear
€ -20 — X <—— flexible ‘ g — V.Y velocities
— _— | .. | —
E= s y | rigid ‘ E 0 diustment
S — R pose adjustmen
1T I ~N
7 (1 \ o
S transition | | transition \ —
! o X 0
x  0{ toflexible !]J to rigid ‘ =
— I | & [T T
© 1 | = I'lglld rot
= | © velocity
D —2 | : —-10
] T i
.—I'c_' | [ £ 5 — v
10 ! D N
é E 0 V_2
:E; = robot A .
o O o =51 deformation flexible” velocities
v 1
5) 60 0 — segl
= \ E - - seg?
3 | ;
o 40 \ ]
[ \ o
i £ 0
25 50 75 100 125 150 25 50 75 100 125 150
Time [s] Time [s]
States Control Inputs

Figure 6.5: Top: Time-lapsed sequences of the 2SR robot executing full-body grasping on a
heart-shaped object during the fixed-morphology experiment. Bottom: System responses during
trial "Heart 4" showing robot states (pose, curvatures and temperature feedback) and control
inputs (target velocities and stiffness transition commands) throughout the grasping process.

state and control input plots, allowing sufficient time for temperature changes to
propagate through the LMPA material. A notable asymmetry is observed between
the two segments’ thermal responses, with the second segment consistently dis-
playing faster temperature changes. This differential behaviour may be attributed
to geometric factors (smaller accumulative alloy volume in the second segment),
manufacturing variations in the embedded heating elements, or differences in heat

dissipation conditions.

The quality of the final contact configuration profoundly influences subsequent
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manipulation performance. Our experiments reveal that major imperfections dur-
ing grasp establishment can propagate into significant challenges during transport.
In several instances, the robot’s locomotion units inadvertently disturbed the ob-
ject during the approach and contact phases, creating initial misalignments with
the intended reference path. These disturbances typically manifest when the robot
fails to achieve perfect orientation or overshoots its target location at the grasp

configuration.

Figure 6.6 illustrates the consequences of such grasp imperfections, showing os-
cillatory motion patterns that emerge during the initial transport phase. These
oscillations represent the control system’s continuous effort to reconcile the ini-
tial misalignment with the desired trajectory. The comparative analysis in Figure
6.4(d) provides quantitative evidence of this phenomenon, contrasting the posi-
tion coordinates and tracking error evolution between trial "Heart 7" (exemplify-
ing near-perfect grasp execution) and trial "Heart 9" (showing object disturbance

during grasp).

In the disturbed case, the initial transport phase exhibits pronounced deflections
and oscillatory behaviour as the controller works to accommodate the misalign-
ment. However, despite these challenging initial conditions, the robot demon-
strates satisfactory recovery capabilities. Over time, the control system success-
fully achieves stabilization through a combination of active corrections and the
inherent mechanical compliance of the robot-object interface. This self-stabilizing
behaviour highlights the robustness of our approach, which gradually attenuates
initial disturbances without requiring explicit recovery actions or regrasping pro-

cedures.

The comprehensive error analysis presented in Figure 6.4(e) reveals distinct per-
formance patterns across different object geometries. The circular manipulandum
consistently demonstrates the lowest median tracking error, attributable to its
uniform curvature that creates an optimal contact profile with the robot’s flexible
segments. This geometric compatibility allows for more uniform pressure distribu-

tion along the contact interface, reducing the likelihood of localized slip.

The bean-shaped object presents an interesting case with a lower median error
than the elliptical manipulandum but substantially greater variance in its error

distribution. This increased variance is primarily attributable to the challenging
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Heart with grasp

Figure 6.6: Time-lapsed sequences of transportation trials with dynamic grasping performed
on a heart-shaped object (left column - fixed-morphology experiment, right column - adaptive-
morphology experiment).

sharp turn executed in trial "Bean 1," where the robot momentarily exceeded the
friction limits at the contact interface. Despite this transient slip event, the overall
manipulation remained stable due to the object’s favorable moment of inertia and

extended contact area.

As anticipated, the navigation-inclusive experiments accumulate larger cumu-
lative errors compared to the pure transport trials. This increased error stems
from the cascading effects of grasp-related disturbances that create initial condi-

tion deviations. Nevertheless, a key finding is that these larger initial errors do
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not prevent successful task completion. The 2SR robot successfully executed all
assigned manipulation tasks across all experimental conditions, demonstrating the
fundamental robustness of our variable-stiffness manipulation approach even under

non-ideal grasping conditions.

This resilience to initial condition variations represents a significant advantage
for practical robotic manipulation applications, where perfect grasping cannot al-
ways be guaranteed. The system’s ability to gradually stabilize and complete
transport tasks despite initial misalignments suggests that our combined morpho-
logical adaptation and control approach offers a promising direction for robust

manipulation in unstructured environments.

6.6 Summary

This chapter explored the unique capabilities of the 2SR robot for full-body grasp-
ing and manipulation of objects with arbitrary shapes. The robot’s variable stiff-
ness structure enables it to conform to diverse geometries in ways impossible for

conventional mobile robots, creating an adaptive interface for secure manipulation.

We began by formulating two key challenges: implementing effective full-body
grasping configurations and developing optimal transport strategies for manip-
ulandum control. We established a contact model that maps robot and object
twists, enabling coordinated manipulation through a direct kinematic relationship
between robot and object velocities. This model operates under assumptions in-
cluding planar operation, continuous environmental constraint, sufficient friction,

no-slip conditions, effective force transmission, and quasi-static conditions.

A three-phase strategy for full-body grasping with the 2SR robot was introduced.
It includes the following steps: approach, grasp without contact, and final contact.
The robot’s final contact configuration is derived from the object geometry by en-
suring appropriate distance, maximizing shape conformity, and maintaining proper
orientation for subsequent object transport. To prevent object disturbance dur-
ing approach, the strategy incorporates both an intermediate grasp configuration
and a pre-grasp pose by progressively offsetting from the final contact position.
This graduated approach allows the robot to achieve stable, conforming grasps of

objects with arbitrary geometries while minimizing the risk of unintended object
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movement during the grasping process.

For object path tracking, we developed an MPC-based pure pursuit algorithm
that generates reference trajectories over a prediction horizon, linearizes object dy-
namics around this reference, and solves a quadratic optimization problem to de-
termine optimal control inputs. This approach balances tracking accuracy against

smooth, feasible motion while anticipating path curvature.

Experimental validation assessed the system’s performance with four differently
shaped objects (circle, ellipse, heart, and bean) under two experimental conditions:

pre-configured grasping and autonomous full-body grasping. Key findings include:
1. Object geometry significantly influences manipulation stability:

e Circular objects demonstrated the most consistent performance due to

uniform curvature

e Bean-shaped objects provided excellent rotational stability through ex-

tended contact area

e Elliptical objects presented challenges due to limited contact surface

and high curvature
2. The three-phase grasping method effectively adapts to object shapes:

e Thermal transitions enable strategic alternation between flexibility for

morphological adaptation and rigidity for force transmission

e Controlled deformation allows deliberate shaping of the robot’s body to

match object contours

e The inherent compliance of the variable-stiffness structure provides pas-

sive adaptation to minor object variations
3. Grasp quality significantly impacts subsequent transportation performance:
e Imperfect grasping can cause oscillations during initial transport

e The system demonstrates self-stabilizing capabilities that gradually at-

tenuate initial misalignments
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e Despite larger errors in trials with autonomous grasping, the system

successfully completed all manipulation tasks

The system demonstrated remarkable robustness across varied experimental con-
ditions, successfully transporting objects even under non-ideal grasping configura-
tions. This adaptability represents a significant advantage for practical applica-

tions in unstructured environments.

The integration of adaptive morphology through variable stiffness with predictive
control strategies creates a manipulation system that effectively leverages both
mechanical intelligence and algorithmic optimization. This synergistic approach
enables the 2SR robot to achieve adaptive, secure manipulation of diverse object

geometries while maintaining precise trajectory control during transport tasks.
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Chapter 7

Traversing Cluttered Environments

7.1 Path Planning with Fixed Morphology

Path planning in cluttered environments presents unique challenges when a mo-
bile robot has an elongated shape. Unlike point-mass robots where only position
matters, the robot’s orientation becomes crucial for successful navigation. This
section presents a planning approach for a rectangular-shaped mobile robot tasked
with reaching and grasping objects in environments with obstacles. The proposed

method addresses two key challenges:

Problem 7.1.1. First, while traditional sampling-based planners like RRT* excel
at finding collision-free paths for point robots, they become computationally expen-
siwe when directly applied to both position and orientation planning. Random sam-
pling in the full configuration space often leads to collisions, significantly increasing
planning time or causing failures. Second, rapid orientation changes, even if the-

oretically valid, may be difficult to execute precisely during physical experiments.

To overcome these limitations, we decompose the planning problem into position
search and orientation control. The former utilizes rapidly exploring random trees
(RRT*) to efficiently explore the workspace and find optimal paths between start
and goal positions. The orientation is then generated using an artificial potential
field (APF) that considers multiple factors: obstacle proximity and alignment,
goal orientation, and path smoothness. This decomposition significantly reduces

the computational burden while ensuring smooth and practical trajectories.
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7.1.1 Position Search with RRT*

The schematic figure 7.1 demonstrates a potential scenario when a robot is tasked
to approach, grasp, and transport an object along a specified path. The object’s
initial location and geometry are known, as well as the desired transportation tra-
jectory. Before the actual manipulation can begin, the robot must safely navigate
through the workspace to reach a suitable pre-grasp position near the object. This
approaching motion must be carefully planned to avoid collisions with obstacles

while ensuring that the final configuration allows for a secure grasp of the object.

The pre-grasp location x/. is determined according to (6.4). It is going to serve as
a target destination for the path planner. For environments with minimal clutter,
the robot can maintain its default rigid configuration throughout the navigation
phase. This eliminates the need for complex shape changes during transit, effec-

tively reducing the problem to conventional rigid body motion planning.

Since no morphological variations are required, bridge curvatures in configura-
tion x/ are ignored. By preserving a constant shape profile with straight bridge
segments, we can simplify the robot’s collision boundary as a rectangular shape
with length [ and width w, where [ > w. VS segments transition to flexible upon
reaching the object and deform to match q, (offset ensures adequate space for

reshaping). Finally, the robot establishes contact with the object at qy.

__-manipulandum .

s

A

desired iject’s path

target grasp configuration

- target for the path planning task

workspace boundaries ------- >

v

Figure 7.1: Schematic representation of the manipulation planning scenario: workspace layout
showing the robot, obstacles, object with its desired transportation path, computed grasp con-
figuration, and the corresponding path planning target.
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Definition 7.1.1. During path traversal, the robot maintains a default rigid con-
figuration with straight segments, allowing its collision boundary to be approz-
mmated as a rectangle. This simplification permits us to ignore curvature con-
straints and define the path planning problem as finding a sequence of poses I', =
(X005 oy Xy ooy X0 T where X, = [Prg, 0rk]T € C C R?2 xS, k € N. The con-
figuration space C is constrained by workspace boundaries and obstacles, requiring

collision-free paths from the robot’s initial location X, = [y, Yp, 6p]T to target x..

Our solution for this problem combines the RRT* (Rapidly-exploring Ran-
dom Tree Star) algorithm for position sampling with an Artificial Potential
Field (APF) approach for orientation guidance. This hybrid approach leverages
the strengths of both methods: RRT* excels at efficient exploration of the posi-
tion space and finding collision-free paths in complex environments, while APF
provides a computationally efficient way to determine suitable orientations based

on workspace geometry and task constraints.

The RRT* algorithm is particularly well-suited for position planning due to its
probabilistically complete nature and asymptotic optimality guarantees. It effec-
tively handles the non-convex constraints imposed by workspace obstacles and the
robot’s rectangular geometry. However, directly applying RRT* to the full configu-
ration space, including orientation, would significantly increase the computational
complexity and potentially lead to inefficient exploration due to the periodic nature
of angular coordinates. Instead, the orientation at each sampled position is com-
puted using an APF-based method that considers the local workspace geometry

and target configuration.

|

Generate new pose

Random
pos

Add new
pos to tree

Add initial
pose to tree

Start >

. <
Rewire [T > Tree

Figure 7.2: Flow chart illustrating the main steps of the hybrid path planning algorithm,
combining RRT* for position sampling with APF-based orientation guidance.
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The flow chart in Fig. 7.2 illustrates the working principle of the proposed
approach. The RRT* algorithm constructs a tree 7 = (X, E) where vertices X
represent robot configurations and edges E represent feasible transitions between
configurations. Each node maintains position coordinates, orientation angle, par-
ent reference, and cost-to-come value. The tree grows incrementally through the

following steps:

1. Initialization: The tree is rooted at the initial configuration x, o, storing its

position, orientation, and a cost-to-come value of zero.
2. New Pose Generation:

e Position Sampling: A new position p; e, is randomly sampled within
the workspace boundaries. The sampling is biased towards the target

position with probability pg.e to improve convergence.

e Orientation Assignment: The orientation 0, ., at the sampled po-
sition is computed using the APF method, which is detailed in the sub-
sequent section. This approach ensures the robot’s orientation aligns

with both local obstacle constraints and the global task objective.

3. Collision Checking: The local path connecting the closest node from 7T to
the new configuration X, new = [Prnew, Ornew|T 18 checked for collisions. If a
collision is detected, the sample is discarded, and the algorithm returns to
Step 2.

4. Node Addition: If the path is collision-free, X, ,,¢,, is added to the tree. The
algorithm then searches within a neighborhood radius r for potential parent

nodes that could provide a lower cost-to-come value.

5. Tree Rewiring: The algorithm examines if X, .., can provide better paths
with lower cost to existing nearby nodes. If such opportunities are found,

the tree is rewired to maintain optimality.

6. Termination Check: The algorithm checks if target x, is reachable from the
new node with a collision-free path I',.. If successful, the algorithm termi-

nates; otherwise, it continues from Step 2.
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7.1.2 Orientation Control via APF

The orientation 6, ., at each sampled position during RRT* is determined using
an Artificial Potential Field (APF) approach that balances three key influences:

obstacle repulsion, goal attraction, and path smoothness.

Definition 7.1.2. Fach obstacle in the workspace is defined as a polygon with a
set of vertices O; = {Pi1, Pi2; - Pin; }> Where p;j € R? denotes the j-th vertex of
the i-th obstacle, and n; is the number of vertices in obstacle i, see Fig. 7.53(left).
The complete workspace obstacle set is denoted as O = {0y, Os, ..., O}, where m

1s the total number of obstacles.

The total potential function U at each RRT* sampling step can be calculated

as a weighted sum:
U(pr,k; O) - )\oUobs(pr,lm O) + )\gUgoal(pr,k) + /\pUpar7 (71)

where coefficients \,, A;, and A\, are weights for obstacle, goal, and parent node

potentials.

The obstacle repulsion potential U,,s combines distance-based repulsion with an
orientation alignment, encouraging configurations where the robot’s longitudinal
axis parallels nearby obstacles. For each obstacle O; € O, the potential is only
considered when the robot is within a threshold distance dipresn = 20, where [ is

the robot’s length. Thus, the obstacle potential can be found as:

o (Pr g Oi)| — 3
Uobs pr k: Z 2 . (72>
0;€0 prkao)

Here, d(p,x, O;) denotes the minimum distance between robot and obstacle O;
and a(p,x, O;) represents the angle between the robot’s longitudinal axis (defined
by 6.5) and the vector from the robot’s centre to the i-th obstacle’s centroid.
This formulation creates a potential field that simultaneously pushes the robot
away from obstacles while encouraging parallel alignment with them when in close

proximity.

The goal attraction potential U is designed to align the robot’s orientation

with the goal configuration while considering the distance to the goal. This poten-
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Figure 7.3: Left: Geometrical features of the obstacle and robot polygons used when calculating
the obstacle repulsion potential. Right: Artificial potential field visualization with orientation
optimization. Blue arrows show the optimal orientation at each point. The robot’s initial position
(solid yellow) and target position (transparent yellow) are shown, along with obstacles (grey).

tial is calculated as: 6 o)
rk — Uy
Ugoal(pr,k) - m7 (73)
where 0/ is the desired orientation at the goal configuration, and d(p,x, p)) is
the Euclidean distance between the robot’s current position and the goal position.
The denominator term makes the goal orientation influence stronger as the robot

approaches the target.

The parent node influence potential Up,, promotes path smoothness by penaliz-

ing sharp changes in orientation between consecutive configurations:
Upar - |0r,k - 0par|a (74)

where 6, is the parent node’s orientation in the RRT* tree.

Given the defined potential terms, the optimal orientation 6, ; for a sampled

pose is determined by solving the following optimization problem:

minimize  U(p,x, O)
er,k (75)
subject to  d(p,x, O) >0 (collision-free configuration).
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The complete orientation control algorithm is summarized in Algorithm 4:

Algorithm 4: APF-Based Orientation Optimization
Input: robot position p,;, obstacle set O, parent orientation 60,,,, goal
position p, goal orientation 0, weights A,, A,, A,
Result: optimal orientation 0,
1 Initialize: Opest <= Opar; Umin < 00;
2 Compute distance threshold: dipresn <= 20 (where [ is robot length);
3 for 0.5 € [—m, 7| with step A6 do
4 | if d(q,;,0) <0 then

5 L continue;

6 Uobs — 0;

7 for each obstacle O; € O do
8 di <= d(prk, O);

9 if d; < dypresn, then

|| =31,
Uobs — Uobs + —

11 a5

10 L a; < a(pri, 0:);

/Y.
12 dgoal — d(pr,ka pr)7
Otest —0,
13 Ugoal < [rest =6

dgoal

14 Upar — |0test - 0par|;

15 Utotal — >\0Uobs + AgUgoal + )\pUpar;
16 if Uiotar < Uppir, then

17 L Umin A Utotal;

18 ebest — etest;

19 er,kz — ebest;
20 return 0,

Introduced method provides a stable path planning approach for rectangular-
shaped mobile robots in cluttered environments. The algorithm separates position
and orientation planning, using RRT* for finding optimal collision-free paths and
APF for determining suitable orientations. The orientation control considers ob-
stacle proximity, goal configuration, and path smoothness, ensuring practical tra-
jectories that account for the robot’s elongated shape, example instance of APF
execution is illustrated in Fig. 7.3(right). This decomposition significantly reduces

computational complexity while maintaining effective navigation capabilities.
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7.1.3 Experiment and Performance Analysis

The effectiveness of the proposed hybrid RRT*-APF path planning algorithm
was validated through a comprehensive manipulation experiment that combines
navigation, full-body grasping, and transportation tasks with a heart-shaped ma-
nipulandum. The experiment was designed to evaluate the algorithm’s perfor-
mance in a typical pick-and-transport scenario, where the robot must traverse a
cluttered environment, achieve an optimal pre-grasp configuration, grasp the ob-

ject and successfully manipulate an object along a predetermined path.

The experimental setup uses the platform introduced in Chapter 6, equipped
with an OptiTrack motion capture system and an overhead RGB camera for en-
vironmental perception. The workspace contains multiple identical obstacles (3D-
printed blue rectangular blocks with rounded corners, measuring 16 x 8 X 6 cm)
and a heart-shaped target object. This setup creates a structured yet challenging

environment that requires the robot to:

1. Navigate safely between obstacles while maintaining appropriate configura-

tions for collision avoidance

2. Achieve precise positioning at the pre-grasp location while considering the

object’s geometry

3. Execute a stable enveloping grasp that minimizes object displacement and

ensures reliable manipulation

4. Transport the object smoothly along the predetermined path while main-
taining grasp stability

System Initialization and Environment Mapping

Prior to executing the experiment, several preparatory steps were completed to es-
tablish a comprehensive understanding of the workspace. The experimental setup
leverages the OptiTrack motion capture system, which provides continuous and
precise tracking of both the robot’s configuration and the object’s pose throughout
the entire experimental procedure. With the given object’s contour, we generate
a desired manipulation path using a Bézier curve, carefully maintaining a safe
distance from the obstacles positioned behind the path’s direction. This path gen-
eration process follows the methodology previously detailed in Chapter 6. Based
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on this established path, we then compute the necessary grasp and pre-grasp con-

figurations using Equations (6.4).

The environmental perception is achieved through an overhead RGB camera
system. The obstacle detection pipeline is implemented using Python OpenCV,
which begins with identifying obstacle contours in the camera frame. These con-
tours are then approximated to four-corner polygons for simplified representation

while maintaining accurate obstacle boundaries.

Remark 16. A heart-shaped manipulandum is also treated as an obstacle dur-
ing navigation, but with its contour represented by a higher-resolution polygon
approxzimation to capture its more compler curvature. For grasping operations,
however, we employ a more precise parametrized contour representation defined as
Co = (€0(S))cco..1, where < traces the normalized arc length along the boundary.
This detailed representation is processed using elliptical Fourier descriptors, en-
abling accurate computation of local curvatures and tangent vectors essential for

optimizing the robot’s conformable grasp configuration.

Obstacles’ coordinates are then transformed from the camera frame to the global
coordinate system (after the calibration procedure). As a final step, each polygon is
uniformly expanded by 2 cm to create safety buffer zones for conservative collision
avoidance. With all elements in place - tracked poses, desired path, grasp configu-
rations, and processed obstacle information - the workspace is fully characterized
and ready for the execution of the RRT*-APF algorithm.

The complete initialization procedure is summarized in Table 7.1.

Step Description Input Output
1 Initialize robot and object Shape id X0, (Xo, Co)
2 Generate manipulation path X, r,
3 Calculate grasp configurations X, L'y qy, X,
4 Identify obstacles RGB camera frame (@)

Table 7.1: Summary of system initialization and environment mapping steps.
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Implementation of the Hybrid RRT*-APF Algorithm

The experimental validation consisted of four distinct scenarios, each featuring
2-3 obstacles with varying configurations of robot initial pose, manipulandum’s
position, and obstacle placement. Each scenario presented unique navigation chal-

lenges requiring adaptive path planning and precise orientation control.

The top panel of Fig. 7.4 provides a visual representation of the algorithm’s oper-
ation. The exploration process is depicted through the network of white nodes and
connecting edges, with directional arrows indicating the locally optimal orientation
determined by the APF method at each sampled configuration. This visualization
demonstrates how the potential field approach influences the robot’s orientation
throughout the search space, adapting to both obstacle proximity and goal align-
ment requirements. The final path I',., highlighted in green, illustrates the optimal
route from the robot’s initial pose to the designated pre-grasp configuration near

the heart-shaped manipulandum.

The planner’s efficiency is evident in its rapid convergence typically requiring
only four to five exploration steps to identify a feasible path. This sparse path rep-
resentation is subsequently enriched through linear interpolation, generating ad-
ditional waypoints that ensure smoother transitions between configurations. The
interpolation process maintains the core trajectory while mitigating abrupt direc-

tional changes that could compromise control stability during physical execution.

The quantitative performance metrics in the lower panels of Fig. 7.4 reveal
important characteristics of the planning method. The orientation tracking plot
demonstrates how the robot adjusts its heading early in the trajectory, making
major orientation corrections during the first 40-50% of the path. This front loaded
adjustment strategy allows the robot to establish proper alignment well before
approaching the manipulandum, transitioning smoothly toward the precise pre-

grasp orientation required for successful object interaction.

The clearance metrics provide insight into the algorithm’s obstacle avoidance
capabilities. It depends on distance and robot’s orientation, being computed as

the minimum distance between the robot’s geometry and all surrounding obstacles.
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For each robot’s pose %, in the path, the clearance c¢(x, ) is calculated as:

c(Xr) = min oo, Ip —dll2, (7.6)

where R(x, ) represents the set of points defining the robot’s geometric boundary.

Maximum clearance naturally occurs at the initial configuration, typically po-
sitioned away from obstacles. As the robot navigates through the constrained
workspace, clearance values fluctuate based on the proximity to different obstacles.
Trial "Heart 4" exhibited the most challenging navigation sequence, recording the
minimum clearance (approximately 0.2 m) when passing between closely spaced
obstacles. This minimum occurs at an interpolated point between two RRT* nodes,

highlighting a limitation of the discrete sampling approach.

Remark 17. This observation reveals a crucial trade-off in the planning method:
interpolated points inherit orientations without explicit APF optimization. Had a
search node been placed at this precise location, the APF method would have calcu-
lated an orientation parallel to the nearby obstacle, potentially increasing clearance
by aligning the robot’s longitudinal axis with the obstacle boundary. We could
address this limitation by reducing the search step size, generating more densely
distributed nodes with individually optimized orientations. However, this approach
would significantly increase computational overhead — a critical consideration for

real-time applications.

Our implementation strikes a pragmatic balance between optimization quality
and computational efficiency. The safety margins incorporated into the obstacle
definitions (expanded polygons accounting for robot dimensions) ensure that even
interpolated configurations maintain sufficient clearance for collision-free naviga-
tion. This design choice prioritizes planning speed while preserving the fundamen-

tal safety constraints essential for reliable physical execution.

The consistent successful execution across all four experimental scenarios demon-
strates the practical robustness of our approach. Despite the inherent limitations
of discrete sampling and interpolation, the planning framework reliably gener-
ates executable trajectories that navigate complex environments while maintaining
appropriate clearance and arriving at precisely oriented pre-grasp configurations

ready for the subsequent manipulation phase.
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Figure 7.4: Path planning using the RRT*-APF method for navigating the 2SR robot through
a cluttered environment to reach the target object. Bottom: Evolution of obstacle clearance
and robot’s orientation along the path waypoints.
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Task Execution and Performance Analysis

Fig. 7.5 shows the physical implementation of the planned navigation strategy.
The M&M controller executes the derived path T',. by sequentially processing each
waypoint, generating appropriate control signals that produce smooth acceleration
and deceleration profiles. As illustrated in the velocity control input plots, the
controller implements brief stabilization periods at critical waypoints to ensure
precise positioning before initiating subsequent trajectory segments. This approach
mitigates accumulated positional errors and enhances system stability throughout

the execution process.

The evolution of the robot’s states and clearance metrics over time exhibits
strong correlation with the planned profiles depicted in Fig. 7.4, validating the
feasibility and accuracy of our planning framework. Minor discrepancies between
planned and executed trajectories manifest primarily as transient positional over-
shoots at target waypoints. These deviations stem from the 2SR robot’s elon-
gated morphology, which introduces asymmetric inertial characteristics and non-
holonomic constraints that complicate precise orientation control. Unlike robots
with symmetric geometries (e.g., differential drive platforms), the 2SR’s extended
body creates momentum effects during rotational maneuvers that require addi-
tional settling time — a characteristic accounted for in our controller’s design

through adaptive deceleration profiles.

The box plot analysis in Fig. 7.5 provides quantitative insights into the me-
chanical performance of the variable stiffness segments during rigid states. By
measuring curvature variations — a key indicator of structural integrity — we
evaluated the consistency of shape maintenance throughout the navigation pro-
cess. These variations arise from the inherent flexibility of the bridge design that

is mostly caused by its modular structure.

The first VS segment demonstrates superior shape consistency, characterized
by a near-zero median curvature and a relatively narrow distribution ranging be-
tween 2 and 5 m~!. In contrast, the second segment exhibits both higher median
values and wider distribution spread, indicating reduced stiffness and greater sus-
ceptibility to deformation under dynamic loading conditions. This performance
differential, when considered alongside the faster thermal response and more rapid

phase transitions observed in Fig. 6.5, suggests a material composition variance
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Figure 7.5: Top: Time-lapse sequence showing the 2SR robot navigating through a cluttered
environment using the hybrid RRT*-APF path planning method in four different scenarios. Bot-
tom: System response data during experiments, including: robot pose evolution, velocity control
inputs and clearance measurements over time for trial "Heart 6", and box plots of VS segment
curvature variations across trials (indicating rigidity maintenance).

between segments. Specifically, the second segment likely contains a lower vol-
umetric fraction of Field’s metal within its modular units, resulting in reduced

thermal mass and diminished mechanical rigidity.

Notably, trial "Heart 7" presents an anomalous pattern with significantly re-
duced curvature fluctuations across both segments. This exceptional performance
correlates directly with the predominant motion pattern in this particular sce-
nario, which features primarily lateral displacement (movement along the robot’s
longitudinal axis) rather than forward/backward progression. This motion profile
generates substantially lower bending moments across the robot’s structure, as
the primary forces align with the robot’s axis of greatest stiffness. The reduced
mechanical loading consequently minimizes flexural deformation, preserving the

intended rigid-body kinematics essential for accurate navigation.

The systematic analysis of these navigation experiments demonstrates the ro-
bustness of our integrated planning and control framework across diverse environ-
mental configurations. The controller successfully compensates for the inherent
mechanical limitations of the variable stiffness design, maintaining sufficient posi-
tional accuracy while leveraging the morphological advantages of the 2SR robot.

These navigational capabilities establish the essential foundation for the subse-
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quent manipulation phase, enabling precise positioning of the robot prior to grasp-

ing engagement.

The comprehensive analysis of full-body grasping mechanics and object manipu-
lation strategies has been presented in Chapter 6, where we examine the transition
from navigation to interaction and the adaptive control methodologies employed

during conformable manipulation tasks.

7.2 Motion Planning with Adaptive Morphology

While the RRT*-APF method demonstrated effectiveness in moderately cluttered
environments, it encounters limitations in heavily obstructed scenarios. Fig. 7.6
illustrates a case where path planning fails: the target object is surrounded by ob-
stacles positioned in a configuration that prevents direct robot navigation, causing
RRT*-APF to fail despite extensive search attempts.

TRANSITION

T1 I rigid
T2 I rigid

Figure 7.6: The hybrid RRT*-APF algorithm fails in a highly cluttered environment.

Problem 7.2.1. The integration of shape adaptation significantly expands the con-
figuration space to include five generalized coordinates, two stiffness states, four
motion modes. This expansion introduces the challenge of planning not only mo-
tion trajectories but also coordinated shape deformations and stiffness transitions,

resulting in a high-dimensional planning problem.
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To address this increased complexity, we developed a multi-step method that
systematically decomposes the problem into manageable components, with each

successive step refining the solution. The method consists of the following phases:

1. Environment Analysis: Utilizes Voronoi diagrams to identify theoretically
traversable narrow passages. Voronoi diagrams are particularly suitable as

they naturally identify the maximum clearance paths between obstacles.

2. Critical Point Path Planning: Determines feasible paths for three crucial
robot points (front, middle, and rear) within the Voronoi graph. These points

define the robot’s fundamental shape during navigation.

3. Configuration Fitting: Maps feasible robot configurations to the identified

point sequences and ensures the planned shapes are physically reachable.

4. Traverse Configuration Selection: Identifies key configurations that de-

fine the complete traverse.

This discrete, step-based approach significantly reduces computational complex-
ity compared to continuous-space solutions, making it tractable for real-world ap-
plications. Each of these steps will be discussed in detail in the following subsec-
tions, providing comprehensive insight into the methodology and implementation

of each phase.

7.2.1 Voronoi Analysis

The first step in our method involves analyzing the environment to identify po-
tentially traversable narrow passages. We employ Voronoi diagrams, a geometric

structure that partitions space based on the proximity to a set of points.

Definition 7.2.1 (Voronoi Cell). For an obstacle O; € O within the workspace,
its Voronoi cell V(O;) is the set of all points in the configuration space that are

closer to O; than to any other obstacle:
V(O,) = {v eR?|d(v,0;) <d(v,0;),Vj # i}, (7.7)

where d(v,Oi) = mingep, ||V — p||2 denotes the minimum Euclidean distance be-

tween point v and obstacle O;.



133

Definition 7.2.2 (Voronoi diagram). The complete Voronoi diagram V(O) is the
collection of all Voronoi cells (V(O;))p,.co, partitioning the workspace into regions
based on proximity to obstacles. The boundaries between adjacent Voronotu cells
form the Voronoi edges, which represent points equidistant from the two nearest
obstacles. The intersection of multiple Voronoi edges forms Voronot vertices, which

are equidistant from three or more obstacles.

The Voronoi diagram provides a powerful spatial decomposition framework par-

ticularly well-suited for our robot navigation task due to several key properties::

e Voronoi edges represent paths of mazimum clearance between obstacles, nat-

urally biasing trajectory planning toward safer corridors in the workspace

e Voronoi vertices serve as critical decision points where multiple clearance-
maximizing paths intersect, enabling efficient topological reasoning about

viable navigation routes

e The diagram provides a complete decomposition of free space, systematically

covering all potential passages regardless of environmental complexity.

This geometric structure enables us to transform the continuous navigation prob-

lem into a discrete graph search problem while preserving essential safety guaran-

« Obstacles Points
Passages

0.4

0.2

0.0

-0.6 -0.4 -0.2 0.0 0.2 04

Figure 7.7: Left: Highly cluttered environment with detected obstacles. Right: Voronoi
diagram of the environment. The traversable passages are highlighted in blue.
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tees. Fig. 7.7 illustrates the resulting spatial decomposition in our experimental

workspace.

From the Voronoi diagram, we construct a weighted graph G = (V,E) where
vertices V' correspond to Voronoi vertices and edges E connect adjacent vertices

along Voronoi edges. Fach vertex v € V has an associated clearance defined as:

c(v) = min d(v, ;). (7.8)

0,0

This clearance value represents the minimum distance between the vertex and
any obstacle in the environment, providing a direct measure of navigational safety

at that point.

Each edge e € E with endpoints (vy, vy) has length /(e) and clearance c(e):

l(e) = [|va — vil|2 (7.9)

c(e) = min(c(vy), ¢(va)).

Here, [(e) represents the Euclidean length of the edge, which directly influences
traversal time and energy expenditure. The edge clearance c¢(e) provides a con-
servative initial estimate of minimum passage width along the edge, essential for

determining whether the robot can safely navigate through this corridor.

While the Voronoi diagram inherently maximizes clearance, the elongated geom-
etry of our 2SR robot necessitates more rigorous verification of passage traversabil-
ity. For each candidate edge, we perform detailed clearance analysis by sampling

a passage Se with k discretization points distributed uniformly along the edge:

pi:v1+é(v2—v1), i€ {01, k—1}. (7.10)

At each sampled point, we calculate precise clearance values and verify collision-
free status, accounting for the robot’s dimensional constraints and potential ori-
entation configurations. The sampling density k is adaptively determined based
on edge length and environmental complexity to ensure comprehensive coverage

without excessive computational burden.
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Lemma 1. A passage Se between vertices vy and va is traversable if Vp; € Se:
piNO =@, ming,esc(p;) > 7, and there exists at least one continuous connection

between Se and another traversable passage
This lemma establishes three critical conditions for passage traversability:
1. Complete collision avoidance (p; N O = @) throughout the passage

2. Minimum clearance threshold satisfaction (ming,esc(p;) > 7), where 7 rep-
resents the safety margin accounting for robot width, control uncertainty,

and motion dynamics

3. Connectedness with the broader traversable network, ensuring the passage
contributes to viable end-to-end navigation paths rather than forming iso-

lated segments

The minimum clearance threshold 7 is particularly important as it incorporates
not only the robot’s physical dimensions but also accounts for potential orientation-
dependent variations in effective width and trajectory tracking errors that might

occur during execution.

Following comprehensive traversability analysis, we construct a reduced graph

G= (]}, E) C G containing only verified safe passages:
E = {e € E|S, is traversable according to Lemma 1}

The vertex set ) consists of all endpoints associated with traversable edges. This

reduced graph G offers several computational advantages:

e Significantly decreases search space complexity while preserving all viable

navigation options
e Encodes critical clearance information for risk-aware path planning
e Provides topological guarantees about connectedness between regions

This representation serves as the foundation for subsequent high-level path plan-
ning, enabling efficient computation of clearance maximizing routes through the
environment. By discretizing the continuous navigation problem while preserving
safety guarantees, this approach strikes an optimal balance between computational

efficiency and navigation performance.
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7.2.2 Control Points Path Planning

Given the complex, high-dimensional configuration space of a 2SR in flexible mode,
we introduce a geometric abstraction approach that reduces planning complexity
while preserving navigational feasibility. This method focuses on three strategically
selected characteristic points along the robot’s length: the rear (r), middle (m), and
front (f) control points. This minimal representation captures the robot’s essential

spatial occupancy requirements while supporting efficient path computation.
As illustrated in Fig. 7.8, these control points are defined as follows:

e [ront point £;: The leading point during passage traversal, located at the
head or tail locomotion unit depending on the intended direction of motion.
This point serves as the navigation vanguard, probing the environment and

determining initial entry feasibility into narrow corridors.

o Middle point &,,: The central reference point of the robot, serving as the

primary coordinate frame for motion planning and control.

e Rear point &,: The trailing point during traversal, which ensures that the
entire robot body successfully clears obstacles during complex navigational

maneuvers.

These control points are positioned symmetrically along the robot’s centerline

(assuming a default straight configuration) such that:

e — &l = 16 — &l = 5. (7.11)

where L represents the robot’s total length. This distribution ensures compre-
hensive coverage of the robot’s physical extent while minimizing computational

requirements during planning.

This carefully selected set of control points provides multiple advantages for

navigation planning:

1. Enables efficient verification of passage traversability by checking clearance

constraints at critical points

2. Ensures collision-free transitions between connected passages by capturing

the robot’s spatial extremities
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3. Provides essential reference points for subsequent full-body configuration re-

construction using interpolation methods

4. Simplifies the high-dimensional planning problem to a more tractable se-

quence of waypoint assignments

Remark 18. The selection of the front point depends on the environment. In
most cases, either locomotion unit can be designated as front. However, when the
manipulandum is asymmetrically obstructed, the choice depends on the accessibility
relative to the body frame in the target (grasp) configuration that is determined
according to (6.4): o = [x),0,0]T. The head locomotion unit is designated as
front when the region corresponding to the negative xz-axis of the body frame offers
greater accessibility, while the tail LU is selected when the positive x-axis region is
more accessible. This selection ensures that the robot’s "hugging" front side will be

properly oriented towards the manipulandum in the grasp configuration.

For a specified target configuration q' (determined by task requirements), we

first identify the global coordinates of the three target control points:

E = {&(d),&m(d), & (d)} (7.12)

These target points must be mapped to the traversable Voronoi graph G to
enable practical path planning. For each control point, we identify the nearest
edge in the traversable graph. Formally, let d(&, e) denote the minimum Euclidean
distance from point & to edge e. The set of nearest edges for all target control

points is then defined as:

E' = {e; | e; = argmind(;, e), & € E'}. (7.13)

ecE
This mapping process connects the desired target configuration to the traversable
network structure, establishing feasible goal locations within the graph.

The robot’s entry to the passage network is determined by identifying the most

accessible open-ended vertex closest to its initial position:

v = argmin ||v — qo|, (7.14)

/
Vevopen
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where V, ., C V' represents the subset of vertices with exactly one incident edge
— typically corresponding to passage entrances or exits at the periphery of the
environment. This formulation ensures that the robot begins its traversal from a

feasible entry point with sufficient clearance.

After establishing both entry point and target locations within the graph, we
proceed to compute optimal paths to each target control point. Let V(E’) denote
the set of vertices incident to edges in E'. For each vertex v € V(E’), we define
Py as the complete set of possible paths from vy to v, where each path P € P,

consists of a sequence of connected edges from E.

The optimal paths to all target vertices are efficiently determined using Dijkstra’s

algorithm, which guarantees minimum-cost traversal:

={P; | P/ = arg mle ,vi € V(E')}. (7.15)

PePy, ecP

This formulation prioritizes path length minimization while inherently preserv-

ing safety constraints through the underlying traversable graph structure.

« obtacle boundary
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Figure 7.8: Voronoi diagram of the highly cluttered environment with detected obstacles. The
location of critical points on the robot is highlighted in red.
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Remark 19. To ensure computational efficiency while maintaining path optimal-
ity, we tmplement a strategic vertex selection process. For each edge e € E', we
include only one endpoint (vi or vy) in V(E') based on which vertex yields the
shorter path from the entry point vo. This selective approach prevents redundant

path calculations while preserving optimality guarantees.

After determining the optimal path P;, we compute the projection point & on

the corresponding edge e; that is closest to the control point &;:

& =argmin|[p — &5, & € E, e, € E. (7.16)

pE‘Se,L-

The final path is then augmented by adding an edge connecting vertex v to the

projection point &;.

This final refinement step allows for exact positioning of each control point while
maintaining the path’s connectivity with the traversable network. The projection
mechanism enables smooth transitions from the discretized Voronoi graph to con-
tinuous workspace positions, facilitating precise alignment with the desired target

configuration.

The resulting control point paths provide a sequence of waypoints that guide
the robot from its initial position to the target configuration while respecting all
environmental constraints. These paths serve as the foundation for subsequent de-
tailed trajectory planning, where continuous curves will be generated to smoothly
connect the sequence of waypoints while maintaining clearance constraints and

ensuring kinematic feasibility for the snake-like robot’s articulated structure.

Path Coordination under Physical Constraints

While the individual paths computed for the front, middle, and rear control points
provide initial guidance through the passage network, a critical challenge emerges:
these independently optimized paths may violate the physical constraints of the
robot’s structure. Variable stiffness bridge is inextensible therefore 2SR robot’s
body cannot arbitrarily stretch or compress to follow arbitrary point trajectories.
Instead, we must coordinate these paths to maintain the physical integrity of the

robot throughout the navigation process.
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Problem 7.2.2. The fundamental challenge in path coordination stems from the
robot’s inherent structural constraints. 2SR robot consists of three critical con-
trol points connected by segments of fixed length, forming an articulated chain-like
structure. Throughout the motion sequence, these inter-point distances must re-
main constant, reflecting the robot’s physical properties and preventing any unreal-
istic deformations. This constraint transforms the planning problem from indepen-

dent point navigation to a coordinated chain propagation through the environment.

Our solution employs a biomimetically-inspired rear-driven propagation strategy
that mirrors the natural locomotion patterns observed in biological snake move-
ment. We designate the rear point’s path P’ as the primary reference trajectory,
treating it as the "pushing" or driving end of the robot through the passage se-

quence. This approach offers several advantages:

1. It naturally emulates the physical behaviour of snake-like organisms pushing

through confined spaces

2. It simplifies the coordination problem by establishing a clear causal relation-

ship between control points

3. It provides robust handling of narrow passages where the rear segment must

actively propel the body forward

This rear-driven approach is particularly effective in highly constrained environ-
ments, where the trailing end of the robot must exert force to propel the middle and
front segments through narrow apertures. By prioritizing the rear path, we ensure

that the robot’s motion remains physically realizable throughout the navigation.

To implement this coordination strategy, we first generate a dense sequence of

sample points S, = (Se) along the edges in the rear point’s path P. These

ecP)
sample points represent discrete positions of the rear control point as it traverses

through the environment.

For each rear point position &,.(k) € S, at time step k, we determine the corre-

sponding locations of the middle and front points &,,(k) and £¢(k) subject to the
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following physical constraints:

dG(&s(k), & (k) = L,

. . (7.17)
dG (& (k), &r(k)) = dG(&m(k), & (k) = £,

where dg(-,-) is the geodesic distance measured along edges in the traversable
graph G, and L denotes the robot’s total length. These constraints ensure that
the physical length of the robot is preserved at all times, maintaining a constant

distance between control points along the navigation path.

The computation of these coordinated positions requires solving a constraint
satisfaction problem at each time step. For the middle point &,,(k), we identify
locations that are equidistant from both the rear and front points along the graph.
For the front point &;(k), we identify locations that maintain the proper distance
L from the rear point. These positions are computed incrementally as the rear
point advances along its path, creating a cascading effect where the rear point’s

motion directly influences the positions of the middle and front points.

The coordination process requires special handling at network branching points
where multiple navigational options become available. Our algorithm employs a
hierarchical decision-making strategy at these junctions. When propagating the
middle and front points, we first prioritize edges that appear in their respective
guidance paths Py, and P}, maintaining alignment with the individually optimized

routes whenever possible.

However, as the propagation continues, these points may eventually be pushed
beyond their original guidance paths due to physical constraints. In such cases,
we dynamically select the next edge connected to their last visited edge based
on topological properties of the network. When multiple candidate edges exist,
we preferentially select edges incident to vertices with higher degree in G (i.e.,
vertices with more connections), as these typically represent junctions with greater

navigational flexibility and clearance.

This adaptive edge selection enables the algorithm to effectively handle situa-
tions where physical constraints force deviations from the initially computed opti-
mal paths, ensuring continuous progress through the environment while maintain-

ing the robot’s structural integrity.
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Remark 20. This decision-making strategy implements a form of "rolling hori-
zon" planning, where the algorithm continuously adapts the front and middle point
trajectories based on the current state and physical constraints, while maintaining
alignment with the pre-computed guidance paths whenever possible. The preference
for high-degree vertices during divergence from guidance paths reflects a heuristic
bias toward regions with greater navigational options, reducing the likelihood of

reaching dead ends or highly constrained configurations.

In particularly complex environments with tight turns or narrow passages, the
algorithm may encounter situations where maintaining exact distances between
control points becomes challenging within the discrete graph representation. To

address this, we implement a two-phase resolution strategy:

1. First, we attempt to satisfy constraints using only edges within the G graph,

following the safety guarantees provided by the Voronoi-based decomposition

2. If no exact solution exists within the graph, we permit limited off-graph
interpolation between adjacent edges, creating smooth transitions that satisfy

the physical constraints while staying within the verified collision-free regions

This approach ensures that the robot’s configuration remains valid throughout
the navigation sequence, even in highly constrained environments where the graph

representation may not perfectly capture all possible configurations.

By coordinating the paths of all control points through this rear-driven prop-
agation approach, we generate a physically consistent trajectory that guides the
snake-like robot through complex environments while respecting both environmen-
tal constraints and the robot’s structural limitations. The resulting coordinated
path serves as the foundation for detailed trajectory planning and control execu-

tion, enabling reliable navigation even in highly cluttered spaces.

Paths Smoothing and Optimization

The path planning through Voronoi passages, while ensuring feasibility and safety,
often results in trajectories containing unnecessary fluctuations and sharp turns.
These artifacts, inherent to Voronoi diagrams, may lead to jerky motions and
inefficient trajectories. Therefore, a final smoothing step is crucial to refine the

raw paths while preserving their essential navigational properties.
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Figure 7.9: Path optimization results for articulated robot navigation. Top: Comparison
of paths before and after smoothing optimization. Bottom: Evolution of the robot’s motion
through the workspace, showing the Voronoi diagram and the coordinated movement of the
three control points.

Problem 7.2.3. Path planning through Voronoi analysis, while ensuring feasi-
bility, often results in trajectories containing unnecessary fluctuations and sharp
turns. These artifacts, inherent to Voronoi diagrams, can lead to jerky motions and
excessive shape deformations of a 2SR robot. A smoothing step is therefore crucial
to refine the raw paths while preserving their essential navigational properties and

maintaining clearance constraints.

The smoothing process begins with geometric analysis of the path structure,
treating it as a collection of straight sections. Each j-th section in &;, i € S,
S = {r,m, f} is characterized by its direction vector &” and length [, ;. The

smoothing strategy employs a two-phase approach.

The first phase focuses on section merging, targeting situations where adjacent
path sections are nearly parallel. For two consecutive sections, we compute their
directional similarity:
ai,j : az’,jﬂ

. gl (7.18)
[Idi sl - [1dij+1l]

cos 3, ; =
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When f;; < Bmae, these sections are merged through cubic spline interpolation,

eliminating small oscillations while maintaining the path’s overall structure.

The second phase addresses zigzag patterns that typically emerge when the
path navigates between multiple obstacles. For any three consecutive sections, we

analyze the total direction change:

Ay ;= 18ij — Bijrl- (7.19)

If AB; j < ABpaz, We replace the zigzag pattern with a single straight section while

preserving endpoint positions and ensuring clearance constraints are maintained.

Finally, we perform uniform resampling to generate equally spaced points along
the smoothed paths S, Sy, and S}, ensuring they contain the same number of

points. Implementation of this path optimization is illustrated in Fig. 7.9.

7.2.3 Fitting Configurations

After generating coordinated paths for the critical control points, we face the es-
sential challenge of reconstructing complete robot configurations that satisfy these
waypoints while maintaining both physical feasibility and kinematic constraints.
This process translates the simplified point-based representation back into the full

5-dimensional configuration space of the 2SR robot.

Problem 7.2.4. For each n-th timestep along the path, we must determine the op-
timal robot configuration q, that accurately positions the control points at their de-
sired locations while ensuring mechanical feasibility and maintaining smooth tran-
sitions between consecutive states. This configuration must respect the robot’s in-

trinsic constraints such as maximum curvature limitations.

We formulate this reconstruction process as a constrained multi-objective opti-

mization problem that balances positional accuracy, motion smoothness, orienta-
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tion alignment, and shape simplicity:

minimize Z wil|€&i(an) — S (n)]]2 + A W@q,+

€R5
an ieS

+ X0l — vl + ARl + [2l) (7.20)

subject to q, = g, — gp—1

.
|"ij,'ﬂ| < ﬂa J € {172}7

where S = { f, m, r} represents the set of critical control points, and &;(q,) denotes
the forward kinematics mapping from configuration space to the global position of

the i-th control point.

This objective function carefully balances four key requirements through its

component terms:

1. Positional Accuracy: The first term ). o wi||&(qn) — S;(n)||2 ensures ac-
curate positioning of all critical points, minimizing the weighted Euclidean
distance between the actual and desired positions. The weights w; allow
for prioritization, typically giving higher importance to the middle point

(wy, > wy,w,) as it serves as the primary reference for overall positioning.

2. Motion Smoothness: The second term qf Wq, penalizes large changes be-
tween consecutive configurations, promoting smooth transitions in the con-
figuration space. The matrix W is a positive definite weighting matrix that
allows differential emphasis on various configuration components. Typically,
we assign higher weights to changes in body orientation and segment cur-
vatures compared to translational components, as abrupt changes in these

parameters lead to more noticeable jerky motions.

3. Orientation Alignment: The term \g|6p ,,—7y| enforces alignment between the
robot’s body orientation 6, and the desired direction +,. This direction is
computed as the tangent vector at the middle point’s position S}, (n) oriented
toward the tail locomotion unit, ensuring that the robot’s body naturally

aligns with the path’s directionality.

4. Shape Simplicity: The final term A.(|k1,| + |k2.,|) introduces a preference

for minimal absolute curvatures in both segments, discouraging unnecessary
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bending when straighter configurations are viable. This regularization pro-
motes more natural-looking configurations and reduces mechanical stress on

the robot’s joints.

The weighting parameters (w;, Ag, A;) play a crucial role in determining the

robot’s behaviour across different environmental contexts. For instance:

e In narrow passages, we increase the positional accuracy weights (w;) to ensure

precise adherence to the planned safe trajectory

e During sharp turns, we reduce the orientation alignment weight (A\g) to per-
mit greater deviation from path tangency, allowing the robot to execute the

turn more naturally

e In open areas, we increase the curvature minimization weight (\,) to prefer

straighter configurations that optimize speed and efficiency

This adaptive weighting strategy enables the robot to exhibit context appropri-
ate behaviours across varying environmental conditions, balancing multiple com-

peting objectives.

Remark 21. This constrained optimization problem s solved sequentially along
the path using Sequential Least Squares Programming (SLSQP), which efficiently
handles the nonlinear objective function with mized equality and inequality con-
straints. The process begins with the initial configuration and progresses forward
in time, with each optimized solution q,_1 serving as the initial guess for the sub-
sequent optimization at timestep n. This sequential approach exploits temporal

coherence to improve computational efficiency and solution stability.

7.2.4 Discretizing Crucial Configurations

After obtaining a continuous path of robot configurations, we must address a

fundamental limitation:

Problem 7.2.5. A physical 2SR robot cannot execute continuous shape changes
with arbitrary precision in a flexible state, especially when target configurations
are significantly distant from each other. Substantial planar displacements require

omnidirectional motion of the robot in a rigid state.
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This limitation reflects the practical constraints of robotic systems, where con-
tinuous shape changes may require complex control mechanisms, excessive energy
expenditure, or may simply exceed the robot’s mechanical capabilities. Rather
than pursuing an idealized but impractical continuous deformation trajectory, we
develop a systematic approach to identify a discrete sequence of key configurations

that effectively capture the essential characteristics of the planned motion.

This discretized representation provides a series of target configurations that can
be sequentially supplied to the Motion € Morphology Controller for execution by
the physical robot. The robot can then navigate between these configurations using
a combination of rigid-state motion and flexible-state shape adjustment, leveraging

the strengths of each operational mode while respecting their limitations.

Our discretization process employs a rigorous mathematical framework based on
three complementary criteria that identify configurations of particular significance

along the continuous path:

1. Curvature Extrema Analysis: Let r;(n) be a curvature function for the j-th
VS segment along the robot configuration path with a path length parameter

n. We identify local extrema where:

2

%:(Mmd ‘dﬁj

dn

3| >0 jeL2 (7.21)

Specifically, we detect peaks and valleys where |x;| > 7.

2. Flat Region Detection: We perform flat region detection by identifying re-

gions of approximately constant curvature where:

1 &
~

n=ni

dK,j

22
o < €, (7.22)

where € is a small threshold and An = ny — n; represents the length of the
evaluated region. These flat regions correspond to configurations where the
robot maintains a consistent shape while moving through uniform passages
or open areas. By identifying the midpoints or representative configurations
within these regions, we capture the stable morphologies that should be

maintained during portions of the trajectory.
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3. Spatial Fxtrema: Finally, we include configurations at spatial extrema:

arg min, p(n) (7.23)

where p = [z, )7 is a robot position vector. These extrema capture the
outermost positions reached by the robot during navigation, ensuring that
the discretized sequence covers the full spatial extent of the planned trajec-
tory. This is particularly important for ensuring that the robot can reach

positions near obstacles or at the boundaries of the navigable space.

After applying these criteria to generate an initial set of crucial configurations
Q, we perform a refinement step to eliminate redundancy through a proximity
filter:

Q" ={q; € Q:|[[pi — Pi+1ll2 > duin, Pi € @i, (7.24)

where d,;, represents a minimum distance threshold in the workspace. This fil-
tering ensures that consecutive configurations in the final sequence are sufficiently
distinct to warrant separate execution, preventing redundant shape changes that

would unnecessarily complicate the robot’s motion or consume additional energy.

The proximity filter also incorporates orientation and curvature differences to
ensure that configurations with similar positions but different shapes are properly
preserved. This is implemented by using a weighted distance metric in the full

configuration space rather than just positional distance.

As illustrated in Fig. 7.10, the resulting discrete sequence of robot configurations
Q" = {q1,qq, ...,qr} provides a comprehensive set of waypoints that captures the
essential morphological adaptations required for successful navigation through the
environment. This visualization demonstrates how the robot progressively adjusts
its shape to navigate through narrow passages, execute turns, and reach the target

position while maintaining appropriate clearance from obstacles.

The discretization process significantly reduces the number of target configu-
rations that must be communicated to the robot controller while preserving the
navigational intent of the original continuous trajectory. This reduction in com-
plexity facilitates more efficient implementation on physical hardware with limited

computational resources and control bandwidth.
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Figure 7.10: Evolution of the robot’s crucial configurations through the workspace. Configu-
rations are reconstructed from the robot control points.

We denote this integrated approach as VAMP (Voronoi-Assisted Morpho-
logical Planning), which encompasses the complete pipeline from environment
perception and Voronoi decomposition through path planning, configuration fit-

ting, and final discretization.
The VAMP framework offers several key advantages:

1. Safety-Biased Planning: By leveraging Voronoi diagrams, the framework

inherently maximizes clearance from obstacles, enhancing navigational safety

2. Practical Feasibility: The discretization process ensures that the planned

motion respects the physical limitations of the robot hardware

3. Computational Efficiency: By reducing the continuous trajectory to a
smaller set of key configurations, the approach minimizes the computational

burden during execution
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4. Adaptive Morphology: The selected configurations capture crucial shape
changes required to adapt to environmental constraints, ensuring successful

navigation through complex spaces

The discretized configuration sequence serves as the final output of the planning
phase, providing concrete targets for the robot’s control system. During execu-
tion, the robot will transition between these configurations through a combination
of rigid-state locomotion and flexible-state shape adjustment, leveraging the com-
plementary capabilities of both operational modes to achieve effective navigation

through the environment.

7.2.5 Experiment and Performance Analysis

To validate the effectiveness of the proposed VAMP method, we conducted a series
of experiments in challenging navigation scenarios. The experimental setup mirrors
our previous validation of the RRT*APF method, enabling direct comparison while

testing the enhanced capabilities of VAMP in more complex environments.

We designed four distinct navigation scenarios with increasing complexity, fea-
turing 3-5 obstacles strategically placed to create challenging passage configura-
tions. Unlike previous experiments, the obstacles were positioned to create narrow
corridors and confined spaces that specifically test the manipulandum’s shape-
changing capabilities. Similarly to the RRT*APF experiment, the robot’s task

consists of three phases: traverse, grasp and transport.

Path Planning Results

Fig. 7.11 illustrates the robot configuration sequences generated by the VAMP
method across four distinct scenarios. The planning process begins by trans-
forming each workspace into a Voronoi diagram, which automatically identifies
maximum-clearance pathways through the environment. The traversable passages
(highlighted in blue) represent corridors with sufficient width for robot navigation

after filtering based on minimum clearance requirements.

For each scenario, VAMP generates an optimized sequence of configurations
Q* comprising just four to five key waypoints. These sequences start with the

robot in its default straight configuration and progressively adapt to environmental
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Figure 7.11: Time-lapse sequence showing the 2SR robot navigating through a densely clut-
tered environment using the VAMP motion and morphology planning method in four different
scenarios.

constraints. The method determines the minimum deformation needed for the
robot to navigate through constricted areas while maintaining adequate clearance

from obstacles.

Several notable features are evident across the scenarios. The method consis-
tently follows a minimal deformation principle by maintaining straighter configura-
tions in areas with generous clearance and only deforms when necessary to navigate
constrictions. This approach minimizes energy expenditure while ensuring safety.
The configurations also show remarkable environmental awareness, with the robot
adopting appropriate curvatures that align with passage geometry — whether S-
shaped configurations, C-shaped bends, or more complex compound curves are

required.

The resulting sequence shows smooth, gradual shape transitions rather than

abrupt changes, enhancing executability by the physical robot. Each configura-
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tion serves as a logical intermediate step toward the next, creating a progression
that respects the robot’s physical capabilities. Throughout all scenarios, adequate
clearance from obstacles is maintained, accommodating potential control inaccu-

racies during physical execution.

The scenarios demonstrate VAMP’s versatility in handling various environmen-
tal challenges. These include navigation through corridors with offset obstacles re-
quiring gentle S-curves, tight passages demanding more pronounced bending, com-
plex multi-turn scenarios necessitating sequences of coordinated bends, and asym-

metric environments requiring correspondingly asymmetric shape adaptations.

Task Execution

After determining the set of target configurations Q* through the VAMP frame-
work, we implemented the planned motion on our physical 2SR robot system.
To ensure smooth transitions between the crucial configurations identified during
planning, we enhanced the path with intermediate waypoints using an adaptive
interpolation approach. The interpolation density varied based on spatial dis-
tance—inserting either one or two additional configurations between consecutive
waypoints depending on their separation in the workspace. This adaptive scheme
balanced motion smoothness with computational efficiency, providing denser sam-
pling for larger configuration changes while avoiding redundancy for closely spaced

waypoints.

The resulting interpolated configuration sequence was then passed to the Motion
& Morphology (M&M) controller for physical execution on the robot. The com-
plete navigation tasks required considerable execution time, ranging from approx-
imately 2 to 11 minutes across different trials. This extended duration primarily
stemmed from the multiple stiffness transition cycles necessary for safe navigation
through the complex environments. Each transition between rigid and soft states
requires a physical morphological change in the robot’s variable stiffness segments,
which necessarily consumes time due to the mechanical nature of the stiffening

process.

Fig. 7.12 provides a detailed visual documentation of the robot’s navigation
through a cluttered obstacle course. The sequential photographs capture key

moments throughout the execution, revealing the robot’s dynamic capabilities:
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Figure 7.12: Sequential photographs illustrating the execution of a planned path by the 2SR
robot through a cluttered environment. The robot transitions between rigid and soft states to
navigate around obstacles. The yellow-framed photo marks the start configuration, while the
green-framed photo shows the final grasping state. A pink dashed frame highlights a moment
when the robot entered the safety zone but avoided direct obstacle contact.

stiffness switching between rigid and soft states, transitions between different mo-
tion modes, and adaptive morphological deformation in response to environmental
constraints. The execution sequence begins with the yellow-framed photograph
showing the robot in its initial configuration, proceeds through a series of carefully
executed maneuvers around obstacles, and concludes with the green-framed pho-

tograph depicting the robot in its final configuration reaching the target object for
grasping.

Throughout the navigation sequence, the robot dynamically adjusts its stiffness
state according to the needs of each phase. It maintains rigid segments during
omnidirectional locomotion phases for precise positioning, then transitions specific
segments to the soft state when shape adaptation is required to navigate tight

spaces. Of particular note is a moment highlighted by a pink dashed frame, where



154

the robot momentarily entered a safety buffer zone near an obstacle but successfully
avoided any physical contact. This incident demonstrates the robustness of the
planning and control framework even when operating near the boundaries of the

safety constraints.

Quantitative performance data presented in Fig. 7.12 provides deeper insight
into the robot’s behaviour during trial "Heart 10." The plots track robot state
responses and velocity control inputs throughout the execution, revealing the com-
plex interplay between position control, orientation adjustment, and stiffness state
transitions. This data showcases the controller’s ability to handle the multi-modal
nature of the robot’s operation, smoothly transitioning between different control

regimes as needed.

The trials exhibited varying degrees of complexity in terms of required morpho-
logical adaptations. In the challenging "Heart 10" scenario, the second variable
stiffness segment underwent ten phase transitions (five rigid-to-soft and five soft-
to-rigid cycles) with significant deformation, while the first segment required only
two stiffness transitions with a single deformation. In contrast, trial "Heart 11"
represented the simplest case, requiring just one deformation in each segment.
Other trials fell between these extremes, typically requiring 3-4 deformations (6-8
phase transitions) per segment. These differing requirements directly impacted
completion times: the complex "Heart 10" trial took nearly 11 minutes to com-
plete, while the simpler "Heart 11" finished in just 2.5 minutes. Trials "Heart 8"
and "Heart 9" completed in 9.45 and 8.87 minutes respectively.

Clearance measurements during these experiments revealed consistently lower
values compared to previous experiments, reflecting the more constrained nature
of the workspaces. As the robot navigated and deformed in the confined spaces be-
tween obstacles and the manipulandum, its locomotion units frequently approached
the edges of obstacle buffer zones. This behaviour is evident in the clearance plot
in Fig. 7.12, where values fluctuate considerably and often approach zero dur-
ing deformation phases near obstacles. Despite these challenges, the 2SR robot

generally maintained safe distances from physical obstacles.

One notable exception occurred during trial "Heart 9" (highlighted with a red
frame in Fig. 7.12), where the robot briefly violated the buffer zone boundary.

Importantly, even in this instance, no physical collisions occurred, and neither
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the obstacles nor the manipulandum were disturbed despite the technical safety
boundary violation. This demonstrates the inherent robustness of the system,
where the safety margins built into the planning process provide a buffer against

minor execution inaccuracies.

The box plot in Fig. 7.12 summarizes clearance measurements across all tri-
als, providing a statistical perspective on navigational safety in different scenarios.
Trial "Heart 8," featuring the most congested workspace, predictably exhibited the
lowest average clearance values, while the simpler "Heart 11" trial maintained con-
sistently higher clearances. This data quantitatively confirms the visual observa-
tion that more complex environments necessitate operation with tighter clearances,

pushing the system closer to its performance limits.

These experimental results validate the effectiveness of the VAMP planning
framework for generating executable configuration sequences that enable a 2SR
robot to successfully navigate complex, cluttered environments through a combi-

nation of adaptive morphology changes and multi-modal locomotion strategies.

7.3 Summary

This chapter presents a comprehensive exploration of path planning strategies for
elongated mobile robots navigating through cluttered environments. The research
addresses the unique challenges posed by robots with extended geometries, where
orientation and shape become critical factors in successful navigation - a significant

departure from traditional point-mass robot planning problems.
This chapter develops two complementary planning approaches:
1. Hybrid RRT*-APF method for scenarios where fixed morphology

2. VAMP framework for complex environments requiring adaptive shape

changes

Both approaches enable a 2SR robot to successfully navigate, approach, and grasp

objects in constrained spaces.

The hybrid RRT*-APF method efficiently decomposes the planning prob-

lem into position search and orientation control. It leverages Rapidly-exploring
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Random Trees (RRT*) for efficient workspace exploration and Artificial Potential
Fields (APF) to determine optimal orientations that consider obstacle proximity,
goal alignment, and path smoothness. This decomposition significantly reduces
computational complexity while generating smooth, executable trajectories. The
method introduces an orientation control algorithm that balances multiple compet-
ing objectives through a weighted potential function, creating an effective guidance

system for elongated robots.

For path planning with fixed morphology, the chapter introduces a three-phase
grasping strategy:

1. Approach with default shape
2. Grasp without contact
3. Final contact

This systematic approach enables precise positioning relative to target objects.
The planning process carefully considers the robot’s rectangular boundary dur-
ing navigation, ensuring collision-free paths through moderately complex environ-
ments. The resulting trajectories demonstrate effective obstacle avoidance while
maintaining appropriate orientation transitions, particularly the front-loaded ad-

justment strategy that establishes proper alignment early in the trajectory.

When confronted with highly cluttered environments where fixed morphology
proves insufficient, the chapter introduces the innovative VAMP (Voronoi As-
sisted Morphological Planning) framework. This method expands planning
into the full configuration space, addressing the high-dimensional challenge of co-
ordinating motion, shape changes, and stiffness transitions. VAMP systematically
decomposes this complex problem through four key phases that progressively refine

the solution from environmental analysis to executable robot configurations.

First, Voronoi diagrams identify maximum-clearance pathways between obsta-
cles, automatically detecting traversable passages. Second, coordinated paths are
planned for three critical control points (front, middle, and rear) that maintain
physical constraints of the robot’s structure through a biomimetically-inspired
rear-driven propagation strategy. Third, complete robot configurations are recon-

structed through multi-objective optimization that balances positional accuracy,
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motion smoothness, orientation alignment, and shape simplicity. Finally, crucial
configurations are discretized to create a minimal set of waypoints capturing es-
sential shape changes through rigorous mathematical criteria including curvature

extrema analysis, flat region detection, and spatial extrema identification.

Experimental validation demonstrates both methods’ effectiveness across diverse
scenarios. The RRT*-APF approach efficiently generates paths with appropriate
clearance and smooth orientation transitions, enabling successful navigation in
moderately constrained environments. Performance metrics reveal that the al-
gorithm typically requires only four to five exploration steps to identify feasible
paths, with clearance measurements confirming safe navigation throughout execu-
tion. The VAMP framework extends these capabilities to highly cluttered spaces,
generating optimized configuration sequences that enable the robot to adaptively
reshape and navigate through passages previously considered impassable. These
sequences follow a minimal deformation principle, maintaining straighter configura-

tions where possible and deforming only when necessary to navigate constrictions.

Performance analysis reveals important practical insights: navigation with adap-
tive morphology requires considerably longer execution times (2-11 minutes) pri-
marily due to the multiple stiffness transition cycles necessary for shape adaptation.
The complexity of required shape adaptations directly impacts completion time,
with more deformations requiring more phase transitions. In the most challeng-
ing scenario, the second variable stiffness segment underwent ten phase transitions
with significant deformation, while simpler scenarios required as few as one de-
formation per segment. Clearance measurements show that VAMP successfully
navigates tighter spaces than the RRT*-APF method, though occasionally ap-

proaching safety boundaries without causing physical collisions.

The mechanical performance of variable stiffness segments during rigid states
showed interesting characteristics, with the first segment demonstrating superior
shape consistency compared to the second segment. This performance differential,
when considered alongside thermal response patterns, suggests material composi-
tion variance between segments that affects both mechanical rigidity and phase

transition speed.

The chapter makes significant contributions to robot navigation in constrained

environments by introducing planning strategies that effectively leverage both
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position-orientation planning and morphological adaptation. The resulting frame-
works - hybrid RRT*-APF for moderate constraints and VAMP for severe con-
straints - provide complementary approaches that expand the operational capa-
bilities of elongated robots in real-world cluttered environments, establishing the

foundation for effective grasping and manipulation tasks in complex scenarios.
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Chapter 8
Conclusions

HIS thesis has presented a novel approach to mobile robotics, introducing a
hybrid robot that seamlessly integrates the paradigms of conventional rigid
robotics and soft robotics. Our work addressed the limitations inherent in both
approaches by developing a robot capable of transitioning between rigid and flexible
states, thereby combining the precision and mobility of conventional robots with

the adaptability and safe interaction capabilities of soft robots.

8.1 Summary of Contributions

Through our research, we have:

e Designed and fabricated the Self-Reconfigurable Soft-Rigid (2SR) robot, a
novel hybrid mobile platform that successfully bridges the gap between con-
ventional rigid robots and soft systems. The 2SR robot consists of two funda-
mental components: autonomous locomotion units equipped with omnidirec-
tional wheels, sensors, and control systems, connected by a variable-stiffness
bridge mechanism. This bridge, utilizing low melting point alloy (LMPA)
as its core element, enables controlled transitions between rigid and flexible
states, allowing the robot to adapt its morphology according to environ-
mental demands. In its rigid state, the robot maintains precise positioning
and can effectively transfer forces for manipulation tasks, while in its flexible

state, it can conform to various shapes and navigate through confined spaces.
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The research significantly advanced existing LMPA-based variable stiffness
technology by introducing a modular design approach, which addresses tradi-
tional limitations of monolithic LMPA systems such as high power consump-
tion, slow response times, and material inefficiency. The robot’s operation
is coordinated through an integrated control system that manages both the
mobility of the locomotion units and the state transitions of the variable-
stiffness mechanism. This unique combination of adaptive morphology and
mobile manipulation capabilities positions the 2SR robot as a versatile plat-
form for applications requiring both precise movement and environmental

adaptation.

Derived a comprehensive stiffness control system for a mobile robot equipped
with modular variable stiffness segments based on Field’s metal, a low melt-
ing point alloy (LMPA) that transitions between states at approximately
62°C. The control architecture was optimized through a series-connected
configuration of modular units within each segment, monitored by a sin-
gle temperature sensor. To overcome the challenges of limited sensing and
complex thermal dynamics, we implemented a nonlinear temperature estima-
tion model that accounts for thermal mass effects and heat transfer delays,
providing more accurate state assessment. The control system’s core compo-
nent is a Finite-State Machine (FSM) that effectively manages discrete state
transitions between rigid and flexible states while coordinating with con-
tinuous motion control. The system incorporates conservative temperature
thresholds to ensure reliable operation and account for hysteresis in the phase
transition process. Experimental validation using a single variable-stiffness
segment demonstrated the system’s effectiveness, achieving average transi-
tion times of 35.9 seconds for heating and 47.1 seconds for cooling, while
successfully maintaining arbitrary shapes in the rigid state and enabling sig-
nificant deformation in the flexible state. These results confirm the viability
of our control approach for applications requiring adaptive morphology and

precise stiffness control.

Developed a comprehensive motion and morphology control framework, ad-
dressing the unique challenges of controlling a hybrid rigid-flexible robotic
system. The framework encompasses three major components: a unified

kinematic model that handles both rigid and flexible states, a sophisticated
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control architecture, and experimental validation of the system’s capabilities.
The kinematic model identifies four distinct operational scenarios based on
segment stiffness combinations and validates the constant curvature assump-
tion for flexible segments, while incorporating logarithmic spiral trajectories
for state transitions. The control architecture evolved from a baseline con-
troller featuring basic motion planning and stiffness control to an advanced
hierarchical framework utilizing Model Predictive Controllers for different
operational modes. The platform successfully demonstrated pose-shape for-
mation and object manipulation capabilities, while also revealing practical
considerations such as wheel contact challenges during flexible-state oper-
ations. Experimental validation confirmed the system’s ability to perform
complex tasks that leverage both rigid and flexible states, though certain
limitations were identified, particularly regarding wheel slip during flexible

state operations.

Designed a framework for curvilinear object manipulation using the 2SR
robot, focusing on the challenges of implementing full-body grasping and op-
timizing object transport. For grasping, a three-phase strategy was developed
(approach, grasp without contact, final contact) with configurations math-
ematically derived from object geometry. The system employs progressive
offset positions to prevent object disturbance during approach. For object
transport, an MPC-based pure pursuit algorithm tracks reference paths by
linearizing object dynamics and optimizing control inputs over a prediction
horizon. The robot-object contact model establishes a kinematic mapping
between desired object motion and required robot velocities, enabling coor-
dinated manipulation through the robot’s variable-stiffness bridge that con-
forms to object surfaces. Experimental validation with four distinct object
shapes (circle, ellipse, heart, and bean) demonstrated the framework’s effec-
tiveness while also revealing important insights into the relationship between
object geometry and manipulation performance. The system showed partic-
ularly strong performance with larger objects that provided better surface
contact, as demonstrated with the bean-shaped object, while the elliptical
shape revealed limitations in the current approach. These findings indicated
that system performance is primarily bounded by physical robot-object con-

formance rather than control limitations, suggesting future improvements
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in areas such as force sensing integration, enhanced contact modelling, and

adaptive control strategies.

e Developed sophisticated path planning approaches designed for manipulan-
dum operation in cluttered environments: RRT*-APF and VAMP. The for-
mer algorithm combines Rapidly-Exploring Random Tree with an Artificial
Potential Field, efficiently generating collision-free paths while maintaining
safe distances from obstacles, though the resulting paths sometimes con-
tain sharp turns that could benefit from smoothing techniques. The VAMP
(Voronoi Assisted Morphological Planning) approach addresses navigation
through highly cluttered environments when the RRT*-APF method fails to
find a path. To solve this issue, we leverage the robot’s morphological adapt-
ability, decomposing the complex task into manageable steps and alternating
between rigid and flexible states to navigate confined spaces. Experimental
validation demonstrated successful execution of both traverse and transport
tasks, with the 2SR robot effectively transitioning between states to navigate

tight spaces while maintaining stability in open areas.

8.2 Future Work

Future work could focus on:

o Advanced Learning-Based Control Systems: Development of sophisticated
reinforcement learning frameworks that can dynamically adapt to varying
environmental conditions and task requirements. This would involve creating
deep learning models trained on extensive simulation and real-world data
to better handle the nonlinear dynamics of state transitions. The system
could incorporate multi-modal sensing data (force, temperature, position) to
make more informed decisions about morphological changes and movement
strategies. This learning-based approach would reduce the current reliance on
manual parameter tuning and could potentially enable the robot to develop
emergent behaviours for complex manipulation tasks that were not explicitly

programmed.

e FEnhanced Contact Modeling and Force Control:: Implementation of a com-

prehensive contact modeling system integrated with real-time force sensing
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capabilities. This would include developing detailed models of surface friction
variations, local deformation effects, and contact pressure distribution across
different object geometries. The system would benefit from multiple force
sensors strategically placed along the robot’s structure, enabling dynamic
adjustment of grasping pressure and real-time assessment of grasp stability.
This improved understanding of contact dynamics could lead to more so-
phisticated manipulation strategies, particularly for objects with challenging

geometries or varying surface properties.

Optimaization of Morphological Transitions: Research into faster and more
energy-efficient methods for state transitions between rigid and flexible con-
figurations. This would involve investigating alternative LMPA materials
with lower transition temperatures, developing more efficient heating/cool-
ing mechanisms, and implementing predictive temperature control strategies.
The optimization would also focus on reducing the current transition times
while maintaining reliable operation. Additionally, this research direction
would explore the possibility of achieving variable degrees of stiffness rather
than just binary rigid /flexible states, potentially enabling more nuanced ma-

nipulation strategies and better adaptation to different task.

Multi-Robot Coordination and Collaborative Manipulation: Extension of the
current single-robot framework to enable coordinated operation of multiple
2SR robots. This would involve developing distributed control algorithms for
collaborative object manipulation, implementing communication protocols
for real-time state sharing between robots, and creating planning strategies
for coordinated morphological changes. The multi-agent system could tackle
more complex manipulation tasks, such as handling larger or more irregularly
shaped objects, and could potentially achieve greater flexibility in confined

spaces through coordinated shape-shifting behaviours.

Environmental Adaptation and Robustness: Development of adaptive be-
haviours and control strategies to handle varying environmental conditions
and unexpected disturbances. This would include creating robust state es-
timation methods that work reliably in different lighting conditions and on
various surface types, implementing adaptive friction compensation for dif-

ferent floor materials, and developing recovery strategies for unexpected loss
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of grasp or stability. The research would also focus on making the system
more resilient to temperature variations, mechanical wear, and other real-
world factors that could affect performance, ultimately working toward a

more deployment-ready system suitable for practical applications.
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Appendix A

List of Publications

Google Scholar: Luiza Labazanova

A.1 Peer-reviewed Journal Articles

- L. Labazanova, L. Qiu, J. G. Romero, T. Nanayakkara, and D. Navarro-Alarcon,
“Full-Body Grasping for Combined Mobility and Object Manipulation,” 2025.

[In Progress| [video]

- L. Labazanova, S. Peng, L. Qiu, H.-Y. Lee, T. Nanayakkara, and D. Navarro-
Alarcon, “Self-Reconfigurable Soft-Rigid Mobile Agent With Variable Stiffness and
Adaptive Morphology,” IEEE Robotics and Automation Letters (RA-L), 2023.

[DOI]|video]

A.2 Peer-reviewed Conference Papers

- L. Labazanova, Z. Wu, Z. Gu, and D. Navarro-Alarcon, “Bio-Inspired Design of
Artificial Striated Muscles Composed of Sarcomere-Like Contraction Units,” 2021
20th International Conference on Advanced Robotics (ICAR), Dec. 2021.

- Z. Wu, L. Labazanova, P. Zhou, and D. Navarro-Alarcon, “A Novel Approach to
Model the Kinematics of Human Fingers Based on an Elliptic Multi-Joint Config-
uration,” 2021 20th International Conference on Advanced Robotics (ICAR), Dec.
2021.
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tions?,” 2021 IEEE International Conference on Robotics and Biomimetics (RO-
BIO), pp. 1735-1742, 2021.
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