Design, modelling and control of a
quadruped robot with a bionic

spine

Yunlong Lian

Doctor of Philosophy

University of York
School of Physics, Engineering and Technology

September 2024



Abstract

It has always been a challenge to make quadruped robots achieve flexible, fast, and
robust movements like quadruped animals. From a mechanical structure perspective,
most existing quadruped robots lack a bionic spine, which plays a critical role in
locomotion. This thesis investigates the design, implementation, and control of a
quadruped robot with a tensegrity spine, called TQbot, to improve gait performance

and adaptability in various terrains.

Two bio-inspired spines based on tensegrity structures are developed for quadruped
robots. They have three degrees of freedom (DOF) and can move in the roll, pitch, and
yaw directions simultaneously, featuring both passive and active components to mimic
the vertebrae and surrounding muscles in an animal spine. However, TQbot has a
total of 15 degrees of freedom—three in each leg and in the spine joints—which makes
the control system and gait generation complicated. Thus, a central pattern generator
(CPG) model was designed and implemented to generate coordinated leg-spine gaits.
It is enhanced by integrating proprioceptive feedback, enabling TQbot to adapt to

uneven terrains.

This work aims to explore how the bio-inspired spine contributes to the gait of
quadruped robots and to determine the extent to which it improves gait performance.
A series of experiments in both simulations and real-world scenarios were conducted to
evaluate the effectiveness of the spine in different gaits, including walking, trotting,
pacing, and bounding. The results highlight that the spine improves speed and gait
efficiency while helping to maintain stability, particularly in uneven terrain conditions.
Furthermore, the experiments revealed that the phase relationship between spinal

movement and leg movement is critical for optimal gait performance.

Based on the obtained results, the thesis concludes with a discussion on the impact
of the bio-inspired spine on quadruped robots, providing insights into the design of
legged robots with advanced locomotion capabilities. Recommendations for further
work include refining the spine’s control algorithms and extending the model to more

complex environments.
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Introduction



1.1 Background and Motivation

1.1 Background and Motivation

Quadrupeds in nature have a limited range of movement in their leg joints, but can
easily move on di erent terrains and exhibit high manoeuvres and exibility. One
of the reasons for this is that they have a exible spine which plays a vital role
in stable gait and agility. Legged robots have always been expected to have such
capabilities to move on natural terrains and to perform tasks in harsh environments
that humans cannot arrive at or are harmful to humans. Therefore, taking inspiration
from biological structures, adding a bionic structure spine to robots and exploring its

e ect are promising ways for quadruped robots to achieve that.

It has two directions to enable quadruped robots to achieve animals level agility:
algorithms and structures. On the algorithm side, model-based methods rely on
accurate mathematical models of the robot's body and its environmer® [5]. These

methods use pre-de ned models to predict the robot's movements and adjust its
gait accordingly. While model-based control can provide precise control in known
or structured environments, its e ectiveness diminishes when facing unpredictable or
highly dynamic terrains due to the di culty of creating accurate models for every

situation.

Alternatively, learning-based methods o er a exible approach by allowing robots to
adapt their behaviours based on experience® B]. These algorithms do not require
precise models of the robot's body or environment but instead learn to generate
appropriate gaits through trial and error. Reinforcement learning, for instance, enables
robots to discover e cient locomotion strategies by interacting with their surroundings
and optimising their movements over time. Learning-based approaches have shown
promise in improving the robot's adaptability to unstructured or unknown environments,

although they can be computationally expensive and require signi cant training data.

In addition to algorithms, the structural design of quadruped robots is another crucial

factor in achieving high-performance mobility like animals. Animals have evolved over
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Figure 1.1 Human spine structure. The intervertebral discs connect each vertebra,
absorbing shock and allowing exibility. The ligaments prevent excessive exion and
enhance the stability of the spine.

hundreds of millions of years to have a body structure that is extremely adaptable
to nature. By taking inspiration from biological structures, adding a bionic spine to
robots and exploring its e ect is a promising way for quadruped robots to enhance their
mobility. A exible spine allows for more dynamic movement, better shock absorption,
and improved stability when navigating complex terrains. The design of such a spine,
combined with advanced control algorithms, provides a pathway for quadruped robots

to achieve high levels of agility and stability similar to their biological counterparts.

Biologically, the spine is divided into two components: the passive part and the active
part [9]. The passive part consists of bones, ligaments, and tendons, and its deformation
depends solely on the applied forces as shown in Figure 1.1. The bones are rigid parts
connected by ligaments and intervertebral discs to form a stable and exible structure.
In contrast, the active part is composed of muscles that control the passive spine to
produce various movements. Inspired by this, the robot spine may also be composed

of passive and active parts to get the animals-level performance.

Over the past decade, there has been signi cant progress in the development of
qguadruped robots with various spine designs. Robotic spines have been explored in

di erent contexts, including crawling robots, snake-like robots, salamander-inspired
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robots, and modular robots, each contributing to improvements in agility, turning
e ciency, and energy e ciency. However, the integration of a exible spine in quadruped
robots remains a relatively underexplored area, particularly when it comes to the

coordination of spine and leg movements.

Di erent spine designs have been proposed for quadruped robots, each o ering distinct
advantages and trade-o s. The rigid spine, which does not feature movable joints
between the robot's torso segments, is simple in structure, low-cost, and easier to
control. This design has been adopted by many state-of-the-art quadruped robots,
including ANYmal from ETH Zurich, the MIT Cheetah series, and the Spot robot
from Boston Dynamics. While these robots have demonstrated impressive performance,

the lack of a exible spine limits their agility and adaptability on complex terrains.

In contrast, passive spines, which use elastic elements to connect the robot's body
segments, allow for greater exibility and energy e ciency. By storing and releasing
energy, passive spines can improve high-speed locomotion and reduce the negative e ects
of external perturbations. However, the uncontrolled elasticity of passive spines can

introduce disturbances, making it di cult to precisely control the robot's movements.

Active spines, on the other hand, provide additional degrees of freedom and allow for
dynamic adjustments of the robot's spine during locomotion. This enables the robot
to perform more complex and agile movements, such as increasing stride length for
faster speeds or improving turning e ciency. However, the increased complexity of
controlling an active spine, as well as the added weight and energy consumption from

additional actuators, presents challenges in designing e cient and lightweight robots.

1.1.1 Exploration, Rescue and Transportation in Extreme

Environments

Quadruped robots have the potential to revolutionise exploration, rescue, and trans-

portation tasks in extreme environments. In planetary exploration, for instance, robots
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must navigate rugged and unpredictable terrains while collecting valuable data. These
missions often require robots to traverse steep slopes, loose soil, and rocky surfaces,
where traditional wheeled or tracked robots may struggle. A quadruped robot, equipped
with an active spine, can o er enhanced mobility and adaptability, making it well-suited

for these challenging tasks.

Similarly, in the aftermath of natural disasters such as earthquakes or oods, robots
can play a crucial role in search and rescue missions. Navigating through collapsed
structures or hazardous areas, robots can locate survivors and deliver essential supplies
without putting human rescuers at risk. The ability of a robot to traverse uneven
terrain and maintain stability is critical in such scenarios, and a exible spine can
signi cantly improve its performance. Additionally, quadruped robots can be used to
transport supplies to areas that are di cult to access, providing critical support in

disaster relief e orts.

1.1.2 Robots in Extreme Environments

Various types of robots have been developed to operate in extreme environments, each
with unigue advantages and limitations depending on the task and terrain. Biped
robots, for instance, o er human-like mobility, which can be advantageous for working
human life scenes, but they often struggle with stability and balance for moving on
rough terrains. Quadruped robots, on the other hand, o er greater stability and can
traverse more rugged environments but may lack the agility or exibility needed in

certain situations.

Wheeled robots are generally faster and more e cient on at terrain but face signi cant
challenges when encountering obstacles or steep inclines. Tracked robots, often used in
military and industrial applications, can handle rough terrains better than wheeled

robots but tend to be slower and less agile.
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Modular robots o er a exible approach, where individual units can be recon gured
to adapt to di erent tasks and terrains. These robots can potentially address a wide
range of challenges by recon guring themselves based on the environment. However,

the complexity of control systems for modular robots can be a limiting factor.

1.2 Problem Statement

While advances have been made in quadruped robot design, the integration of a exible,
active spine remains an unsolved challenge. The design and control of the spine
are crucial for achieving dynamic and e cient gaits, particularly when operating in
unstructured or extreme environments. Current robotic systems without a spine limit
the potential for dynamic movements, while passive spines introduce unpredictability
due to their uncontrolled nature. This research speci cally focuses on quadruped
robots with novel spine designs, which allow for more dynamic and adaptive movement,
potentially improving performance across a range of extreme environments. In order

to provide a complete solution, the following issues need to be addressed:

(1) What kind of spine mechanical structure can maintain lightness and compliance

while simultaneously providing multiple DOFs?

(2) Which method can parameterise the spine movement and coordinate it with the

movement of the legs and generate various gaits by a few parameters?

(3) What phase di erence, amplitude and frequency of spinal movements can improve

the velocity and stability of gaits on various terrains?

This research addresses these challenges, at least in part, by developing a novel
tensegrity spine for a quadruped robot. The spine's exible structure allows for
movement in multiple DOFs, enabling improved leg-spine coordination and dynamic

adaptability. The primary focus is to investigate how the bionic spine can improve gait
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stability, agility, and speed, particularly when traversing uneven or rapidly changing

terrains.

1.3 Contribution

This thesis makes several key contributions to the eld of quadruped robotics.

(1)

(2)

3)

It introduces the design and implementation of two novel bionic spine structures
for quadruped robots. These spines, inspired by biological principles, include
active and passive segments that o er a balance between exibility and control.
Furthermore, the research presents the rst quadruped robot that combines
a tensegrity spine with actuated legs, creating a more dynamic and adaptive
locomotion system. This robot demonstrates improved performance in simulation,
particularly in terms of gait coordination, turning e ciency, speed and stability
improvement. The incorporation of a tensegrity spine structure provides unique
advantages in terms of weight reduction and mechanical e ciency, making the

robot more suitable for tasks in extreme environments.

The thesis proposes a control framework based on a Central Pattern Generator
(CPG). The CPG model in the framework is composed of modi ed phase oscilla-
tors, which can independently control of stance and swing phase for a quadruped
robot. Moreover, proprioceptive feedback is integrated into the modi ed CPG

model to generate dynamic leg-spine coordinated gait in real-time, allowing the
robot to adapt to changes in rough terrain. This model-free approach eliminates
the need for precise mathematical modeling of the robot's body, making it more

adaptable to real-world conditions.

Thanks to the bionic spine, it can rotate in multiple degrees of freedom simul-
taneously, a number of experiments in simulation have initially explored the
impact of multidegree-of-freedom spinal movements on gaits. TQbot demon-

strates improved performance, particularly in terms of improved gait coordination,
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turning e ciency, speed, and stability. It provides guidance for the gait design of

spine-assisted quadruped robots in the future.

1.4 Thesis Outline

The remainder of the thesis is structured as follows:

Chapter 2 provides a comprehensive survey of existing spinal structures for quadruped
robots, CPG models, and the problems that may be encountered when applying

reinforcement learning.

Chapter 3 introduces on the mechanical design of TQbot, especially the design of
two bionic spines. The basic control methods of legs and spine based on kinematic and

inverse kinematics were also described.

Chapter 4 describes the CPG model based on the modi ed phase oscillator with
the internal feedback mechanism. The gait generation method and corresponding
parameters are also given. Finally, the proposed CPG model integrating proprioceptive

feedback and the proximal policy optimisation algorithm are introduced.

Chapter 5 demonstrates three simulated experiments that were conducted to quantify
the performance of the spine in various gaits. The role of the spine on uneven terrain
was also evaluated using the proposed CPG model that integrating proprioceptive
feedback. Additionally, experiments on physical bionic spines were conducted to prove

the e ectiveness of the control method and show its properties.

Chapter 6 summarises all the work of this thesis and all results obtained. It also
discusses the future research directions related to this work and provides a specic

solution for assembling the part composed of tensegrity structures.
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2.1 Introduction

2.1 Introduction

The dissertation presented a completed novel quadruped robot platform, which involved
mechanism design, modelling, simulation, control and gait generation for a quadruped
robot with a bionic spine. The chapter discusses and reviews the literature for the
above domains around the quadruped robots with a spine. The current quadruped
robot platform and spine design are reviewed in Section 2.2. Section 2.3 introduced and
analysed the di erent central pattern generators for generating leg-spine coordination
gaits. Furthermore, the issues of robot reinforcement learning are reviewed as a method

to learn sensory feedback in CPG to generate dynamic gaits.

In summary, the chapter presents a comprehensive background and literature for
building and controlling a quadruped robot with a spine. The challenges and issues in
designing a bionic spine and generating leg-spine coordination gaits are introduced and
analysed. For generating dynamic leg-spine gaits, the advantages and disadvantages of
the existing methods are analysed. The challenges of bionic design and control, as well
as the issues of leg-spine gait generation mentioned above, can be addressed in part by

the contributions in this dissertation.

2.2 State-of-the-art Quadruped Robot Platform

In the recent decade, the robotics eld has signi cantly ourished, leading to the
emergence of numerous types of quadruped robots. Many state-of-the-art quadruped
robot platforms are built for di erent purposes. This section reviews those quadruped

robot platforms and analyses their performance from the aspect of the structure.

2.2.1 Quadruped Robots without a Spine

Some research institutes and commercial organisations have developed many state-of-

the-art quadruped robots that aim to achieve quadruped-like performance in terms
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of speed, agility, robustness, energy e ciency, dealing with external disturbance and
walking in uncertain environments. Boston Dynamics, Unitreelf0] and Ghost Robotics
[11] are the commercial companies that have successfully mass-produced quadruped

robots and applied them to the real world to some extent.

In addition, universities and research institutions developed excellent quadruped robots,
for instance, the Cheetah robot series from the Massachusetts Institute of Technology
(MIT) [ 12 14], ANYmal from the Swiss Federal Institute of Technology in Zurich (ETH)
[15], HYQ [16, 17], HYQ2Max [1§ from the Italian Institute of Technology (IIT),
Minitaur robot from the University of California, Berkeley (UCB) [19], Serval from

the Swiss Federal Institute of Technology Lausanne (EPFLR[]. The focus of their
research on quadruped robots varies, encompassing di erences in mechanical structures
and control methods, and explored diverse and comprehensive approaches to their
development. Those representative quadrupedal robot platforms will be introduced

here.

BostonDynamics BigDog

(a) Bighog (b) Spot (c) SpotMini

Figure 2.1 Boston Dynamics robots

Most quadruped robots are currently developed with electric actuators due to the
high control accuracy, compactness and integration, such as MIT's directly electrically
actuated, ETH's serial elastic actuator, Minitaur's direct-drive actuator, and Stanford

doggo's quasi-direct-drive(QDD) actuator 21]. However, electric actuators cannot
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support high loads compared to hydraulic actuators. Some hydraulic actuators have
also been successfully applied on quadruped robot platforms, such as BigDog from

Boston dynamics and HyQ [16, 17], HyQ2Max [22] and HyQReal from IIT.

One of the most famous quadruped robots is Bigdog developed by Boston Dynamics,
with funding from Defense Advanced Research Projects Agency (DARPAJ][ It is

a hydraulic quadruped platform used to assist soldiers in transporting supplies and
equipment in complex environments. BigDog achieved excellent movement ability
and load capacity on various rough terrains. Additionally, it has excellent balance
and maintains stability even when subjected to pushing or kicking. Each leg has four
hydraulic actuators to power joints and a passively compliant foot. The actuator is
equipped with precise position and force sensors, as well as aerospace-quality servo-
valves, and each foot features force sensors. It is also equipped with an aerospace-grade
IMU, and depending on the version, with a stereovision camera or a laser scanner
for exteroceptive sensing of the environment. Its subsequent development, Spot and
SpotMini, also showed strong adaptability to unstructured terrains23. It has had

a profound impact on the development of quadrupedal robotics. The BigDog and
SpotMini make people see the application prospects of quadruped robots in human
life. Unfortunately, the researchers did not publish scienti ¢ papers about these two

quadruped robots.

T HyQ

(a) HyQ (b) HyQ2Max (c) HyQReal
Figure 2.2 IIT HyQ
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HyQ is a versatile quadruped robot for generating dynamic movement on rough terrains
with 3 degrees of freedom in each led@q, 17]. Its hip abduction/adduction joint is
electrically actuated by a Brushless Direct Current (BLDC) motor with harmonic drives
that are mounted onto the torso to reduce the leg inertia. The hip and knee joints
are actuated by hydraulic cylinders, which aim to provide high torque and velocity.
Another advanced robot, HyQ2max, evolved from the earlier HyQ robotlf]. It was
designed to be more rugged and powerful with the addition of self-righting capabilities,
which HyQ lacks. However, most of the improvements are in materials and hydraulic
actuators, with only minor modi cations to the mechanical structure. Both legs have
similar kinematics with 3 degrees of freedom but HyQ2Max has a larger workspace in
hip joints to support self-righting function. HyQReal is the third-generation hydraulic
guadruped robot in the HyQ series, developed in collaboration with Moog In24].
HyQReal is an autonomous robot integrating a complete hydraulic power system
and a Lithium-Polymer battery within its torso. It's designed on the blueprint of
its predecessors, HyQ and HyQ2Max It has the smart hydraulic actuation system to
provide HyQReal with a strong load capacity and the ability to output large forces at

the joints, making it pull a plane weighing about 3 tons.

MIT Cheetah

The Biomimetic Robotics Lab at MIT developed Cheetah series quadruped robots,
which have made many innovations in leg and body design. In 2012, they designed a
tendon-bone leg that resembles mammalian musculoskeletal structures to improve the
strength and compliance of the leg2f]. In addition, the rst generation of Cheetah
explored the impact of exible spine on energy e ciency and high-speed running
and achieved a high-speed trotting gait by applying the novel spind3]. Subsequent
Cheetah Il uses a spring-loaded inverted pendulum (SLIP) based method to implement
a high-speed bounding gaitl3]. The controller can generate a stable 3D bounding

gait at speeds of up to 6.4 m/s without re-tuning any parameters. However, each leg of
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(a) Cheetah 1 [12] (b) Cheetah 2 [13]

(c) Cheetah 3 [14] (d) Mini Cheetah [25]

Figure 2.3 MIT Cheetah series quadruped robots.

Cheetah Il only has two degrees of freedom that limit the generation of other dynamic
gaits. The limitation of leg workspace is solved by MIT Cheetah 3, demonstrating
a more extensive range of motion space than Cheetah 2. Its modular controller can
react quickly to changing terrain without a priori knowledge of the environment1[4].
Furthermore, they also designed and developed a low-cost agile quadruped robot, Mini
Cheetah, which is the rst quadruped robot that can demonstrate a complete back ip
on at ground [25]. Its mechanical design of the low inertia leg had a profound e ect
on all subsequent quadruped robot development, most of which were designed with

the similar kinematic structure of Mini Cheetah.

ETH ANYmal

Another state-of-the-art quadruped robot, ANYmal, was developed by ETH to support
humans in harsh industrial environments I5. They mainly study the mobility of
guadruped robots on various rugged terrains, agile motion skills and high robustness.
It is a promising quadruped platform to perform dynamics and agile manoeuvres to

overcome gaps, stairs and obstacles. Thanks to the di erent mechanism designs of the
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