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Abstract

This work investigates the interaction of a planar double pendulum robot and springs, where
the lower body (the leg) has been modified to include a spring-loaded passive prismatic
joint. The thesis explores the mechanical advantage of adding a spring to the robot in
hopping, landing, and balancing activities by formulating the motion problem as a boundary
value problem; and also provides a control strategy for such scenarios. It also analyses
the robustness of the developed controller to uncertain spring parameters, and an observer
solution is provided to estimate these parameters while the robot is performing a tracking
task. Finally, it shows a study of how well IMUs perform in bouncing conditions, which is

critical for the proper operation of a hopping robot or a running-legged one.
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Chapter 1
Introduction

For acrobats and athletes, the success or failure of a maneuver depends on precise and
accurate movements. Different studies have been carried out on gymnastic and acrobatic
motions performed by humans. In sports Ikeistic GymnasticsAleksic-Veljkovic et al.

(2014) analyzed the balance performance (based on the athlete's age) of young gymnasts
competing at the international level on the balance beam. Hars et al. (2005) also studied the
balance performance of human athletes at a basic back walkover by analyzing the dynamics
of reaction forces acting during different supporting phases. Kim et al. (2012) performed a
kinetic analysis of a standing back tuck on the balance beam ( gure 1.1) with eight female

Figure 1.1 Tang Xijing of China competes during the artistic gymnastics women's balance
beam nal at the Tokyo 2020 Olympic Games in Tokyo, Japan, Aug. 3, 2021. (Xinhua, 2021)
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gymnasts. The study used six eagle cameras and one force plate to capture the body's motion,
velocity, acceleration, and ground reaction forces at jumping (around twice the athlete's
weight). Motions of this kind are nearly planar activities that require precise balance control

at one-support movements, the ability to produce and correctly modify high ground reaction
forces, and the necessary skill to execute the actions accurately. So it makes sense to reduce
the study's complexity by using a planar model of the motion.

1.1 Motivation

This thesis is part of a series on the design and construction of an experimental high-
performance monopedal robot, called Skippy (Featherstone, 2021) ( gure 1.2), which uses
springs to help it achieve higher maximum speed at launch; shock reduction on landing; and
recycling mechanical energy from one hop to another.

The main idea of the project is to demonstrate titas easier to increase the complexity
of a high-performance robot than to increase the performance of a highly complex robot"
(Featherstone, 2021). In this sense, a technology-inspired approach (instead of a bio-inspired
one) is the basis of the robot's design to reach the maximum possible physical performance
with today's robotics technology.

In gure 1.2, itis possible to see that the robot is merely planar except for the crossbar,
which allows it to have three degrees of freedom. The mechanism has two revolute joints at
the ankle and the crossbar and a 4-bar linkage at the hip to rotate the leg relative to the torso.
The robot has:

» Two actuators at the crossbar and hip.

» Two regressive springs at the main motor and the ankle. Physically both are leaf
springs made of berglass curved into a circular arc.

» Aring crew mechanism (Featherstone, 2022) between the main motor and the 4-bar
linkage.

In this context, this thesis merges some challenges related to the Skippy robot, like:

» The trajectory optimization and design of a controller for executing complex motions
like hops and summersaults.

* The study of advantages and disadvantages of using linear and nonlinear springs.

» The balancing problem on spring-loaded mechanisms.
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