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Abstract

In the field of legged locomotion, agility is a critical area of research in
robotics due to its potential to enable versatile movement for various appli-
cations, including search and rescue missions. However, bipedal robots face
significant challenges in achieving rapid movements, such as maintaining sta-
bility and agility. This dissertation presents the development of Baleka II,
a bipedal robot designed to overcome these challenges by achieving rapid
legged locomotion through open-loop control. Building upon its predecessor,
this research seeks to evaluate the robot’s capacity to perform agile tasks by
incorporating trajectory optimization algorithms and conducting real-world
experiments.

The study is structured around four primary objectives: improving the
embedded system configuration, generating control trajectories using trajec-
tory optimization, validating these solutions through simulations, and imple-
menting them on the physical robot. The key locomotive tasks investigated
include acceleration, deceleration (gait termination), and steady-state walk-
ing/running.

The control system was implemented using the Speedgoat Real-Time Tar-
get Machine, integrating Simulink Real-Time and Simscape Multibody for
real-time execution. Trajectory optimization was accomplished using Pyomo
and Interior Point Optimizer (IPOPT), producing solutions for walking (0.5
m/s), walk-to-run transitions (1.5 m/s), and maximum forward speeds (4.0
m/s). Simulations were used to verify these solutions, taking into account
the robot’s physical constraints. Despite the use of open-loop control, stabil-
ity was maintained through proportional-derivative (PD) controllers for each
motor.

The key findings of this research indicate that as the robot’s speed in-
creased, so did the actuation effort, peak torque, and GRFs, leading to ve-
locity discrepancies and high deceleration upon ground contact. Nevertheless,
Baleka II was able to accelerate into 3.2 m/s steady-state gait and decelerate
in a stable manner, demonstrating competitive acceleration and deceleration
rates relative to other bipedal robots. These results offer valuable insights into
the use of open-loop optimal control for achieving rapid transitions in bipedal
robots, with potential applications in search and rescue, industrial assistance,
and entertainment.

Future work will focus on enhancing the robot’s deceleration capabilities,
integrating additional sensors, exploring advanced control techniques, and
testing the robot on uneven terrain. These efforts will further expand the
potential of Baleka II for real-world applications.
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F Force control: Force (desired or measured)
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µ Coefficient of friction

µd Coefficient of dynamic friction
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DES Desired value of variable

MES Measured value of variable

ρ Weight scaling factor in cost function

DFoot Hertz: Damping coefficient

FN Froude number

g Gravitational acceleration in the Y direction

GP Ground penalty variable
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h Variable time-step
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Kdr Impedance control: Tunable differential gain in the radial direction
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Kpr Impedance control: Tunable proportional gain in the radial direction

Kt Torque control: Torque constant

N Represents the total number of elements/nodes

n Specific node

NGR Gear reduction ratio

p Collocation point

rb Distance between the boom-base to body

rmax Froude Number: Maximum leg length of the biped

rwb Distance between the boom-base to the CoM of the combined boom-robot

t[N ] Total simulation time

TM Total mass of Baleka

TT Desired total simulation time

BLDC Brushless DC

BWE Backward Euler
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CoM Centre of Mass

DF Diversity Factor

DoF Degrees of Freedom

EoM Equations of Motion

FN Froude Number

FOC Field Oriented Control
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IPOPT Interior Point Optimizer

MoI Moment of Inertia

MPC Model Predictive Control

N Node Points

NLP Non-linear Programming

20



Optimizing Dynamic Locomotion in Baleka II: From Simulation to Real-World
Running Zubair Martin

PD Proportional-Derivative

QDD Quasi-direct Drive

RL Reinforcement Learning

SLIP Spring-loaded Inverted Pendulum

TO Trajectory Optimization
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1 Introduction

1.1 Overview

Advancements in robotics over recent decades have driven the development of new
robots and control methods to address public service, industrial (e.g., construction),
and specialized (e.g., emergency rescue) needs [1]. Ground locomotion in the field of
robotics typically employs legged, wheeled, or tracked mechanisms. Among these,
legged locomotion, inspired by biological evolution, excels in navigating uneven ter-
rains and executing agile, manoeuvrable motions — capabilities that wheeled and
tracked robots often lack [2]. Consequently, the feasibility of legged robots capable
of versatile and dynamic manoeuvres, such as MIT Cheetah 3, MABEL, ATLAS,
and Cassie, has been extensively studied [3], [4], [5], [6].

However, most legged robots focus on high-speed, steady-state motions rather than
transient movements (e.g. acceleration and deceleration) due to the inherent com-
plexity of their control. Legged robots are typically under-actuated, non-linear,
and high-dimensional systems, making their control tasks computationally challeng-
ing [7]. Despite these challenges, studying transient motions is crucial to enhancing
legged robots’ capabilities, thereby advancing their utility across public, industrial,
and specialized applications.

1.2 Motivation and Background

The evolutionary development of animal morphology and behaviour is shaped by
constraints and functional requirements essential for species survival. Stability,
agility, and manoeuvrability are fundamental to animal locomotion, playing a critical
role in both catching prey and evading predators, and remain vital to survival.”

Nature has long inspired engineering, but in recent years, robotics has shifted its
focus toward computer science, mathematics, and mechanics rather than biology [8].
This shift is largely due to the strong theoretical foundations of these disciplines and
the difficulty in deciphering the complex evolutionary mechanisms behind animal
autonomy. According to [8], bio-mimicry fields seeks to replicate maximum animal
features in robots, even if their functions are not fully understood, while bio-inspired
robotics takes a more measured approach, incorporating well-understood biological
traits to enhance robotic performance. Despite these advancements, modern bipedal
robots still lack the agility demonstrated by legged animals.

Key limitations in bio-mimicry and bio-inspired robotics include their complexity
of control systems, as well as constraints in actuator and mechanism technologies
that define dynamic and kinematic capabilities [9]. Although these challenges hin-
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der robots from achieving the agility and manoeuvrability of their natural coun-
terparts, current legged robots demonstrate remarkable capabilities. For instance,
ATLAS can navigate varied terrains [5], Cassie achieves running speeds exceeding
4.0 m/s [10], and the MIT Cheetah 3 can climb stairs [3]. These advancements rely
on diverse control architectures, including Model Predictive Control (MPC), Rein-
forcement Learning (RL), Force and Torque Control, Trajectory Optimization (TO),
and hybrid approaches. However, achieving agile manoeuvres remains a significant
challenge.

Research on agile manoeuvres, particularly rapid acceleration and deceleration, re-
mains limited. Some studies explore gradual changes in velocity or transitions be-
tween rest and motion [11], [12]. Others use RL and MPC for gait transitions
in quadruped robots, albeit at low speeds [13], [14]. TO has recently gained at-
tention for studying transient motions, identifying optimal parameters for bipedal
and quadruped robots, and analysing appendage contributions in rapid gait tran-
sitions [15], [16]. However, these investigations are primarily simulation-based due
to the open-loop nature of TO, highlighting the need for further exploration of TO-
based controllers for rapid transient motions in bipedal robotics.

This study builds on the foundations of Baleka I, which focused on optimizing mor-
phology and vertical agility in a bipedal robot [17]. This project aims to extend
these findings by implementing steady-state running and rapid transient motions,
advancing the capabilities of the initial design.

1.3 Aim and Objectives of Research

This research extends the foundational work of Mr. A. Blom’s thesis, ”Design of a
Bipedal Robot for Rapid Acceleration and Braking Manoeuvres” [17]. Although the
initial study focused on the construction of a bipedal robot capable of agile move-
ments, specifically hopping, this research aims to develop an integrated framework
to transition from simulated models to real-world controller testing on the physical
robot. It further seeks to utilize TO to perform various locomotive tasks, includ-
ing acceleration, deceleration, walking, walk-to-run transition, and running at the
maximum capable forward velocity.

The research began with the development of Baleka II, an improved iteration of the
Baleka robot. Mr. Daryn Bright, an MSc Mechanical Engineering graduate, was
responsible for the design, modelling (SolidWorks), and procurement of components
for the robot’s body and legs. Concurrently, Mr. Christopher Mailer, also an MSc
Mechanical Engineering graduate, designed, modelled, procured, and assembled the
robot’s boom. My contribution focuses on control implementation and embedded
systems, including robot modelling and deploying control templates on the physical
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platform using real-time operating systems. The following objectives outline the key
milestones necessary to achieve the project’s aim:

1. Develop an Enhanced Embedded System Configuration
Design an improved embedded system to seamlessly execute control commands
and monitor sensor data, enabling rapid control prototyping.

2. Model and Optimize Locomotion Tasks Using TO
Solve optimal locomotion tasks focusing on acceleration, deceleration, and
three steady-state gaits: walking, running (walk-to-run transition), and maxi-
mum forward velocity. Additionally, determine the shortest times for acceler-
ating and decelerating to the maximum velocity.

3. Validate Trajectories Through Simulations
Create a physical simulated model to validate and assess the feasibility of the
optimal trajectories.

4. Implement and Compare on Physical Robot
Deploy the optimal trajectories on the physical robotic platform and com-
pare the real-time experimental results with the TO predictions and physical
simulations.

The outcomes of this research will serve as a foundation for future iterations of
the Baleka robot, with a focus on developing energy-efficient locomotion, enabling
complex transient manoeuvres (such as turning), enhancing mechanical properties,
increasing degrees of freedom (DoF), integrating appendages to improve stability,
and advancing the development of both open- and closed-loop controllers. Addi-
tionally, this study will contribute to the field of rapid transient motion control,
specifically in the implementation of such controllers on physical robotic platforms.

1.4 Scope and Limitations

The scope of this research is to evaluate the implementation of agile locomotive
tasks on the bipedal robot Baleka II. It involves creating a pipeline from simulation
(using a TO template and a physical model simulation template) to implementing
controller templates on the physical robot.

The study is expected to be completed within 24 months, with strategies in place
to expedite progress, including collaboration with other MSc students working on
similar projects. Before implementing the controller templates, the robot and its
support rig (boom) required detailed design and assembly.

The physical limitations of Baleka II stemmed from its design, which was based
on the initial iteration of Baleka. The fixed length of the boom restricted lateral
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translation and yaw and roll rotations, limiting the robot’s movement to a spherical
path centered at the boom’s base. This constraint allowed motion only along the
Y-axis (up and down) and X-axis (left and right), preventing operation outside the
laboratory. Additionally, the robot lacked sensors to monitor its motion, relying
solely on sensors within the motor controller and the boom to track the robot’s
vertical, horizontal, and angular position and velocity relative to the lateral plane.
Although capable, including additional rotation to increase the DoF would have
added further complexity to the project.

Software limitations were influenced by several factors, detailed in the sections below,
including TO constraints, cost functions, parameters such as friction, number of
nodes, motor model, and the modelling of dynamics and kinematics. Additionally,
the physical model simulation employed variable time-steps instead of fixed time-
step solvers to optimize solving time, addressing the limitation of processor speed.

Cost limitations were significant due to the motors being sourced from China, result-
ing in considerable import time and expenses. Prompt procurement at the project’s
outset mitigated this issue. Additionally, the motor drivers were nearing obsoles-
cence, posing a substantial risk to the project’s success if they failed. The robot’s
structure was primarily made of aluminium, chosen for its cost-effectiveness despite
being heavier than carbon fibre. From a management perspective, the reliance on
a single boom, one real-time operating machine, and a shared supply unit with
two other robots required effective communication and scheduling to manage these
constraints.

1.5 Evolution from Baleka to Baleka II

This section provides an overview of the mechanical improvements made from the
first iteration of Baleka (which was outside the scope of this work). The objective
was to preserve the optimized morphology while enhancing mechanical properties
to enable agile locomotion. The robot’s main design includes four torque actuators
at the hips and a body connected to a boom. In addition to the onboard motor
controller, the boom houses all necessary sensors to monitor robot data. The motors
are powered by a fixed-location power supply unit. Figure 1 illustrates the initial
and updated iterations of Baleka.
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Figure 1: Baleka (left), the initial prototype, and Baleka II (right), the second iteration
of the bipedal robot platform.

The force output was a considerable improvement factor in the robot’s performance:
as forward velocity increases, stride frequency also increases, resulting in higher
contact forces over a short duration [18]. Although motor actuators face a trade-off
between torque output and speed, it is preferable to achieve a high mass-specific force
(force output per kilogram of robot mass) [17]. Reducing the overall mass lowers
leg inertia, which benefits high-speed movement and reduces torque requirements.
To enhance force output, the mass of Baleka II was reduced to 9.5 kg from the
original 14.1 kg by minimizing the mass of the motor-driver and embedded system.
Although [17] suggests that the total leg mass should be 10% of the body mass
based on a spring-load inverted pendulum (SLIP) model, the legs were designed
with increased thickness and mass to improve structural integrity, durability, and
mass distribution for tasks involving high GRFs.

Another factor was active leg compliance, aimed at aiding ground impacts through
torque actuation. Unlike the previous iteration, the use of series and parallel elastic
actuators was not considered during the design, as no specific motions required the
construction of an elastic component. The investigation of elastic components would
require a separate study to determine their potential benefits or drawbacks for rapid
manoeuvres.

As with the original Baleka, quasi-direct drive (QDD) motors were adopted. Direct
drive motors, which operate without a gearbox, perform well in high-torque, low-
speed environments but suffer from significant Joule heating and operate well below
peak power output and efficiency, which are typically reached at no-load speeds [19].
In contrast, geared motors with high reduction ratios result in torque at the load
being influenced by NGR

2 of the motor’s inertia, where NGR is the gear reduction
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ratio [17]. While these systems provide adequate power, motor-gearbox mechanisms
are not ideal, as many control techniques rely on backdrivability.

QDD motors combine the principles of direct-drive and geared actuation by using a
torque motor with a low gear reduction ratio (less than 10:1) [20]. This configuration
enhances torque while minimizing backlash and maintaining high efficiency, enabling
accurate torque measurement and effective backdriving [21]. QDD motors offer bet-
ter efficiency and heat management compared to high-ratio geared systems, making
them ideal for dynamic robotics. Notable examples include the MIT Mini Cheetah
(6:1 gear reduction) and the Stanford Doggo (3:1 gear reduction), both benefiting
from QDD’s advantages. To facilitate active compliance, Baleka II incorporated four
QDD brushless DC (BLDC) motors, each with a 9:1 gear reduction. These motors
were improved over the initial iteration, reducing mass to 820 g (including driver
boards) and increasing rated torque from 7.3 Nm to 15 Nm.

The following list highlights further improvements made from the first iteration:

1. Designed to operate on the boom without additional support cables.

2. Mechanical parts were cheaper to manufacture (using sheet metal instead of
computer numerical control manufacturing).

3. Reduced exposed electronics/circuitry, with the driver boards and gearbox
integrated within the motor casing.

4. Improved range of motion of the legs, with a wider stance, preventing body-leg
collisions.

5. The endstops were omitted, eliminating the risk of body-leg collisions.

6. Modular design for easy component replacement when damaged.

7. The boom consisted of a 2.5 m long cylinder made from three 60 mm outer
diameter carbon fibre tubes (1.5 mm wall thickness), compared to the original
2.1 m long 25 mm aluminium square tube with tensioned steel cables, weighing
approximately 2.5 kg.

1.6 Plan of Development

This dissertation begins with a review of existing literature on legged locomotion,
focusing on acceleration, deceleration, and steady-state gait cycles. It then presents
an overview of common control techniques used in legged locomotion, emphasizing
impedance control and TO, and highlights notable legged robots and their control
methodologies.
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The approach to achieving the dissertation objectives are then outlined, including
tasks to investigate, the effects of the motor model and impedance control gains,
and the modelling approach for the TO controller and physical simulator.

The subsequent section analyses the motor and impedance controller, detailing the
experiments conducted and their outcomes. This is followed by an in-depth discus-
sion of the TO model, covering constraints, parameters, solvers, and validation tests.
The next chapter focuses on the robotic platform, detailing the physical simulator,
implementation strategies for the physical robot, and results from locomotive exper-
iments. The final chapter concludes by summarizing the results, addressing faults,
proposing improvements, and suggesting future work.
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2 Literature Review

In the field of locomotion, the environment is considered a fixed entity, while the
natural or mechanical system applies forces to the environment, resulting in either
acceleration or deceleration [22]. Significant efforts are dedicated to understanding
the actuators and mechanisms that generate these forces, which in turn determine
the dynamic and kinematic properties of the system. Engineers and researchers
strive to investigate the optimal morphology, gait patterns, and power efficiency
across various gait cycles to generate and study these forces.

Historically, engineers have drawn inspiration from nature’s species in the devel-
opment of robotic systems. However, in recent years, the focus of robotics has
shifted towards more established fields such as computer science, mathematics, and
mechanics, rather than biology [8]. The primary reason for this shift is the com-
plexity of animal structure and function—fully replicating these aspects in a robot
(bio-mimicry) is not feasible. Additionally, the foundational knowledge in these
well-defined fields is more thoroughly understood. Consequently, this research pri-
oritizes using the first iteration of Baleka’s optimal design morphology, rather than
attempting to incorporate the full range of animal features into the robot’s design.

Although significant progress has been made in legged locomotion, dynamic locomo-
tion remains incompletely characterized, and further contributions are necessary. In
particular, when focusing on rapid transient motions, few existing robots possess the
capability to accelerate from rest into steady-state motion and decelerate effectively.
Thus, while this study is focused on rapid transient motions constrained to the lateral
plane and conducted within a laboratory environment, it serves as a foundational
step towards enabling future bipedal robots to perform dynamic locomotion in real-
world settings. This research will examine the process of incorporating simulated
control templates and implementing them on the physical bipedal robot (Baleka II).
Various locomotive tasks will be explored, including walking, running, and rapid
transient motions such as acceleration and deceleration.

2.1 Legged Locomotion in Robotics

Biology serves as inspiration for designing robots capable of operating in hazardous,
unstructured, and complex environments, to operate in surveillance, planet ex-
ploration, search and rescue, endoscopic surgery, and prosthetic control applica-
tions [8], [23].

In designing robots, it is essential to compare their morphology to that of animals
suited for the desired application. This is particularly important for agile and mobile
robots operating in unstructured environments, where selecting the optimal locomo-
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tion mode is crucial for performance [24]. Common categories of terrestrial locomo-
tion include two-wheeled, three/four-wheeled, bipedal, quadrupedal, wheeled stair-
climbing, and tracked robots [25]. Although wheeled robots perform well on even
ground, they struggle on uneven terrain and stairs due to slipping [25], [24]. In con-
trast, bipedal robots excel in narrow spaces, rough terrains, and obstacle avoidance,
making them ideal for environments with gaps, slopes, or stairs [26], [25]. Addition-
ally, legged robots are more energy-efficient on soft surfaces due to discrete ground
deformation, whereas wheeled robots cause continuous deformation [24]. Legged
robots also benefit from adjustable ground pressure through sole width selection,
unlike wheeled robots with a small contact area [24].

Legged locomotion is a key focus in bio-inspired robotics, as it enables navigation
of complex, unstructured terrains [27]. Minimizing the number of legs reduces the
actuator count and robot weight, making two-legged robots preferred for agility,
cost-effectiveness, and weight reduction [24]. Slow, stable robots often have more
than four legs to maintain static stability, while two-legged robots are favoured for
dynamic stability and locomotion.

Humanoid robots (bipedal) must avoid causing harm when interacting with the en-
vironment, which requires flexible locomotion with the ability to launch (accelerate)
and stop abruptly (decelerate). Bipedal robots have superior braking power com-
pared to wheeled robots [25], enabling agile manoeuvres. Real-time solutions, such
as Zero Moment Point (ZMP) modification, allow walking robots to stop in a stable
manner [28], [29]. Legged robots also offer better manoeuvrability on rugged terrain
due to discrete ground contact points [27]. However, achieving high manoeuvrabil-
ity requires complex control to maintain stability and sufficient DoF in the legs to
generate forces in various directions.

For fast-moving legged animals and robots, various locomotion patterns (gaits)
emerge, including walking, running, trotting, bounding, and galloping [13]. This
study focuses on bipedal robots, specifically Baleka II, to explore methods for sta-
ble walking and running gaits, gait initiation, and termination, contributing to the
stability of bipedal manoeuvres and the success of robots in dynamic environments.

2.1.1 Walking and Running

A significant body of research has focused on the steady-state locomotion of legged
robotics, particularly walking and running [4], [10]. Studies show that gait changes
optimize energy expenditure at various speeds, with running being more energy-
efficient than walking at higher speeds [30]. For bipeds, walking is a stable gait
where at least one foot is in contact with the ground at all times, while running
involves flight phases where no foot is on the ground.
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The forward velocity of a gait depends on the step length and cadence (steps per
minute). Transitioning from walking to running is governed by the walk-to-run
transition factor, which is linked to the Froude Number (FN) — a dimensionless
ratio of inertial to gravitational force. During locomotion, centripetal force must
equal or exceed the gravitational force to keep the centre of mass (CoM) within the
circular arc of travel. When the centripetal force exceeds the gravitational force,
the robot enters the flight phase [31]. The FN, which incorporates leg length and
velocity, further explains the walk-to-run transition, as shown in Equation 1 [31].

FN =
Ẋ2

b

g × rmax

(1)

The FN is calculated using Equation 1, which incorporates Ẋb, the forward velocity
of the body in the X direction, g, the gravitational acceleration, and rmax, the
maximum leg length of the bipedal robot. Typically, a FN greater than 0.5 indicates
a transition from walking to running in bipeds [31]. Therefore, this study will
examine walking and running locomotion for Baleka II, using the FN as a reference
to categorize the locomotion task.

2.1.2 Gait Transitions

Steady-state locomotion in terrestrial animals and humans involves manoeuvres such
as starts, stops, and turns. The ability to perform rapid, agile manoeuvres is es-
sential for survival, such as escaping predators, catching prey, and avoiding obsta-
cles [32]. These manoeuvres include acceleration, deceleration, direction changes,
and jumping/hopping. Studying the traits of animals performing such manoeuvres
is challenging due to the diversity in morphology across species. Manoeuvres are
influenced by the interaction between environment, instinct, and morphology [32].
Integrating biomechanics findings promotes advancements in bio-inspired motor con-
trol models [33], fostering the development of robotics beyond steady-state motion.

Manoeuvrability, defined as the ability to change whole-body motion (direction or
position), is characterized by changes in velocity vectors, including direction, trans-
lational velocity, or angular velocity [34]. It focuses on controlled instabilities that
enable starting, changing direction, and stopping [35]. Furthermore, manoeuvres
can be classified as either simple (rotation or translation) or complex (combining
both) [34]. This study focuses on acceleration from rest and deceleration to rest.

A study of cheetahs, tracked with GPS and inertial measurement units over 17
months, found that successful hunts relied on accelerations exceeding 13 m/s² and
decelerations of -7.5 m/s², due to high friction coefficients between the feet and the
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ground [36]. Despite numerous studies on rapid transitions in nature, legged robots
have yet to master such capabilities.

The difficulty in developing rapid gait transitions stems from the complexity of
discontinuous mechanics, such as aperiodic foot contact orders. Simplified models
(e.g. massless legs, point mass bodies, and infinite friction) are intractable in real-
world systems [16].

2.1.3 Acceleration: Gait Initialization

Despite limited studies on rapid transition motions for bipedal legged robots, recent
research has focused on optimizing acceleration methods for such robots [16]. Key
approaches include:

1. Impedance control by incrementally increasing the desired velocity [11],

2. TO to determine the optimal motion for accelerating a legged robot from
rest [16],

3. RL and MPC to study if gait-switching behaviours naturally emerge during
learning [13]

Although acceleration was not a primary focus in the original Raibert bipedal de-
velopment, it was incorporated through incremental increases in the desired forward
body velocity, with dynamic stability as the main goal [11]. This method, however,
struggles with high-speed transitions from rest due to its reliance on a SLIP model,
not specifically designed for acceleration.

The TO approach involved modelling both bipedal and quadrupedal robots to opti-
mize gaits for acceleration, steady-state, and deceleration motions over a long time
horizon [16]. These motions were then stitched together into a complete cycle from
rest to rest, with slip effects and a sliding mass template emerging in velocity anal-
ysis.

Another study combined RL and MPC to optimize gait transition contact schedul-
ing in quadrupeds, focusing on energy efficiency. This approach, validated on a
Unitree A1 robot, successfully demonstrated gait transitioning at various speeds
and provided energy-efficient solutions [13].

Figure 2 shows the velocity curves for these approaches. Notably, the TO approach
achieved faster response times, even at higher speeds. A useful metric for evaluating
acceleration in legged robots is the time taken to reach the desired velocity.
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Figure 2: The figure compares Raibert’s quadruped (top, dashed curve: desired body
velocity) [11], velocity curves for acceleration states under various time constraints using
TO (middle) [16], and the RL-MPC approach for gait transitioning with velocity changes
(bottom).

2.1.4 Deceleration: Gait Termination

Another agile manoeuvre under investigation is gait termination, a common but
under-explored aspect of bipedal locomotion [37], [38]. Understanding its dynamics
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and kinematics is crucial for humans and robots, to prevent injuries and to avoid
obstacles.

Raibert’s robots addressed deceleration by placing the foot ahead of the neutral
point, where no net forward acceleration occurs [11]. In human physiology, studies
have shown that body control strategies correlate with feedback rules used by Raib-
ert’s robots [39]. Alternatively, TO techniques have been applied to identify optimal
deceleration strategies for both bipedal and quadrupedal systems [16].

Research indicates that ground reaction forces (GRFs) during braking in bipeds
exceed those generated during acceleration [38], [40]. Additionally, the forward-
placed leg in gait termination is angled to produce a dominant horizontal force,
contributing to instability. Similar to acceleration, key metrics for evaluation include
deceleration speed and the body’s ability to maintain post-manoeuvre stability.

The stability of a system refers to its ability to self-correct in response to distur-
bances, thereby maintaining the desired posture. In legged robots, stability can be
categorized into two types: static and dynamic. Static stability is achieved when
the CoM lies within the support polygon, which is the geometric area enclosed by
the ground contact points of the robot’s body [41].

Dynamic stability, on the other hand, applies to systems such as bipedal robots.
These robots must actively prevent tipping during motion, as their support polygon
is limited to a rectangle (defined by the sole size) or even a point during single-
leg support. The CoM in dynamically stable bipedal locomotion is challenging to
predict due to its continuous shifting. However, during the deceleration phase of
the gait cycle, Baleka II should maintain stability by ensuring that its CoM remains
within the support polygon.

2.2 Review of Legged Robotic Platforms and Control Method-
ologies

Engineers draw inspiration from animal morphology, features, and dynamics when
designing and controlling legged robots. The integration of morphology, sensors,
actuators, materials, and platforms is crucial in robot design, driven by application
needs. Robotics, studied since the 18th century, initially used mechanical linkages
to enable locomotion, though rigid walking patterns limited the adaptability and
terrain navigation [42]. From the 1960s, research into active control led to the
development of adaptive legged machines.

In the early 1960s, General Electric Walking Truck, a 12-DoF quadrupedal robot,
was hydraulically powered and manually controlled [42]. Shortly thereafter, auto-
mated machines, such as the Ohio State University hexapod and WL-9DR robot,
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emerged, paving the way for adaptable walking robots [42], [43]. Together, these
global advancements laid the foundation for adaptable walking robots. However,
the emergence of novel designs for dynamic legged machines soon challenged the
prevailing mindset of the time.

Prior to the 1980s, robotic designs focused on static stability by increasing the num-
ber of limbs or expanding foot areas. However, Marc Raibert’s pioneering work in
dynamic locomotion during the 1980s significantly advanced the field. By employing
a SLIP model with pneumatic actuation, Raibert’s robots incorporated balancing
masses and constrained lateral motion. These robots demonstrated the ability to
manage disturbances, perform hopping, and execute speed, position, and body atti-
tude control. Dynamic behaviours were achieved by aligning the hip joints with the
CoM and designing a high-inertia torso, which minimized the impact of leg move-
ments on the body and prevented undesired moments on the torso caused by leg
impulses [42], [11]

Since Raibert’s advancements, legged robotics observed numerous developments,
from humanoid robots assisting with daily tasks to agile robots running. Despite
diverse designs, control systems, and sensors, these robots share the common goal
of achieving or surpassing the natural agility of animals and humans, with some
emphasizing energy-efficient techniques. This collective effort continues to expand
the possibilities of legged robots.

While the goal is shared, different control algorithms enable legged robots to perform
dynamic manoeuvres. This section will explore Model-Based, Learning-Based, Bio-
Inspired, and Heuristic-Based control methods in existing robots.

2.2.1 Raibert Control

Raibert’s control approach for legged robots is centred around dynamic balance,
utilizing a state machine to manage different phases of motion. The approach dis-
tinguishes between hopping, forward speed, and body attitude control, each imple-
mented through separate control techniques [11]. A key feature of this approach is
the concept of a neutral point, which defines the foot placement that results in zero
net horizontal acceleration. To increase forward speed, the foot is placed ahead of
the neutral point, whereas placing the foot behind it serves to reduce speed. The
method also incorporates impedance control to regulate the body pitch and forward
speed, ensuring these values meet the desired targets. The control focuses on leg
thrust, swing control, leg placement, body attitude, and the associated velocities.

The robot’s movement is categorized into four distinct phases: foot touchdown,
lowest body height during motion, foot lift-off, and body apex during motion. The
key control states associated with these phases are as follows:
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1. Compression State (between touchdown and lowest body height): This state
is activated when the leg shortens, exerting no actuation, except for adjusting
the body via the hip.

2. Thrust State (between bottom and lift-off): Activated when the leg reaches
the lowest compression length or when the body’s vertical velocity is zero.
This state exerts actuation on both legs for launch and adjusts the body via
the hip.

3. Unloading State (at lift-off): Occurs when the leg stretches to its full length,
exerting no actuation.

4. Flight State (between lift-off and touchdown): In this state, the foot is off
the ground, and the leg is actuated to position it for landing.

Raibert developed both monopodal and bipedal robots using pneumatic cylinder
actuation (see Figure 3). The primary distinction between the two robots lies in the
biped’s additional control states, which are necessary to coordinate the retraction
and extension of each leg.

Figure 3: Display image of Raibert Monopod Hopper of both the experiment and model
[11].

While this approach is effective for dynamic motion and provides stable feedback, it
has several limitations [11]:
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1. The approach prioritizes balanced motions over optimal control.

2. The equations for forward speed are suited for low-speed applications with
nearly vertical, stiff legs, becoming less accurate at higher speeds. The com-
pression state reduces speed before acceleration.

3. In the compression state, the foot remains motionless, failing to exert a net
negative acceleration to launch the body.

4. These limitations hinder rapid transitions from rest, as large leg angles and
lack of acceleration reduce launch capability, as shown in Figure 2.

2.2.2 Force Control and Torque Control

Force control applies forces and torques to the environment, based on sensor data
from force/torque sensors or encoders tracking joint states [44]. The actuators ad-
just to achieve the desired force output, as described by the proportional controller
in Equation 2, where FMes and FDes represent measured and desired forces, respec-
tively. The actuator command Fa is controlled by a tunable gain Kp. When using
motors, force is typically not directly measured; instead, the torque (Tm) is esti-
mated from motor current (im) and torque constant (Kt) using Equation 3, mapping
the torque through the Jacobian J−T.

Fa = −Kp(FMes − FDes) (2)

Tm = imKt

Fa = TmJ−T
(3)

Legged robots like the Stanford Doggo, MIT Cheetah 3, and MABEL have adopted
force control for various gaits (see Figure 4). The Stanford Doggo uses QDD actua-
tors and virtual compliance, focusing on vertical agility and using the leg Jacobian
for force estimation [20]. The MIT Cheetah 3 employs a Balance Controller with
proportional-derivative (PD) control to align foot forces with friction constraints,
optimizing leg force distribution for robust locomotion [3]. On the other hand, the
MABEL bipedal robot uses a force controller with hybrid zero dynamics during
stance for dynamic locomotion. It integrates virtual compliance and springs in its
drivetrain to absorb shocks and enhance agility during running [4], [45].
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Figure 4: Legged robots which used Force control techniques to obtain desired locomotive
tasks. The Stanford Doggo is on the left [20], MIT Mini Cheetah in the centre [46], and
MABEL on the right [45].

2.2.3 Impedance Control

Impedance control regulates the relationship between force and motion to manage
a robot’s dynamic behaviour, unlike force control [44]. Instead of relying on end-
effector force–torque sensors, it uses encoders, tachometers, and accelerometers to
measure joint positions, velocities, and accelerations. This avoids instability from
inaccurately modelled dynamics between actuators and sensors [47]. This data is
used to apply force through controlled joint torques.

Equation 4 illustrates the actuation force, which depends on position and velocity
errors, where rMes and rDes are the measured and desired end-effector positions,
and ṙMes and ṙDes are their respective velocities. Kpr and Kdr are the position and
velocity gains.

Fa = −Kpr(rMes − rDes) −Kdr(ṙMes − ṙDes) (4)

An impedance-controlled leg prototype for the MIT Cheetah demonstrated the ap-
proach’s effectiveness in dynamic legged locomotion [47]. The robot focused on
improving torque density and reducing dynamic effects from mass and friction for
high-speed running. Although it only incorporated the proportional term of Equa-
tion 4 (with torque-dependent Coulomb friction), it enabled high-force impacts and
fast running.

2.2.4 Model Predictive Control (MPC)

Model Predictive Control (MPC) is an online feedback control strategy that leverage
a system’s model to predict and optimize control inputs over a predefined horizon
[48]. By minimizing a weighted cost function, MPC selects the optimal control
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inputs while adhering to system constraints, classified as either soft (violable) or
hard (inviolable) constraints. This adaptive controller recalculates solutions at each
time step, offering benefits such as preview capability, multi-variable control, and
constraint handling. While it excels in dynamic environments, its computational
demand increases with the inclusion of full system dynamics and extended prediction
horizons.

Linear MPC uses linearized models and solves convex quadratic online program-
ming problems, making it computationally efficient for approximately linear systems.
Conversely, non-linear MPC handles true system dynamics but requires solving non-
convex optimization problems, resulting in higher computational costs [49].

MPC is widely applied in legged robots (see Figure 5) due to its ability to adapt
to real-time data, reject disturbances through high control loop sample rates, and
handle error accumulation where offline trajectory-generated solutions often fall
short [50]. The following overview highlights notable robots that leverage MPC
control for various applications.

The ANYmal quadrupedal robot employs a collision-free MPC strategy to navigate
cluttered environments. The optimizer incorporates collision-free spaces, kinematic
constraints, and dynamic feasibility into a relaxed barrier function within the cost
function [51]. Experimental results showed its capacity to avoid obstacles by trotting
in place for fast-moving objects (>0.5 m/s) or surpassing slower ones (<0.2 m/s).
However, rapid gait transitions may enhance its responsiveness to faster objects.

The hydraulically actuated IIT HyQ quadruped employs a non-linear MPC ap-
proach based on a Single Rigid Body Dynamics model with a two-second prediction
horizon to manage non-linear system dynamics and constraints [50]. The cost func-
tion is designed to maximize a mobility factor related to hip-to-foot positioning,
facilitating stable locomotion on rough terrains. However, the model simplifies the
robot’s dynamics by neglecting leg inertia, making it more suitable for quadrupeds,
whose mass and inertia are concentrated at the base, rather than bipedal robots.
The robot achieved a maximum speed of 0.1 m/s on uneven terrain.

The Mini Cheetah employs convex MPC to calculate GRFs over a gait cycle,
avoiding the complexity of non-linear optimization by using simplified robot dy-
namics as described in Equation 3 [46]. These forces are then used to compute
motor torques, enabling the robot to achieve rapid trotting speeds of up to 2.45 m/s
with accelerations reaching 5 m/s².

Atlas, a humanoid robot, uses MPC to optimize motions over a short horizon. Its
cost function evaluates stability and pose, while the model maps joint-level dynamics,
including momentum and forces, to assess the feasibility of motions across all links.
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This enables complex tasks like parkour and object manipulation but requires costly
high-performance hardware [52].

MPC is most effective for systems with fewer DoF due to its computational demands.
For systems with many DoF or requiring rapid motions, solving MPC problems in
real-time can become prohibitively slow, with execution times reaching up to 50
ms. [53]

Figure 5: Display of legged robots adopting MPC, top left: ANYmal used to capture
the interactions with the environment [51], top right: IIT’s HyQ traversing a pallet using
NMPC [50], bottom left: Mini Cheetah [46], and bottom right: Atlas lifting dumbbells [53].

2.2.5 Reinforcement Learning (RL)

Reinforcement learning (RL) is an advanced optimization tool in legged robotics,
which leverage agents and Monte Carlo roll-outs to maximize reward functions [54],
[55]. RL employs an exploration-exploitation paradigm to train policies for energy
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efficiency and precise tracking. By utilizing full dynamic models, it can derive op-
timal feedback control policies based on sensor data and target states. A crucial
step in achieving optimal policies involves gradually guiding deep neural networks
from simple to complex tasks to address non-linearities. RL is particularly effective
in locomotion, manipulation, and navigation, enabling robots to adapt to dynamic
environments where traditional models often fail. For instance, RL aids in navi-
gating varied terrains, improving robotic grasping using vision data, and enabling
navigation in unknown, dynamic settings [54].

Despite its potential, relatively few platforms validate RL models on real robots
(some shown in Figure 6). One example is a study involving rapid gait transitions
on the quadrupedal robot Unitree A1 [13]. This study integrated optimal control
(convex MPC) with RL to separate gait generation from motor control. RL devel-
oped a gait policy defining key parameters, which the convex MPC used to compute
optimal motor commands, enabling a top speed of 2.5 m/s. Although limited to
slow accelerations, the system handled abrupt changes effectively.

The bipedal robot Cassie adopted a control approach integrating RL for dynamic
walking and running locomotion. Using a sim-to-real training framework with an
actor-critic PPO algorithm, the RL controller was implemented directly on the robot
[10]. Positive rewards were assigned based on gait properties, such as leg swing rate,
stride frequency, and zero velocity of the foot in stance. The controller generated
joint position and velocity references, executed with a PD controller operating at
2 kHz. This approach enabled Cassie to achieve a world record for the fastest 100
m dash by a bipedal robot, reaching a speed of 4 m/s. Other robots, such as the
KAIST RAPTOR (12.7 m/s on a treadmill), and Unitree’s H1 humanoid (3.3 m/s),
have also achieved notable speed benchmarks [56], [57].

Implementing RL in robotics poses risks, particularly instability during policy explo-
ration. Sim-to-real policy transfer is common to mitigate the risk of damaging hard-
ware, yet this approach has limitations. Simulations often fail to represent real-world
challenges accurately, and fine-tuning simulation environments is computationally
expensive for complex systems. Furthermore, developing robust benchmarks for RL
algorithms is challenging, as it requires careful specification of reward functions,
observation spaces, and action spaces. To address model uncertainties, actuator
data must be incorporated into neural networks, further increasing computational
demands [55], [22].

41



Optimizing Dynamic Locomotion in Baleka II: From Simulation to Real-World
Running Zubair Martin

Figure 6: Cassie [10] (left) and Unitree [13] (right) use RL to achieve their desired
locomotive tasks.

2.2.6 Trajectory Optimization (TO)

In classical control theory, controller development is based on an iterative trial-
and-error approach, where parameters are selected to ensure system acceptability.
Acceptability is determined by characteristics such as rise time, overshoot, settling
time, bandwidth, and gain and phase margins. These methods, which focus on fre-
quency response, are effective for single-input, single-output systems. However, they
face challenges in handling constraints on state or control inputs and complex multi-
input, multi-output systems, such as robotics [58]. In contrast, optimal control the-
ory, emerging from state-space control, addresses these limitations by adjusting the
parameters at each time step to account for future states [59]. It determines control
signals to minimize a performance criterion while satisfying physical constraints. To
formulate an optimal control problem, a mathematical model, constraints, bounds,
performance criteria, and desired outcomes are required [59].

TO is an offline, numerical open-loop optimal control method used for motion plan-
ning in dynamic systems, particularly in non-linear, high-dimensional, and unsta-
ble systems such as legged robots, where analytical solutions are difficult to ob-
tain [60], [61]. This approach addresses the limitations of classical control methods
and efficiently handles complex behaviours for simple cost functions [62]. The goal
of TO is to minimize a cost function by determining the input control parameters
and system states at each time interval, considering constraints, bounds, and initial-
ization parameters. Constraints define the acceptable trajectory, while bounds and
initialization parameters define the solution search space.

A solution is deemed feasible when all constraints and bounds are met, with optimal
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solutions being those that minimize the cost function [63]. These solutions are
found by adjusting decision variables, such as states, control inputs, and time, within
specified bounds while adhering to constraints. The system setup includes boundary
conditions, constraints, and dynamics, narrowing the search space. Dynamics are
defined by the equations of motion (EoM) for Baleka II, while path constraints
ensure adherence to rules like avoiding ground penetration or respecting torque-
speed limits. Boundary conditions specify limitations on initial or terminal decision
variables.

TO has limited hardware validation due to its offline nature, though it has been
tested on platforms like Cassie, which uses TO for steady-state locomotion on var-
ious terrains by using the full body dynamics [6]. This approach models compliant
multi-link mechanisms for dynamic control and feeds trajectories into a PD con-
troller. Similarly, Atlas’s previous revision used TO for step-up tasks, by specifying
a foot contact order and optimizing the centroidal dynamics of the robot to reduce
maximum knee joint torque by up to 20% [64].

While TO is effective for rapid locomotion in legged robots, it has several drawbacks.
It is computationally expensive, relies on bounds close to optimal, and may prioritize
computational efficiency over model accuracy [65]. A major limitation is the lack
of feedback, leading to increasing errors during real-time implementation. Despite
this, TO provides feasible motions without requiring a pose sequence or actuation
profile, optimizing motion based on a desired cost function [66].

To reduce computational complexity, some methods prioritize efficiency over accu-
racy. For example, solving half-gait patterns for symmetric legged robots, which can
be recycled for the second half of the gait, reduces solver time. Using absolute angles
instead of relative angles for orientation coordinates also improves solver efficiency.
Additionally, including more gait information (e.g., initialization, contact orders,
termination, or specifying desired states) and reducing trajectory time (instead of
using long time horizons) can further enhance solving time. Assumptions such as
2D systems, infinite friction, and actuation also help [67]. The choice of numerical
solver impacts both solving time and accuracy. Given the limited use of TO in
high-speed bipedal locomotion with rapid gait transitions, this study will adopt the
TO approach.

The TO approach addresses complex, non-linear tasks using numerical methods.
These include direct and indirect approaches [61]. Direct methods discretize the
optimization problem (state and control variables) and numerically solve for optimal
values, while indirect methods first construct analytical conditions, then discretize
and solve them numerically.

Direct methods can be further classified into shooting and collocation methods. Di-
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rect shooting methods transform the problem into a non-linear programming (NLP)
formulation, where variables are determined as subsets of initial, parameter, and
final conditions. This process is iteratively repeated until the selected inputs yield
a feasible trajectory that satisfies the specified constraints and bounds [68]. These
methods reduce the coupling between decision variables and can be either single or
multiple.

The single shooting method represents the entire trajectory as a single simulation,
ideal for simple control and few constraints (e.g. space flight) [63]. However, it
becomes unstable with increased system complexity due to limited initialization
options, making it unsuitable for legged systems requiring precise state and control
initialization [69].

In contrast, direct multiple shooting methods divide the trajectory into smaller seg-
ments, treating each as a separate simulation. This approach reduces non-linearity
and is more robust for complex models [63]. However, it struggles to converge due to
the non-linear relationship between constraints and variables and cannot incorporate
path constraints, as state variables are not decision variables.

A method known as orthogonal collocation offers an alternative approach to TO. It
typically utilizes higher-order polynomials to represent system dynamics, which are
constrained by non-linear conditions. This method involves discretizing the simu-
lation interval into subintervals, transforming the continuous problem into a set of
algebraic equations. A feasible solution is first identified before attempting to find a
locally optimal solution. The decision variables are approximated using polynomial
functions at specified collocation points, which are the roots of orthogonal polyno-
mials such as Legendre or Chebyshev polynomials [63]. Compared to the previously
discussed methods, state initialization and path constraints are more easily incor-
porated. This approach provides high accuracy, particularly when the number of
segments is increased. In the context of legged locomotion, both multiple shooting
and orthogonal collocation have been applied, with the availability of free software
and introductory tutorials [63]

TO is a powerful tool for generating locally optimal trajectories for both linear and
non-linear dynamic systems. Non-linear dynamical systems, such as legged robots,
often perform tasks involving locomotion, which require ground impact. These col-
lisions, characterized by the making and breaking of contact with the ground, intro-
duce complexity in solving the optimal trajectory due to their discontinuous nature
(rapid changes in velocity and large impulse forces). These collisions could be mod-
elled as continuous reaction forces (e.g. using a spring-damper system); however,
this would increase complexity by requiring small step sizes due to stiff differen-
tial equations. Alternatively, a through-contact numerical approach could be used,
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employing time-steps to solve contact constraints with linear or non-linear comple-
mentarity [70].

A key aspect of trajectory generation involves ground contacts. Specifically, the
motion and sequence of the legged robot require intermittent contact phases to
successfully complete a gait. One advantage of using an NLP solver is that it can
determine gait cycles without requiring a predefined contact order. This approach
leads to an unbiased, optimal, and energy-efficient solution (if energy is included in
the cost function), while ensuring that constraints and bounds are met, compared to
methods that specify the contact order [71]. However, a limitation of this approach
is that the solve time may increase significantly due to the large search space and
the potential for poor initialization. In this study, we leverage both methods to
determine the optimal walking and running gait cycle.

2.3 Summary

This study will examine three core locomotive tasks: acceleration, deceleration, and
steady-state gait cycles, specifically walking and running, at both the walk-to-run
transition velocity and maximum forward velocity, for a bipedal robot (Baleka II).
The walking task will be investigated for steady-state motion, using the FN to
identify the transition point from walking to running. Additionally, the maximum
speed of the Baleka II robot will be evaluated and compared to the current world
record. The control method employed in this study is TO, a relatively under-explored
approach for rapid locomotive tasks. A stitching technique will be used, applying
this method to each locomotion task and combining them for the overall analysis.
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3 Methodology

This section outlines the approach taken to achieve the objectives of this research.
First, the validation testing methods used to justify the model parameter values
will be reviewed. Next, an overview of the TO approach will be provided, along
with its integration into the study. Following that, the validation process on both
a physical model simulator and the real-time robot will be described. Finally, key
metrics for investigation and evaluation will be discussed. The overarching aim is to
create a seamless pipeline from simulation to real-time implementation. This study
adopts three executable phases, namely: Pyomo, Simscape Multibody, and Simulink
Real-Time. The Pyomo platform was used to solve trajectories using the Interior
Point Optimizer solver, while Simscape was adopted to simulate a physical model of
Baleka II, and finally, Simulink was used to execute the trajectories on the physical
robot.

3.1 Parameter Validation Testing Method

3.1.1 Foot Deflection Modelling

During agile manoeuvres, the contact between a legged robot’s feet and the ground
must maintain traction. When a robot slips, it becomes unstable, leading to errors in
dynamic modelling [72]. To ensure legged robots maintain traction during contact,
high coefficients of friction are required [17]. Therefore, this study will provide jus-
tification for the materials used for the feet and ground, emphasizing the coefficient
of friction to be applied.

During contact, large contact forces develop over a short duration - with high energy
loss and rapid accelerations causing the foot/feet and ground to deform. In this study
- the normal forces are modelled using the Hertz contact force model which makes
use of a spring-damper system [73]. Equation 5 represents the resulting normal force
Fnormal being modelled as a spring-damper system with KFoot and DFoot being the
stiffness and damping coefficient, respectively. Furthermore, ∆ and ∆̇ represents
the deformation position and velocity (which occurs during contact), respectively.

Fnormal = KFoot∆ + DFoot∆̇ (5)

In order to determine KFoot and DFoot, the robot was placed on a force sensor (with
a selected mat of specified material between the robot and sensor plate). Thereafter,
200 N was applied to the robot by the researcher’s pushing force. This test was done
in the robot’s rest state (knees were at 0°) - therefore, any changes to the body height
in the vertical direction was due to the applied force (foot deflection). A multiple

46



Optimizing Dynamic Locomotion in Baleka II: From Simulation to Real-World
Running Zubair Martin

linear regression model was applied to fit the change in force to determine KFoot and
DFoot.

3.1.2 Motor Step Testing

Another crucial aspect to the design was the motor model. Motor step tests together
with manufacturer specifications are generally used to model the motor character-
istics in simulation. Specifically, modelling the dynamic behaviour such as back
EMF, startup torque, motor inertia and friction ensure the robust transition from
simulation to real time implementation.

To compare the simulated motor model and the real time motor - the motors were
modelled in Simscape. Although the above-mentioned factors are crucial, this study
only investigates the motor inertia and internal PD controller within the selected
motors. Each motor is equipped with an internal PD controller, which adjusts the
motor’s position and velocity by minimizing the state error using specified gain
values. The friction and back EMF modelling was out of scope as it would have
required detailed modelling and parameter estimation, which would divert attention
from the core objectives of this study. Nonetheless, motor friction is often mitigated
through lubrication, high-precision manufacturing, and the built in PD controller
to compensate for minor frictional losses. Therefore, modelling friction was not
required for the level of accuracy required in this study.

The motor model designed in Pyomo and Simscape was based on the measured mo-
ment of inertia (MoI) of the rotor and modelling a PD controller. Specifically, the
rotor was accurately modelled in Solidworks - by disassembling the motor, measuring
the rotor’s dimensions and mass. Furthermore, a simple PD controller was incorpo-
rated taking into account the boundaries of the torque-speed curve represented on
the motors’ data sheets.

To validate the model, several step tests were conducted. The first step test involved

stepping the motor position from 0 radians to
π

3
rad, while the motor velocity and

torque were fixed to zero. The gains for the PD control were set to half the maximum
allowable limits. This test studies the response speed, settling time and overshoot
experienced by the motors.

The second step test conducted has the same requirements as the first - the only
difference was that the gains for the PD controller were set to the maximum allowable
limits. This test would then be compared to the first to evaluate the affect of setting
the gain limits on the tracking capability and power/torque requirements.

The third test conducted replicates the second test, with the exception of tracking

a spline curve from 0 to
π

3
, rather than a step. The key aspect of this test was to
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assess the capability of the motors to track a smooth curve. This was done because
the trajectories generated from the TO solver are interpolated spline curves.

Lastly, the final step test focused on the torque input. Specifically, all gains for the
PD controller were set to zero (controller not influenced by input position nor velocity
commands) - while the torque command value was stepped. The test provided
insight on the startup torque required for the motor to begin its motion in the
absence of position and velocity commands.

The results would consist of four curves: the command, two Simscape curves and
the actual motor states. The two Simscape curves were derived from the use of a
variable time-step and a fixed time step. The variable time-step was used to validate
the feasibility of the input (assess whether the motor can ever achieve the desired
input). On the other hand, the fixed time-step aimed to replicate the actual motor
output as real time testing depend on a fixed time step.

3.2 The Baleka II Model

Three different modelling approaches were taken to observe the robot’s dynamics.
Firstly, the robot was modelled in CAD using Solidworks software - which mainly
focused around a detailed 3D design of the robot (components and assemblies).
This is shown in Figure 7. Secondly, the robot’s dynamics were modelled using the
manipulator equation approach to achieve the EoM - used in Pyomo. Lastly, the
robot was modelled in Simscape which focused on physical body simulations and
controller requirements (implicitly determining the EoM).

Baleka II’s design was derived from its predecessor, Baleka (a 12 DoF system). The
robot consisted of two legs (each made up of four linkages but made use of a five
link configuration), a body (housing four electrical BLDC motors), and the boom.
Although the robot was capable of body rotation, implementing this feature within
the project’s timeline was not feasible. As a result, this simplified the physical
implementation by reducing the model complexity when solving for trajectories.
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Figure 7: Solidworks model of Baleka II, containing all relevant mass properties of the
robot.

3.3 Trajectory Optimization Simulation Setup

TO was the optimal control method used in this research. The manipulator equation
was used to model the EoM within the TO formulation. Using these equations:
bounds, constraints, system dynamics and the minimization or maximization of a
cost function was used to guide the solver in determining an optimal solution [63].

The EoM depended on energies (links, boom, and motors), external forces (ground
reaction, and spring-damper), constrained forces (link connections), and input torques.
They were derived based on the system’s DoF, detailing the motion of all links and
foot deflection. Model parameters (MoI, mass, length, and CoM) were sourced from
the motor datasheet, Solidworks model, and verified with measurements. A key as-
pect was the torque-speed characteristic curve, which defined the torque and speed
limits. Further details are discussed in Chapter 5.

The EoM were solved using the direct transcription method, which discretizes the
TO problem into a NLP with N node points. The NLP solver Interior Point Opti-
mizer (IPOPT) was used for whole-body dynamic motion planning [61, 63]. While
indirect methods are more accurate, they have drawbacks compared to direct meth-
ods, such as a smaller region of convergence, requiring good initialization, adjoint
variable initialization, and higher computational demands [63].

This study focused on solving TO via collocation, which leverage the availability of
generalized NLP solvers and introductory tutorials [63]. These methods are catego-
rized by their numerical integration approach: implicit or explicit. Implicit methods
use both the current and future states to solve the future state, while explicit meth-
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ods rely only on the current state [66]. Although explicit methods are faster and
simpler, they can become unstable for non-linear systems. Therefore, implicit inte-
gration methods were adopted in this study to ensure stability and accuracy, incor-
porating both the Backward Euler (BWE) and Radau IIA (implicit Runge-Kutta)
approaches.

To both aid the solver and ensure the dynamics of the system avoids singularities -
bounding of parameters were incorporated. This includes bounding of the variable
time-step, foot deflection, connection force between ankle joint links, GRFs, ground
penalties, knee angles and the body height. Furthermore, constraints were applied
to maintain the desired dynamics of the system - including, the motor model, ground
constraints (contact,friction and slipping), and body-foot constraints (ensuring foot
is always below body).

Moreover, a through-contact approach was adopted to model the dynamics of the
contacts. Specifically, contact constraints were formulated using complementarity
conditions to ensure continuous foot-to-ground contact. These conditions include:
the foot’s velocity is zero during contact, GRFs are active only when the foot is in
contact with the ground, and a friction cone model is maintained. These comple-
mentarity conditions were penalized within the cost function.

The cost function is a crucial component of the TO approach, serving as a baseline
that guides the solver toward the desired solution. In this study, solution feasibil-
ity (minimize ground complementarity penalties) were studied while incorporating
methods to minimize the effort of the actuators. To improve solving time, a warm
start approach was used. Specifically, running the solver only using the ground
penalty to achieve a feasible solution, and thereafter solve the same solution with
both the ground penalty and torque. Solving both penalties at once may prove
challenging for the solver.

To validate the model, three different testing methods were applied: high drop, low
drop, and leg rotation tests. These tests assess whether the system’s EoM obey the
laws of physics, assess the ground contact model, and assess the actuator/motor
model, respectively. Once all three tests were accepted, acceleration, steady-state
gait cycle and deceleration trajectories were solved and stitched together similarly
to what was done in a previous study [16]. This was done for three different for-
ward velocities: walking, running at walk-to-run transition velocity, and running at
maximum forward velocity.

The FN was used to determine both the walking and walk-to-run transition veloc-
ities (Equation 1). The maximum leg length was set to avoid singularities (knee
angles exceeding 180°). A FN of 0.05 was chosen for walking to simulate low-speed
locomotion for stability and low impact forces. The walk-to-run transition velocity
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corresponded to a FN of 0.5. For maximum velocity, simulations were run with pro-
gressively increasing speeds until the solver could no longer find an optimal solution.

For steady-state locomotion, the goal was to obtain a gait cycle at each desired
forward velocity. Due to the symmetry of Baleka II, only half of the gait cycle
needed solving, as the second half mirrors the first with leg positions and velocities,
swapped. Periodic constraints were applied to ensure the initial states of the first
leg matched the final states of the second leg, and vice versa. Additionally, a body
velocity constraint was used to ensure the robot’s average forward velocity matched
the desired forward velocity.

When solving locomotion tasks, foot contact order aids the solver but limits the
search space. To address this, five simulations were run without a contact order
using the faster BWE integration approach. The contact order from the best solution
was then applied to Radau IIA integration for stability and accuracy. To further
expand the search space, simulations were run five times with different seed values,
and the best solution was implemented on the robot. Criteria for selecting the best
solution are discussed in Chapter 5.

Once the best solution for each gait cycle was found, the acceleration and deceleration
trajectories were solved using Radau IIA integration. The acceleration simulation
started from the standby state and the termination conditions were set to transi-
tioned into the gait cycle, while the deceleration simulation began from the gait
cycle and ended in the standby state. Chapter 6.4 defines the standby state. For
both the acceleration and deceleration solutions, the initialization, termination, foot
contact order, and seeding parameters differ.

3.4 Simscape Multibody Simulation and Implementation

After solving the stitched solutions, the next objectives were to verify the trajectories
on a physical model simulator and implement the controller on Baleka II. This section
provides a brief overview of the approach used to assess the feasibility of the solved
solutions and implement the optimal trajectories on Baleka II.

Baleka II has 12 DOFs, made fully of aluminium parts with motors as actuators.
A Speedgoat Real-Time Target machine was used to communicate with the motors
via CAN protocol. The controller model was compiled on the target machine using
Matlab Simulink modelling tools which were seamlessly compatible with Simscape
physical modelling. This physical robot model incorporated all aspects of the robot
- from link dimensions and mass properties to motor models.

To ensure that Baleka II remained in a standby state, an impedance controller was
employed to facilitate the transition from rest to standby. The controller gains were
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critical in determining response time, overshoot, and overall stability. Given that
stability was the primary focus of this controller implementation, the gain values
must be sufficiently high to maintain the standby state. However, excessively high
gains could lead to motor chattering (rapid torque variations), potentially compro-
mising system stability [44], [74].

To determine the gain limitations, the motors were decoupled from the robot, re-
ducing inertia and creating a less damped system with increased vibrations. The
gain values were then systematically varied across a defined range. When motor
chattering occurred, the corresponding gain values were recorded as boundary lim-
its. Following the identification of these boundaries, the optimal gain values were
selected.

The solved trajectories from Pyomo were interpolated and implemented in the Sim-
scape physical model to evaluate command tracking. The model utilized a variable
time-step for feasibility assessment rather than precision. Prior to this implemen-
tation, validation tests (high drop, low drop, and leg rotation) were conducted to
confirm that the dynamic model was correct.

Once the Simscape model successfully simulated the trajectories, they were imple-
mented on Baleka II. The results from the walking, walk-to-run transition, and
maximum forward velocity scenarios will be compared and discussed.

3.5 Metrics to be Investigated

The best solution is defined according to the desired category of interest, as outlined
in Chapter 5.3.1. When assessing the results from the Simscape simulator and the
actual Baleka II implementation, steady-state trajectory tracking is crucial. There-
fore, state tracking comparisons will be made among the TO solver (Pyomo), the
physical model simulator (Simscape), and the physical robot (Simulink).

3.6 Summary

This chapter outlined the methodological framework used to achieve a seamless
transition from simulation to real-time implementation of Baleka II. The modelling
approach began with parameter validation, where foot-ground contact was captured
using a spring-damper system based on the Hertz model to reflect realistic deforma-
tion. Motor dynamics were partially modelled by including inertia and the internal
PD controller, while friction and back EMF were excluded due to scope limitations.

Three modelling environments were employed: Solidworks was used for the CAD
design and to obtain physical properties such as mass and inertia; Simscape provided
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a platform for real-time simulation and control; and Pyomo was used for TO solving,
with system dynamics expressed in manipulator form.

The TO problem was formulated as a NLP and solved using IPOPT with a direct col-
location method. To ensure numerical stability, implicit integration schemes—specifically
BWE and Radau IIA—were used. Complementarity conditions modelled foot-
ground contact, and a warm-start strategy was implemented to reduce solver time.
Optimized trajectories for walking, transition, and running were solved and stitched
together using validated system dynamics. These trajectories were first verified in
Simscape and then implemented on the physical robot using a Speedgoat Real-Time
Target machine.

An impedance controller maintained a stable standby pose, with gain limits deter-
mined through motor chattering experiments. Finally, trajectory performance was
evaluated based on state tracking accuracy across the solver, simulator, and real
robot.

The methodology presented in this chapter provides a structured and scalable ap-
proach that can be adapted for other legged robotic platforms, enabling efficient
development and deployment of TO and control strategies across different mor-
phologies and actuation schemes.
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4 Parameter Validation Testing

This section provides an overview of the data obtained when modelling both the
foot deflection and motors adopted in this study.

4.1 Foot Deflection Modelling

For high-speed applications, robots need high friction between their feet and the
ground to prevent slipping. Baleka II uses the same tread rubber feet (3 mm width)
as its predecessor, designed to withstand high impacts without oscillation [17]. Ad-
ditionally, natural rubber mats were placed around the lab for high traction. A
previous study showed that at a load of 150 N, the friction coefficient for rubber
is 0.8 [72]. Since the expected load will be at least double the robot’s weight (ap-
proximately 150 N), a static and dynamic friction coefficient of 0.8 was set for all
experiments.

The sampled data in Table 1 was obtained by placing the robot on the force sensor
(with a rubber mat between the robot’s feet and sensor plate). Specifically, Fy,

Yb, and Ẏb represents the force sensed in the Y-direction, body position in the
Y-direction and body velocity in the Y-direction, respectively.

The data obtained in Figure 8 represents a multiple linear regression approach to
fit each rapid change in force. Specifically, 10 different multiple linear regression
batches were calculated for each row of three in Table 1 - as each batch provides a
rapid change in force in the same direction.
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Table 1: Extracted data table from deflection curve (Figure 8).

Time (s) Yb (m) Ẏb (m/s) Fy (N)
28 0.2023 0 -132.2

28.5 0.202 -0.009 -137.4
28.522 0.2014 -0.016 -140.5
28.564 0.2012 -0.07 -145.5
28.606 0.2013 0 -150.9
30.474 0.2014 0 -300
30.484 0.201 -0.007 -301.3
30.505 0.2004 -0.016 -304.4
30.549 0.2002 -0.007 -311.2
30.586 0.2003 0 -314.9
32.27 0.2004 0.001 -221.5
32.28 0.2007 0.009 -215
32.3 0.2012 0.017 -202.1
32.35 0.2015 0.007 -166.6
32.399 0.2014 -0.001 -138.2
38.45 0.2014 0 -323.2
38.47 0.2011 -0.005 -326
38.5 0.2004 -0.016 -327
38.54 0.2002 -0.006 -323.7
38.61 0.2004 0 -335.3
40.87 0.2005 0.003 -253.3
40.88 0.201 0.011 -236.1
40.9 0.2013 0.019 -209.9
40.94 0.2012 0.006 -129.7
40.98 0.2014 -0.005 -105.8

The linear regression curves were used to determine KFoot and DFoot gains for each
batch as shown in Figure 9. The resulting gains were averaged, where: KFoot =
45018.89 N/m and DFoot = 1818.57 Ns/m. The coefficients were set to KFoot = 104

N/m and DFoot = 103 Ns/m to levitate some of the approximations made. Table
1 further highlights that the maximum foot deflection is 0.01 m from beginning to
end of deformation.
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Figure 8: Results obtained from the deflection test between the rubber feet of the robot
and the rubber mat.
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Figure 9: Linear Regression of deflection testing. The left and right curve estimates a
coefficient for KFoot and DFoot, respectively.

4.2 Motor Modelling

Four TMotor AK10-9 V1.1 KV 100 QDD BLDC motors were used. These motors
were best suited for locomotion given it contained: high torque, high speed, low mass,
small diameter, low gear reduction (allowing for backdrivability), and consisted of
a built in driver board. Table 2 provides an overview of all the motors’ parameters
while Figure 20 displays the approximated torque-speed curve. When setting up the
motor parameters, a serial debugging interface via an R-Link for encoder calibration
was used, assigning CAN IDs per motor (1-4). This allows: setting the speed, torque
and position limits. However, during operation, it makes use of CAN protocol with
a maximum communication rate of 1 MHz.
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Table 2: Specification Table for AK10-9 V1.1 KV100 Tmotors.

Parameter Value
Weight (g) 820
Voltage (V) 24
Rated Torque (Nm) 15
Peak Torque (Nm) 38
Maximum Speed @ Rated Torque (rpm) 222 (Output)
Rated Current (A) 18.5
Peak Current (A) 50
Kt (Nm/A) 0.095
Kv (RPM/V) 100
Ke (V/rpm) 0.01

Km (Nm/
√

W) 0.3
Number of Pole-Pair 21
Resistance Phase to Phase (Ω) 90 ± 5
Inductance Phase to Phase (uH) 331 ± 10
OD (mm) Φ98
Height (mm) 62.5
Maximum Torque Weight Ratio (Nm/kg) 65
Reduction Ratio 9:1

The motor makes use of Field Oriented Control (FOC) algorithm to accurately
control the angular position, angular velocity and torque. These motors use elec-
tronically controlled commutators, three phase winding’s, and a permanent magnet
rotor (as seen in Figure 10). FOC allows for BLDC motors to operate efficiently and
smoothly by reducing torque ripples which are ideal for systems with quick dynamic
responses to load and speed changes [75].
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Figure 10: Internal structure of the AK10-9 motor, highlighting the rotor, stator, and
motor driver board.

The motor controller makes use of PD control for the position and velocity control
loops. The motor has an integrated driver board containing a single loop absolute
encoder 14 BIT to accurately measure the position (ΘMes). Furthermore, the mea-
sured velocity (Θ̇Mes) is determined by differentiating the measured position data
(with respect to time). The desired position (ΘDes) and velocity (Θ̇Des) is specified
by the user. This is shown in Figure 11 - where Kp is the proportional gain for the
position loop and Kd is the proportional gain for the velocity loop. The maximum
allowable value for Kp = 500 and Kd = 5. The resulting control signals are then
added to a reference torque value (Tff ). Thereafter, the torque is converted to the
current and limited within the set bounds. This current is then fed into the FOC.

FOC aims to ensure the stator vector field leads the rotor vector field by 90° to
maximize the torque. The stator field is adjusted by splitting it up into it’s direct
component (parallel to rotor vector field) and quadrature component (perpendicular
to rotor vector field). Therefore, minimizing the direct component to zero allows
maximizing the quadrature component. The stator vector field is manipulated with
the three phase currents to obtain direct (idref ) and quadrature (iqref ) current values
(using Clarke/Park transforms). As shown in Figure 11, the idref is equal to the
control current resulting from the PD control, while iqref = 0.
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Figure 11: Inner control loop within each motor - includes a PD control for position and
velocity commands, which is then fed into a FOC to obtain the desired set-points using
current.

Figure 12 presents an overview of Simulink motor model - taking into account the
torque-speed curve, rotor inertia, and PD controller. The following values were used
(by using Solidworks and measuring the motor dimensions):

1. Length between Teeth = 0.0060 m

2. Ring Radius = 0.0360 m

3. Ring Width = 0.0045 m

4. Sun Radius = 0.0045 m

5. Planet Radius = 0.0158 m

6. Gear Carrier Length = 0.0203 m

7. Rotor Interia = 181877 g.mm2
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Figure 12: Overview of the Simscape Multibody model incorporating the rotor inertia,
torque-speed curve, PD controllerm, and the rest of the physical motor model (gears).

The below results were obtained from the four step tests highlighted in the method-
ology (Figure 13, 14, 15, and 16). Pyomo, Simscape, and Simulink refers to the TO
commands, physical simulator model response, and actual motor response, respec-
tively. The outcomes were as follows:
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Figure 13: Step Test 1: Results of four step tests are shown for a single motor. Each
plot consists of three subplots: position, velocity, and torque. Step ’Pyomo’, ’Simulink’,
’Simscape-F’, and ’Simscape-V’ represents the desired command, actual motor states, and
fixed and variable time-step Simscape results, respectively.

Step Test 1:

ΘDes was stepped from 0 to
π

3
while Θ̇Des and Tff were fixed to zero. In addition,

the PD controller gains were set to Kp = 250 and Kd = 2. It’s observed that
the Simscape fixed time-step (at 1 kHz), variable time-step, and actual motor curve
(Simulink) solutions are close in value. However, the Simscape solutions has a faster
response time than Simulink. Moreover, the Simscape position overshoot Simscape
by 0.07 radians while the Simscape’s peak velocity experiences a 3.4 rad/s higher
velocity than Simulink. This is most likely due to the mismatch in mass property
modelling in Simscape. In addition, the torque curves display that the Simscape
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model reach the torque limit while the Simulink result have not. It is also observed
that the Sumulink result applies more torque over a longer period compared to the
simulated models - indicating to the absence of friction in the model.

Figure 14: Step Test 2: Results of four step tests are shown for a single motor. Each
plot consists of three subplots: position, velocity, and torque. Step ’Pyomo’, ’Simulink’,
’Simscape-F’, and ’Simscape-V’ represents the desired command, actual motor states, and
fixed and variable time-step Simscape results, respectively.

Step Test 2:
The only difference between Step Test 1 and 2 was that Kd = 4. It is observed that
both the Simscape and Simulink testing experience no overshoot of the position
tracking nor undershoot of the velocity tracking. However, the Simscape motor has
a faster response time and makes use of a high peak velocity. Nonetheless, the peak
torques experienced by Test 2 is higher than Test 1.
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Figure 15: Step Test 3: Results of four step tests are shown for a single motor. Each
plot consists of three subplots: position, velocity, and torque. Step ’Pyomo’, ’Simulink’,
’Simscape-F’, and ’Simscape-V’ represents the desired command, actual motor states, and
fixed and variable time-step Simscape results, respectively.

Step Test 3:
This test focused on tracking a smooth input position curve (with the same setup
as Test 1). It is observed that both the Simscape and Simulink motors has minor
tracking errors. In addition, the response speed curves are closely related while
both experience no overshoot. Furthermore, the velocity curves presents a close
resemblance - however, there seems to be more variation in Simulink’s response.
Moreover, the torque curves also resembles a close similarity in values over time
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(with more variation in the actual motors response) but the torque values of the
actual motor has a slow response time.

Figure 16: Step Test 4: Results of four step tests are shown for a single motor. Each
plot consists of three subplots: position, velocity, and torque. Step ’Pyomo’, ’Simulink’,
’Simscape-F’, and ’Simscape-V’ represents the desired command, actual motor states, and
fixed and variable time-step Simscape results, respectively.

Step Test 4:
This test investigated a pure torque input. At 0.8 Nm (Kp = Kd = 0), the motors
overcome the start up torque. It is also observed that Sumulink’s torque curve
begins to oscillate once the motor begins to rotate (within 0.5 Nm variation from
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the command). This is due to the vibration of the motor as it oscillates at high
speeds. Furthermore, the Simscape model does not mimic the actual motor model
as resetting the encoder (position and velocity) was not modelled - this caused the
simulated model to increase in position indefinitely and the peak velocity to be
reached. Nonetheless, high accuracy of this model was not required as the range of
motion for the entire robot would never exceed a full revolution of any motor.

4.3 Summary

The parameter validation testing chapter confirmed the accuracy and realism of the
foot and motor models used in the Baleka II robot.

For foot deflection, high-friction rubber feet combined with rubber mats yielded a
friction coefficient of 0.8 to accommodate contact loads exceeding 150 N. Exper-
imental data from force sensor testing enabled the estimation of foot stiffness as
KFoot = 104 N/m and foot damping as DFoot = 103 Ns/m after applying multi-
ple linear regression to deflection data. The maximum foot deflection experienced
estimated to 0.01 m.

Motor modelling focused on the AK10-9 QDD motors, emphasizing their high torque-
to-weight ratio, backdrivability, and efficient FOC. PD control loops governed motor
behaviour, with parameters capped at Kp = 500 and Kd = 5. Simulink and Sim-
scape models incorporated motor characteristics including torque-speed curves and
rotor inertia. Four step tests validated motor response, confirming that simulated
results closely matched physical motor behaviour, while also revealing differences
due to unmodelled friction and encoder resets. Overall, modelling parameters were
finalized based on empirical validation, with simplified stiffness, damping, and con-
trol parameters used to balance accuracy and computational efficiency.
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5 Trajectory Optimization Simulations

This section provides a detailed discussion of the parameters referenced in the
methodology for TO. Additionally, all relevant TO results will be presented and
thoroughly analysed.

All TO code were written in Python within the Jupyter Notebook environment.
Pyomo, an open-source library, was used for modelling and solving optimization
tasks [76], while IPOPT was employed to solve NLP problems [77], using the MA86
linear solver for large sparse systems. The software ran on machines operating
Ubuntu 20.04 LTS, with a solution feasibility tolerance set to 10−6 as per [67].

5.1 Setup and Design Decisions

5.1.1 Equations of Motion

Baleka II is a 12-DoF bipedal robot with four motor actuators, eight linkages, a body
connected to a boom, and rubber feet soles that deflect upon impact. Each foot was
modelled as a spring-damper system to account for deflection during ground contact.
The EoM were derived using Euler-Lagrange dynamics, following the manipulator
equation as shown in Equation 6. Moreover, absolute angles were used to reduce
solver time with reference to Figure 17 [78]. The rest-state position of the upper links
were used as a reference plane for the link angles, measuring 2.23 radians between
the reference plane and the Y-plane. The matrices are defined as:

1. q is the generalized coordinates with q̇ and q̈ being the state velocity and
acceleration, respectively;

2. M(q) is the Mass matrix;

3. C(q, q̇) is the Coriolis matrix;

4. G is the gravitational potential matrix;

5. B mapped the applied/control forces and torques u to the generalised coordi-
nates;

6. A is the mapping of external forces, Λ to the generalised coordinates;

7. R represents the effect of the damper.
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Figure 17: Representation of reference angles used to derive the kinematics (angles shown
in green) and the forces used within the EoM (red). These consist of connection forces,
spring-damper, GRFs, and torque actuators.

M(q)q̈ + C(q, q̇)q̇ + G = Bu + AΛ + R (6)

The generalized coordinates Xb and Yb represent the translational movement of
the body in the x- and y-directions, respectively. In both equations 7 and 9, Θ
denotes an angle, while T represents the control input torque of the motors. The
subscript notation is [U/L; L/R; A/B], where U/L refers to the upper or lower link,
L/R to the left or right link, and A/B to the front and back leg, respectively. The
term Θboom accounts for the boom dynamics, treating it as another linkage relative
to the ground. Additionally, ∆A and ∆B represent the deflection of feet A and
B, respectively. All mass property values used to build the model in Pyomo are
described in Chapter 6.1 using Table 9. Furthermore, the in depth formulation of
the EoM are provided in Appendix A and B.

q = [Xb;Yb;ΘULA;ΘURA;ΘLLA;ΘLRA;

ΘULB;ΘURB;ΘLLB;ΘLRB;∆A;∆B]T
(7)

Both potential and kinetic energy are necessary to determine the matrices M, C,
and G. The kinetic energy includes the contributions from the body, boom, and
each leg link, accounting for both translational and rotational effects. Additionally,
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the rotational kinetic energy of the motors (KEmotors) was modelled (see Equation
8), where NGR represents the motor’s gear reduction ratio, and Irotor denotes the
inertia of the motor’s rotor [44]. The potential energy was calculated by considering
the effects of the body, boom, leg links, and the springs at the feet.

KEmotors = 0.5NGRIrotor(Θ̇
2
ULA + Θ̇2

URA + Θ̇2
ULB + Θ̇2

URB) (8)

There are two types of external forces: GRF during contact and connection forces
between within angle linkages. The subscript notation for GRF include X and
Y which represent the GRF in the x and y directions, while A and B denote the
front and back leg, respectively. The connection force Fc applies between the lower
left and right links, as the upper links have rotary connections. The foot contact
damping force is given in Equation 11, where DFoot is the damping coefficient, and
∆̇A and ∆̇B are the deflection rates of foot A and B, respectively.

u = [TULA;TURA;TULB;TURB]T (9)

Λ = GRFXA + GRFYA + FcXRA + FcYRA − FcXLA − FcYLA+

GRFXB + GRFYB + FcXRB + FcYRB − FcXLB − FcYLB

(10)

R = DFoot∆̇A + DFoot∆̇B (11)

5.1.2 Collocation and Integration

Foot-ground collisions are unavoidable in legged locomotion and introduce discon-
tinuous events that disrupt stability in the gait cycle. Accurately modelling these
collisions is essential for maintaining balance. However, fixed time-steps in NLP
solvers may fail to capture collisions precisely due to low resolution. By using
variable-time intervals, the solver can more naturally detect collisions, improving
the overall accuracy of the model [66].

Variable time-steps help prevent overshooting and ensure critical events are captured
during transitions. To enhance the scalability of the non-linear problem, the variable
time-step (h) is scaled by the total number of element intervals (hm), as defined
in Equation 12. Here, N represents the total number of elements/nodes, while TT
indicates the desired total simulation time. Equations 13 detail the actual simulation
time at a specific node (n), where t[N ] is the total simulation time. In all tasks, h
was varied between 0.5 and 1.2, while TT ranged from 0.3 s to 1.5 s, depending on
the locomotive task.
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hm =
TT

N
0.5 <= h <= 1.2

(12)

t[n] =
N∑

n=1

t[n− 1] + hmh[n] (13)

In this study, both generalized coordinates and control variables were discretized.
Therefore, the ODE was integrated via equality constraints. The integration scheme
influences the solving time, accuracy, and overall quality of the solution. Two im-
plicit integration methods were incorporated in this study, namely: BWE and two
stage Radau IIA (implicit Runge-Kutta method).

The BWE method was adopted given its fast solve rate while maintaining adequate
stability, making it an ideal reference point for assessing the feasibility of the desired
motions. Meanwhile, Radau was chosen to handle large step sizes suitable for stiff
ODEs and for its improved accuracy compared to BWE. The global error for BWE
and Radau are: O(h) and O(h2K−1) (where K is the number of collocation points),
respectively. Thus, two stage Radau integration has a third order accuracy O(h3) -
while BWE is only first order.

In this study, solutions were first solved using the BWE approach and thereafter
Radau. The BWE approach determined the optimal constraints, bounds, contact
orders, setup, initialization, and termination parameters for a desired motion. Equa-
tion 14 and 15 represents the BWE state position q and state velocity q̇ integration
update schemes (at node n), respectively.

q[n] = q[n− 1] + hm× h[n]q̇[n] (14)

q̇[n] = q̇[n− 1] + hm× h[n]q̈[n] (15)

Two stage Radau integrates the system equations at every second collocation point
(p) to determine the optimal path between each node (n). This study adopts the fol-
lowing notation when specifying the state at a particular node and collocation point:
q[n, p]. Equations 17 and 18 represents the two stage Radau state position q and
state velocity q̇ integration schemes, respectively. In both equations, the Butcher
tableau coefficient matrix (CM) highlights are weights and contributions used to
compute the current and future time-steps (defined in Equation 16). Furthermore,
the last collocation point of the current node equates to the initial collocation point
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of the next node to ensure continuity and smooth transitions between time intervals:
q[n, 2] = q[n + 1, 1]. Figure 18 provides an overview of this approach.

Figure 18: Representation of two-stage Radau progression of a state-variable. Where
hm × h[n] denotes the time-step size. Between each node, two collocation points are
specified with the state of the second p equating to the state of the initial p of the next
node.

CM =

[
5
12

− 1
12

3
4

1
4

]
(16)

q[n, p] =

{
q[n− 1, 2] for p = 0

q[n, 0] + hm× h[n]
∑2

pp=1CM[p− 1][pp− 1]q̇[n, pp] for p > 0
(17)

q̇[n, p] =

{
q̇[n− 1, 2] for p = 0

q̇[n, 0] + hm× h[n]
∑2

pp=1CM[p− 1][pp− 1]q̈[n, pp] for p > 0
(18)

In this study, N was set to 100 for BWE simulations while N varied between 30
and 50 for Radau simulations. These values were selected to balance accuracy and
solving speed. As a result, for TT = 1 s, BWE provides an accuracy of O(hk =
O((1/100)) = O(10−2) while Radau provides an improved accuracy of O(h2k−1) =
O((1/50)3) = O(8−6).
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5.1.3 Optimization Variable Bounds

Bounding the TO variables aids the solver by narrowing the search space for so-
lutions. Specifically, the solver operates between an upper (UB) and lower bound
(LB) of each variable (V ar): V arLB <= V ar <= V arUB. The adopted bounds
includes knee angles, foot deflection, connection forces, and GRFs.

Due to the robot’s under-actuated design, the knee angle (ΘKneeAngle) could poten-
tially reach or exceed 180° (see Figure 19), creating an unstable and irrecoverable
configuration. Therefore, a 10° headroom was selected to compensate potential over-
shoot/undershoot of the knee angle. Hence, the knee angle bounds were set between
10 and 170° to prevent the robot’s legs from reaching a singularity.

Figure 19: Baleka II on the preparation/setup stand, (ΘKneeAngleLeftA) and
(ΘKneeAngleRightA) represents the left and right knee angles of leg A, respectively.

The foot deflection (∆A and ∆B) bounds were set in line with the maximum de-
flection experienced in Table 1 (upper bound = 0.01 m and lower bound = -0.01 m).
In addition, the bounds of both Fc and GRF were set between ten times the total
body weight - see Equation 19 (with TM being the total mass of the robot). This
was set to ensure the connection could handle an impact 10 times its body weight
at high speeds due to large GRFs.

−10 × TM × 9.81 <= Fc,GRF <= 10 × TM × 9.81 (19)

5.1.4 Optimization Variable Constraints

This section will provide an overview of key constraints implemented for all locomo-
tive tasks.
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Motor Model
In an ideal world, the actuators has infinite torque. However, in practice - there
are limitations on the motor actuation characteristics. Therefore, in this study a
linear power model was approximated from the datasheet provided by the motor
manufacturers (AK10-9 motors [79]).

The linear torque-speed curve constraint ensures the motor operates in the contin-
uous region, to prevent overheating [44]. The curve shown in Figure 20 was used
as torque-speed constraints and was derived using parameters from Table 3 and
equations 20, 21, and 22. The following notation has been adopted: TU represents
actuator (see Equation 9) and Θ̇U represents the angular velocity of the upper link
connected to the motor (Θ̇ULA, Θ̇URA, Θ̇ULB or Θ̇URB). Moreover, Trated, Tpeak,

Θ̇NoLoad, and Θ̇Trated represents the rated torque, peak torque, no load angular
velocity, and maximum angular velocity at the rated torque of the upper link, re-
spectively. In addition, TDes represents the bounds of the desired torque limit. This
was done to allow headroom for the feedback controller - specifically, the torque
command produced from the PD controllers.

Table 3: Table of parameters used for the motor model curve derivation.

Parameter Value
Trated 15.0 Nm
Tpeak 38.0 Nm
TDes 30.0 Nm

−TDes <= TU <= TDes

Θ̇NoLoad = 24V (100/9)(2π/60)

Θ̇Trated = 222(2π/60)

(20)

mgrad = (Trated − 0.0)/(Θ̇Trated − Θ̇NoLoad)

Tstall = 0.0 −mgrad × Θ̇NoLoad

(21)

TU =

{
<= Θ̇U ×mgrad + Tstall for Θ̇U >= 0

>= Θ̇U ×mgrad −Tstall for Θ̇U < 0
(22)
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Figure 20: Torque Speed Curve used in Pyomo - highlighting the bounds in which the
motors values are allowed to operate (with the maximum desired torque limit of 30 Nm).

Through-Contact Optimisation Method
In this study, contacts were modelled using through-contact methods. Specifically,
the contact constraints were formulated with the use of complementarity conditions
as it seamlessly integrates with direct formulation of TO [70]. This method focuses
on treating the contact forces as parameters to be optimized. One downside of this
approach is that it introduces additional parameters and constraints - increasing
the problem’s complexity. Nonetheless, this allows the solver to discover optimal
results over a large search space by not constraining the contact order. Furthermore,
this method frequently leads to solutions that are better conditioned and easily
tractable [70].

Another tool used to model the contacts was the use of a friction cone. This cone
displays the directions in which force can act without sliding - but once force exceed
the cone area, sliding occurs. In this study, Coulomb Friction was adopted to present
the sliding forces. Because Coulomb friction apply forces tangent to the contact
surface (between the ground and foot), the GRF consist of an X (tangential) and Y
(perpendicular) component as seen in Equation 23. The Y component is represented
by GRFY while the X component consists of a positive component (GRF+

X ) and
negative component (GRF−

X ). The separation in positive and negative magnitudes
were done to handle contact interactions effectively, ensuring stability and accurate
modelling of complex problems.

Furthermore, since the frictional force is direction-dependent, the tangential foot

74



Optimizing Dynamic Locomotion in Baleka II: From Simulation to Real-World
Running Zubair Martin

velocity, VFootX, in the X-direction, was decomposed into its positive and negative
components, as shown in Equation 24. These components were then utilized to define
the friction cone, as specified in Equation 25. In this study, the value of µ = 0.8.
This value was estimated based on the material properties of the robot’s feet, which
are made of rubber, and the ground surface, composed of gum rubber—suggesting
a high coefficient of friction.

GRF = [GRF+
X −GRF−

X ,GRFY]T

GRF+
X , GRF−

X >= 0
(23)

VFootX = V +
FootX − V −

FootX

V +
FootX , V

−
FootX >= 0

(24)

µGRFY −GRF+
X −GRF−

X >= 0 (25)

Equations 23, 24, and 25 were used to derive the complementarity constraints to
model the inelastic collisions [80]. The below points provide a short description of
each complementarity constraint in Equation 26 :

1. GP (ground penalty variable) is the resulting penalty when adding all penalties
of the complementarity ground constraints (contact, friction, and slip).

2. GP [contact] ensures the foot position in the Y direction (PFY) can only ex-
perience a GRF when in contact with the ground, and vice versa.

3. GP [friction] enforces the friction when there is no foot velocity in the X-
direction.

4. GP [slip+] handles the slipping in the X-direction for a positive foot velocity
value.

5. GP [slip−] handles the slipping in the X-direction for a negative foot velocity
value.

GP = GP [contact] + GP [friction] + GP [slip+] + GP [slip−]

PFYGRFY <= GP [contact]

(V +
FootX + V −

FootX)(µGRFY − (GRF+
X −GRF−

X )) <= GP [friction]

V +
FootXGRF+

X <= GP [slip+]

V −
FootXGRF−

X <= GP [slip−]

(26)
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These constraints were applied to both of the robot’s feet (leg A and leg B). The
goal of the solver was to minimize GP to zero in the cost function, to achieve an
optimal solution. Moreover, to aid the solver, relaxation techniques were adopted
using inequalities to increase the feasibility region - at the cost of reducing the model
accuracy [81]. To overcome this, a bound was set on the maximum allowable penalty
region, where 0 < GP < 10−6.

Additional Constraints
Baleka II makes use of a closed kinematic chain whereby the angle points or the left
and right link are connected. Specifically, for each leg, the left lower link connects
to the right lower link. Equation 10 and 27 represents the connection constraints
which ensures the net force between the connected points equates to zero and that
the lower links of each respective foot position is connected (refer to Figure 17),
respectively.

ConnectPointRightX −ConnectPointLeftX = 0

ConnectPointRightY −ConnectPointLeftY = 0
(27)

In addition, to ensure no singularities arise and that the robot’s feet are always
below the body height, a foot-body constraint was applied as shown in Equation 28.

PFY <= Yb (28)

5.1.5 Cost Function

Previous research on legged locomotion using TO has emphasized energy efficiency
[16], [82]. In this study, however, energy efficiency was not the central focus, though
it still influenced the selection of optimal solutions. As a result, only two parameters
were incorporated in the cost function, namely: ground penalty (GP ) and torque
squared. The GP term was evaluated in the above chapter (represented in Equa-
tion 29), while the torque squared term was included to minimize excessive torque
demands (represented in Equation 30). This approach encouraged smoother torque
profiles, promoting more efficient motion.

JGP = ρ

N∑
n=1

[friction,slip+,slip−]∑
GP=contact

GroundPenalty[GP, n] (29)

JT =
N∑

n=1

hm× h[n]Tu
2

9.81 × TM
(30)
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To improve solving time, a warm-start approach was adopted. This method involved
initially solving the optimization using only the GP parameter in the cost function,
followed by re-solving the simulation with both the GP and torque squared parame-
ters included. The GP cost function was scaled by ρ (where ρ = 103) to ensure that
the weighting of the penalty was prioritized over torque reduction. Furthermore, to
reduce the complexity of the problem, both cost functions were only evaluated at
node points rather than intermediate collocation points.

5.1.6 Summary

The TO simulations for the Baleka II bipedal robot were implemented in Python
using Pyomo and solved with IPOPT, leveraging variable time-step integration to
accurately model foot-ground collisions. The system’s dynamics were derived us-
ing Euler-Lagrange equations, with a detailed representation of boom, motors, leg
linkages, and rubber foot deflection via spring-damper models. Implicit integration
methods—BWE for fast solutions and Radau IIA for higher accuracy—were em-
ployed, with BWE used for initial feasibility and Radau for refined optimization.
Discretized states and controls enabled constraint-based ODE integration.

Key design choices included bounding optimization variables such as knee angles
(10°–170°), foot deflection (±0.01 m), and variable time step (0.5 - 1.2 seconds) to
ensure physical realism and solver stability. Motor torque-speed constraints were
modelled linearly based on AK10-9 motor specs to avoid overheating (limiting the
peak torque to 30 Nm). Contact interactions were handled via through-contact
optimization using complementarity constraints, Coulomb friction (µ = 0.8), and
force decomposition to model complex interactions without preset contact order.
Additional constraints ensured kinematic chain closure and maintained feasible foot-
body positioning. The cost function minimized ground penalties and torque squared
to promote smooth, realistic motion rather than strict energy efficiency.

5.2 Validation Tests

Validation tests were crucial in this study to assess whether the system’s dynamics
were implemented correctly. Three validation tests were conducted, namely: high
drop, low drop, and leg rotation tests. The Pyomo solutions of these tests are
represented as interpolated solutions - to allow a comparable baseline between the
Simscape and Simulink solutions. Details surrounding the interpolation process are
discussed in Chapter 6.3.
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5.2.1 High Drop Test

The high drop test was conducted to assess the correctness of modelling the robot’s
dynamics. This was done by initializing: Yb = 0.95 m, velocity states set to zero
(q̇[1, 0] = 0), and feet positions set to (PFX ;PFY ) = (0; 0.7). Furthermore, all
torque control states were set to zero for the entire trajectory. This test was simu-
lated for TT = 0.3 seconds using Radau at N = 50.

Figure 21, displays the resulting high drop test curves from both the Pyomo model
and Simscape models. However, this discussion will only focus on the Pyomo results
(as the Simscape results will be discussed in the upcoming sections). It’s observed
that Xb, Ẋb, Ẍb,TURA,∆, and GRFY all remains zero, as expected since there
was no motion in the X-direction, no actuation commands were specified, nor was
there any ground contact as shown by PFY. Furthermore, both the Yb and PFY

(of each foot) descends in the Y-direction as expected, with a constant body-foot
distance. In addition, ΘURA remained unchanged, as anticipated, given that the
body orientation remained constant throughout the motion.

Furthermore, Ẏb increases negatively when dropped while Ÿb > 9.81 m/s2 as antic-

ipated. This is highlighted in Equation 31, indicating that Ÿb equates to 9.81× rb
rwb

as the robot was mounted on the boom tip with a fixed base point (similar to a
pendulum). Here, rwb and rb represents the distance between the boom-base to the
CoM of the combined boom-robot, and the distance between the boom-base to body
(where rb > rwb), respectively. In addition, at and A represents the tangential accel-
eration at the CoM (of the combined boom-body system) and angular acceleration
of the boom in the pitch axis, respectively. Therefore, given that the results present
stable and feasible solutions - the model was deemed acceptable.

at = A× r

9.81 = A× rwb

Ÿb = A× rb

Ÿb = 9.81 × rb
rwb

(31)
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Figure 21: High Drop Test curves resulting from both Pyomo and Simscape simulations.
All symbols which ends in ”A” and ”B” refers to the front and back leg, respectively.
The characteristics of the upper right link of leg A (URA) are only displayed for ease of
reference.

5.2.2 Low Drop Test

The low drop test was conducted to assess the correctness of modelling the contact
between the feet and ground. This was done by initializing: Yb = 0.5 m, velocity
states set to zero (q̇[1, 0] = 0), and feet positions set to (PFX ;PFY ) = (0; 0.3). This
test was simulated for TT = 0.3 seconds (such that each foot contacts the ground)
using Radau at N = 20.

Figure 22, displays the resulting low drop test curves from the Pyomo and Simscape
models. It’s observed that Xb, Ẋb, Ẍb, and TURA remains zero as expected since
there’s no motion in the X-direction, nor actuation commands. However, each foot
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makes contact with the ground (PFY = 0.0) at t = 0.22 seconds, resulting in a
direction change for Ẏb and Ÿb due to the disturbance experienced during the
robot’s free-fall. At the same time, the GRFY peaks at ≈ 600 N and the ∆ changes
within the specified bounds. The difference in contact time between PFY and
GRFY was one time step due to solving complexity of occurring at the same node
(should the GRF only start when PFY = 0, it would have to immediately stop
the foot’s downward movement in a single moment, which is difficult to achieve
accurately).The resulting characteristics occurred as expected, therefore, the model
was deemed acceptable.

Figure 22: Low Drop Test resulting curves obtained from both Pyomo and Simscape
simulations. All symbols which ends in ”A” and ”B” refers to the front and back leg,
respectively. The characteristics of the upper right link of leg A (URA) are only displayed
for ease of reference.
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5.2.3 Leg Rotation

The leg rotation test was conducted to assess the correctness of modelling the ac-
tuators. This was done by initializing: Yb = 0.95 m, velocity states set to zero
(q̇[1, 0] = 0), and feet positions set to (PFX ;PFY ) = (0.1; 0.7). This test was simu-
lated for TT = 0.3 seconds using Radau at N = 30. Furthermore, the termination
requirements were that PFXA < -0.05 m and PFXB > 0.05 m, highlighting the need
for leg rotation and extension/retraction.

Figure 24, displays the resulting leg rotation test curves from the Pyomo model and
Simscape models. It is observed that ΘULA and ΘURA exhibit the same curve shape
and PFXB > 0.05 m, which was expected, as both upper links must rotate counter-
clockwise to ensure PFXA < -0.05 m. Furthermore, it’s observed that the optimal
strategy for using TURA was to apply a high actuation effort at the beginning of
the simulation and then reduce it once the termination conditions were satisfied. In
addition, Figure 23 shows that the torque-speed relationship was compliant - falling
within the boundary limits. Thus, the actuation model was deemed acceptable.

Figure 23: Torque Speed curve highlighting that all four actuation commands are well
within the bounds.
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Figure 24: Leg Rotation Test resulting curves obtained from both Pyomo and Simscape
simulations. All symbols which ends in ”A” refers to the front leg and ”B” refers to the
back leg. Note, the bottom right curve only displays the foot positions in the X-direction.

5.2.4 Summary

Three validation tests—high drop, low drop, and leg rotation—were performed to
confirm the correctness of the system’s dynamic modelling. The high drop test
validated free-fall dynamics with no actuation or ground contact, showing expected
motion in the vertical direction only, and confirmed the model’s pendulum-based
acceleration behaviour. The low drop test assessed contact dynamics, with each
foot correctly impacting the ground at 0.22 seconds, leading to expected changes in
velocity, acceleration, and ground reaction force, confirming the model’s ability to
capture foot-ground interaction. The leg rotation test evaluated actuator modelling,
where the legs rotated as expected to meet termination conditions, torque inputs
followed an optimal pattern, and all torque-speed outputs remained within bounds.
Interpolated Pyomo results aligned well with expected physical behaviour, validating
the implementation of dynamics, contact, and actuation across all tests.

5.3 Locomotion Simulation Tests

This study investigates different locomotive tasks including acceleration, steady-
state gaits at different velocities, and deceleration. Figure 25 highlights the complete
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stitched gait cycle: the robot starts at rest, accelerates from t = t[1] = 0 seconds to
t = ta, enters a steady-state walk or run from t = ta to t = td, and decelerates back
to rest from t = td to t = TT . To implement this stitching approach, the system’s
state positions and state velocities for each locomotive task, were overlapped as
per Equation 32. Specifically, the final states of the acceleration task equates to
the initial states of the steady-state locomotive task. Similarly, the final states of
the steady-state task equates to the initial states of the deceleration task. In both
instances: Xb, ∆, and ∆̇ were excluded from this constraint.

Acceleration:

qSteadyState[1, 0] = qAcceleration[N, 0]

q̇SteadyState[1, 0] = q̇Acceleration[N, 0]

Deceleration:

qSteadyState[N, 0] = qDeceleration[1, 0]

q̇SteadyState[N, 0] = q̇Deceleration[1, 0]

(32)

Figure 25: Representation of the complete gait cycle: The robot starts at rest, accelerates
into a walking or running gait, and then decelerates back to rest.

Throughout the steady-state gait cycle, the robot’s feet makes and breaks contact
with the ground. In legged robots, locomotion is classified as walking when at least
one foot maintains contact with the ground at all times. Conversely, it is classified
as running when all feet momentarily leave the ground (flight phase). To determine
the walk and walk-to-run transition velocities - an FN of 0.05 and 0.5 was used
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(Equation 1), respectively. With the maximum leg length of 0.45 m, the walking
velocity was calculated at 0.5 m/s. Moreover, the resulting walk-to-run transition
velocity is 1.5 m/s as the FN exceeds 0.5 (Equation 33). Therefore, in this study -
when Ẋb < 1.5 m/s it’s considered walking and when Ẋb > 1.5 m/s it’s considered
running. Furthermore, to obtain the achievable maximum velocity - simulations
were done with increasing the desired velocity, up to the point where simulations
resulted infeasible.

FN =
1.52

9.81 × 0.45
≈ 0.51 (33)

The upcoming three sub-chapters dive into the TO results for the steady-state gait
motions, acceleration, and deceleration tasks. For each task, the model’s parameter
values were setup once the EoM were determined. The setup parameters varied
in: total nodes, ẊbDes, ΘKneeAngle bounds, and h bounds. Other parameters were
fixed such as: mass, inertia, link length, NGR, DFoot, KFoot, collocation points, µ,
g, maximum and minimum foot deflection (∆), motor model, and the limitations
on the connection forces and GRFs. All solutions presented in this chapter can be
found here: Trajectory Optimization Solutions.

In this study, contact orders were specified for a selected few gait patterns - to aid
the solver. Therefore, many BWE simulations were solved with varying the setup
parameters without specifying a contact order. Thereafter, of the many simulated
solutions, the best solution’s contact order was selected and implemented to solve
trajectories using Radau. The best optimal solution consist of the following cate-
gories:

1. Category A: motion which completes the task in least amount of time (agility).

2. Category B: lowest JT value - referencing the most efficient solution with
least amount of actuation effort.

3. Category C: lowest JGP value - indicating the solution that best satisfies the
complementarity contact conditions.

4. Category D: lowest TP (peak torque) command value of all the motors - fa-
cilitating additional headroom for control torque of PD controller (also reduces
overheating of motors).

5. Category E: the smallest maximum ΘKneeAngle experienced (ΘMKA). This
reduces the probability of a singularity - due to over/undershooting while
tracking desired inputs.
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6. Category F: lowest GRFY value - indicating the least stress/damage on the
foot and ankle joint during contact.

7. Category G: for steady-state periodic motions, Ẋb with the least amount of
variation from the desired velocity (ẊbDes) - reducing acceleration/deceleration
and promoting stable steady-state motions.

8. Category H: for acceleration and deceleration tasks, solutions with the high-
est node (N) value - highlighting accuracy and stability in implementation.

5.3.1 Steady-State Walking and Running

To enforce that a constant Ẋb, an average velocity constraint was implemented as
shown in Equation 34. This equation was defined such that the average velocity of
the robot’s body for the total time is equal to the desired velocity ((ẊbDes).

ẊbDes =
Xb[N ] −Xb[n = 1]∑N

n=1 hm× h[n]
(34)

Due to the symmetry of Baleka II, only half of the gait cycle needed solving, as
the second half mirrors the first with leg positions and velocities, swapped. This
significantly reduced the solving load. To ensure periodic conditions, the position
and velocity states of leg A at the first node had to match those of leg B, and vice
versa [82]. This is represented in Equation 35 (where qA/q̇A and qB/q̇B refers to
the state positions/velocities of leg A and leg B, respectively) and in Figure 26,
representing the same pattern but for different legs. Figure 27 provides a visual
representation of a 4.0 m/s run half stride - highlighting that at n = 1 and n = N,
the orientations of the legs are mirrored.

qA[n = 1] = qB[N ]

qB[n = 1] = qA[N ]

q̇A[n = 1] = q̇B[N ]

q̇B[n = 1] = q̇A[N ]

(35)

After the half gait was solved, the position and velocity trajectories for each leg
was then switched for the second-half of the gait cycle (except for Xb and ∆ as the
body moves forward and due to the deformation nature of contacts, respectively).
Furthermore, an approach used to ease the process of switching and combining
the half strides to generate a long time horizon, a torque constraint was applied
(Equation 36). Where TA and TB refers to torques of leg A and leg B, respectively.
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Furthermore, i = 1, 2, 3, 4, 5, such that the torque transition was smooth (reducing
the torque difference when doing the state swap).

TA[n = i] = TB[N − i− 1]

TB[n = i] = TA[N − i− 1]
(36)

Figure 26: Graphical depiction of the state-like behaviour of Legs A and B under periodic
conditions throughout a complete gait cycle.

Figure 27: Animation of a half stride of a 4.0 m/s run (within Pyomo) - the states of leg
A (orange) at n = 1 equates to the states of leg B (black) at n = N .

Table 4 displays the parameters used to setup Tests for ẊbDes = 0.5 m/s, 1.5 m/s,
and 4.0 m/s. The resulting optimal solutions which produced the best results using
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BWE are displayed in Table 5. Here, 4.0 m/s was deemed the fastest achievable
body velocity - any velocity above 4.0 m/s were infeasible. This is further supported
using Table 5, which highlights that the torque and knee angle values were close to
reaching their respective bounds when increasing ẊbDes. In addition, the variation in
Ẋb increases as ẊbDes increases - indicating higher oscillations and reduced stability
of steady-state locomotion. At 4.0 m/s the variation observed is 0.38 m/s.

For all simulations, the total number of nodes for each BWE simulation was N =
100 and the time-step bounds were between 0.5 < h < 1.0. Furthermore, no contact
order was specified, only initialization requirements were setup at n=1, these were:
PFXA,PFXB <= 0.05 m and Xb,∆A,∆B, ∆̇A, and ∆̇B were all set to zero.

Table 4: Table representing setup parameters of five optimal solutions for ẊbDes = 0.5
m/s and 1.5 m/s. However, only two optimal solutions were obtained for the 4.0 m/s run.

Test ẊbDes(m/s) TT (s) Maximum ΘKneeAngle (◦)
1 0.50 0.40 150.00
2 0.50 0.60 160.00
3 0.50 0.70 145.00
4 0.50 1.00 145.00
5 0.50 1.40 150.00
1 1.50 0.30 145.00
2 1.50 0.60 150.00
3 1.50 1.00 160.00
4 1.50 1.20 150.00
5 1.50 1.50 160.00
1 4.00 0.40 160.00
2 4.00 0.60 160.00
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Table 5: Representation of simulation parameters obtained from optimal half gait simu-
lations for 0.5 m/s, 1.5 m/s and 4.0 m/s using BWE integration. Here, Ẋb highlights the
minimum and maximum body velocity experienced.

Test ẊbDes t[N ] JT JGP TP ΘMKA GRFY Ẋb

(m/s) (s) (Nm) (◦) (N) (m/s)
1 0.50 0.30 0.20 −5.16 × 10−6 -11.29 150.00 877.60 0.40-0.57
2 0.50 0.36 0.67 −4.83 × 10−6 -20.98 75.27 473.08 0.43-0.60
3 0.50 0.40 0.39 −4.84 × 10−6 -21.01 145.00 711.61 0.40-0.71
4 0.50 0.50 0.32 −5.19 × 10−6 11.13 145.00 437.37 0.37-0.64
5 0.50 0.69 1.08 −5.16 × 10−6 -14.52 140.39 378.96 0.37-0.65
1 1.50 0.16 0.34 −5.10 × 10−6 15.55 145.00 915.26 1.40-1.61
2 1.50 0.36 2.81 −5.06 × 10−6 -29.80 142.20 165.56 0.98-2.08
3 1.50 0.55 2.84 −5.23 × 10−6 29.80 159.87 399.42 1.21-1.80
4 1.50 0.60 2.53 −5.26 × 10−6 30.00 150.00 915.27 1.01-2.06
5 1.50 0.74 3.36 −5.26 × 10−6 30.00 160.00 915.24 0.97-1.74
1 4.00 0.21 0.96 −5.26 × 10−6 27.57 160.00 915.23 3.62-4.30
2 4.00 0.36 2.68 0.00 30.00 141.95 915.26 3.49-4.83

When investigating the best solution at 0.5 m/s, maximum knee angles and actuation
effort were prioritized. From Table 5 (Tests 1-5 for ẊbDes = 0.5 m/s), there’s no
clear best solution as there’s a trade-off between time and force (actuation effort
and GRF). Test 4 was selected as the overall best solution - it performs best in
Category D but ranks second in Category B, F, and G when compared to the other
four tests. Here, the low TP, GRFY, and ΘMKA was favoured as it provides the
most stable/safest solution. Thus, Figure 28 displays the contact order of Test 4
(left). Furthermore, confirms that there’s at least always one foot in contact with
the ground, indicating a walking motion.

Test 1 was selected as the best solution from Table 5 (Tests 1-5 for ẊbDes = 1.5 m/s),
as it performs best in Category A, B, D, and G (and second best in both Category
C and E). Although this solution was the fastest, most efficient, and safest (knee
angle) - it experienced the highest GRFY (stress on the mechanical mechanisms).
Thus, Figure 28 displays the contact order of Test 1 (middle). The contact order
confirms that there’s a flight phase within the gait cycle (between node 70-100),
indicating a running/jogging motion.

Lastly, the solver could only produce two optimal solutions (Tests 1-2) as shown
in Table 5 with ẊbDes = 4.0 m/s. Test 1 was selected as the best solution, as it
performed best in Category A, B, D, F, and G. Although Test 2 does display a
lower ΘMKA - Test 1 was well within the bounds. Therefore, Figure 28 displays the
contact order of Test 1 (right). Furthermore, it is observed that the 4.0 m/s solution
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exhibits a longer flight phase for the running motion (compared to 1.5 m/s): as
seen between node 0-50. This highlights an increase in stride length as the velocity
increases.

Figure 28: Represents the foot contact order of foot A and B of the best solutions. These
are: Test 4 where ẊbDes = 0.5 m/s (left), Test 1 where ẊbDes = 1.5 m/s (middle), and
Test 1 where ẊbDes = 4.0 m/s (right) over 100 nodes.

Although BWE integration produced optimal results - the Radau approach was
adopted as it has an improved solution accuracy. The contact orders for the best
solutions described in Figure 28 were used to solve the Radau integration solutions.
Here, the setup parameters were tuned to obtain optimal results (including the
contact order). Furthermore, a seeding approach was used to ensure alternative
areas in search space were investigated. In addition, N was set to 50 nodes and the
time step bounds were between 0.5 < h < 1.2. The below list provides an overview
of the setup parameters and contact orders for each simulation.

89



Optimizing Dynamic Locomotion in Baleka II: From Simulation to Real-World
Running Zubair Martin

Algorithm 1 Setup Conditions for 0.5 m/s

1: TT = 0.7,
2: Maximum ΘKneeAngle = 160

3: ẊbDes = 0.5
4: At n = 1
5: Xb = ∆B = ∆̇B = 0.0
6: PFYB > 0.05
7: for n = 1 to N do
8: if n < 0.9 ×N then
9: PFYA = ṖFXA = 0.0
10: else
11: GRFYA = 0
12: end if
13: if n < 0.65 ×N then
14: GRFYB = 0
15: else
16: PFYB = ṖFYB = 0.0
17: end if
18: end for
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Algorithm 2 Setup Conditions for 1.5 m/s

1: TT = 0.7
2: Maximum ΘKneeAngle = 160

3: ẊbDes = 1.5
4: At n = 1
5: Xb = ∆B = ∆̇B = 0.0
6: PFYB > 0.03
7: for n = 1 to N do
8: Yb > 0.27
9: if n < 0.75 ×N then
10: PFYA = ṖFXA = 0.0
11: else
12: GRFYA = 0
13: end if
14: if n < 0.90 ×N then
15: GRFYB = 0
16: else
17: PFYB = ṖFYB = 0.0
18: end if
19: end for

Algorithm 3 Setup Conditions for 4.0 m/s

1: TT = 0.4
2: Maximum ΘKneeAngle = 160

3: ẊbDes = 4.0
4: At n = 1
5: Xb = ∆A = ∆̇A = 0.0
6: for n = 1 to N do
7: Yb > 0.25
8: GRFYB = 0
9: if n < 0.65 ×N and n > 0.45 ×N then
10: PFYB > 0.03
11: PFYA = ṖFXA = 0.0
12: else
13: GRFYA = 0
14: end if
15: end for

To broaden the search space, multiple simulations were conducted using random
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uniformly distributed seed values. These simulations leveraged the previously solved
solution as a reference point, serving as the initial starting point for the optimizer
[16]. The following states were randomly initialized:

1. 0 < Xb < TT × hm× ẊbDes (distance using desired velocity)

2. 0.25 < Yb < 0.4 (limitation on body height)

3. −1.5π < ΘULA;ΘURA;ΘULB;ΘURB < 1.5π

4. Minimum ΘKneeAngle < ΘKneeAngle < Maximum ΘKneeAngle

5. Minimum ∆ < ∆A;∆B < Maximum ∆

Unfortunately, providing random seed values for q̇ produced infeasible results - thus,
was not used. Table 6 displays the resulting solutions with different seed values.
From the table, it is observed that for the 0.5 m/s walk, loop 4 provides the best
solution in terms of stabilization (loops 2 and 5 produced results with slipping).
Moreover, loop 1 produced the best solution for the 1.5 m/s simulation in terms
of Category A, B, D, and second best in terms of stability: Category C, E, and
F. Although the solution experiences a high variation in Ẋb, it is well within an
acceptable range. Lastly, loop 1 was selected as the best solution for the 4.0 m/s
simulation as it prioritized top speed (Category A).
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Table 6: Resulting optimal solution parameters using the seeding approach and Radau
integration for 0.5 m/s, 1.5 m/s, and 4 m/s. All variables remain the same as in Table 5
with the inclusion of the seed loop.

Loop ẊbDes t[N ] JT JGP TP ΘMKA GRFY Ẋb

(m/s) (s) (Nm) (◦) (N) (m/s)
1 0.50 0.41 0.23 0.00 12.34 159.95 199.27 0.41-0.70
2 0.50 0.41 0.23 7.36 × 10−6 13.40 159.86 29.23 0.41-0.70
3 0.50 0.40 0.23 0.00 13.09 159.89 159.05 0.41-0.70
4 0.50 0.41 0.23 0.00 12.59 159.93 166.44 0.41-0.70
5 0.50 0.36 0.27 0.00 12.17 159.63 131.44 0.42-0.69
1 1.50 0.36 0.77 −3.42 × 10−6 29.48 160.00 188.05 1.31-1.93
2 1.50 0.37 0.87 −3.41 × 10−6 30.00 160.00 197.22 1.29-1.92
3 1.50 0.37 0.88 −3.43 × 10−6 30.00 159.96 239.22 1.30-1.90
4 1.50 0.37 0.88 −3.43 × 10−6 30.00 160.00 218.16 1.28-1.93
5 1.50 0.37 0.83 −3.51 × 10−6 30.00 160.00 149.10 1.31-1.92
1 4.00 0.21 1.09 −3.53 × 10−6 30.00 158.44 271.55 3.93-4.24
2 4.00 0.24 1.51 −3.35 × 10−6 30.00 154.70 240.51 3.80-4.27
3 4.00 0.22 1.43 −3.49 × 10−6 30.00 153.25 319.25 3.89-4.23
4 4.00 0.21 1.30 −3.51 × 10−6 30.00 159.94 271.64 3.99-4.20
5 4.00 0.22 1.31 −3.47 × 10−6 30.00 150.02 460.71 3.94-4.23

From Table 6, as ẊbDes increases, JT , TP, and GRFY also rise, driven by increased
stride length, swing speed, and higher body velocity and height, which in turn require
the feet to manage higher momentum upon contact. However, deviations between
Ẋb and ẊbDes worsen due to actuation limits. Additionally, as ẊbDes increases, the
system approaches the torque-speed boundary, as shown in Figure 29, where all best
solutions remain within the torque-speed limits.
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Figure 29: The torque-speed curves for the optimal solutions at 0.5 m/s (top right), 1.5
m/s (bottom left), and 4 m/s (bottom right) are shown for all four motors during half-gait
steady-state motion.

5.3.2 Acceleration

The approach used for achieving rapid transition was to stitch the acceleration tra-
jectories to the pre-solved steady-state trajectories. Therefore, this section solves
solutions based on the best steady-state solutions selected previously. While the
ideal approach is to equate the final states of the acceleration task with the initial
states of the steady-state gait, this poses challenges for the solver. Consequently,
a relaxation technique was employed, permitting a 10% margin for state equality.
In addition, contact orders were applied for all acceleration tasks - centred around
launching the robot into a flight phase.

When solving for the best acceleration solution for each ẊbDes - a similar approach
was taken as above. However, the BWE integration was not implemented - only
Radau, with varying total node N values. Here, the time-step bounds were limited
between 0.5 < h < 1.2 to allow for a wider search space. Although rapid transition
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was a key aspect to this study, selecting acceleration values with the higher factors
of stability was desired (Category G) . Thus, the quickest simulation time wasn’t
always ideal as high GRF and torque values could cause damage to the robot over
many experiments.

Table 7 highlights the resulting optimal solutions which produced the best acceler-
ation solutions. The results include five solutions at 0.5 m/s, five at 1.5 m/s, and
two at 4.0 m/s.

In the 0.5 m/s simulations, loops 1 and 3, which used the highest number of nodes
(N), were compared. Loop 3 excelled in Categories A and E but experienced large
GRFs. Conversely, Loop 1 performed best in Categories D and F and was com-
petitive with Loop 3 in the other categories. To avoid the large GRF, loop 1 was
selected as the acceleration trajectory for the 0.5 m/s implementation.

On the other hand, loop 1 was selected as the best acceleration solution for ẊbDes =
1.5 m/s as it use the most nodes N and performed best in Category B and second
best in Category D. All remaining values fall within a close range of those from the
other loops (2-4).

Lastly, only two optimal results were solved for the 4.0 m/s simulation. Here, top
speed was prioritized. Although loop 1 presented the fastest solution - it experienced
high levels of slipping. As a result, loop 2 was selected as it’s best in Categories B
and E and provided a more stable solution (less slipping).
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Table 7: Optimal acceleration solutions for 0.5 m/s, 1.5 m/s, and 4.0 m/s. These solutions
were obtained by setting the termination conditions as the initial state conditions of the
previously solved best steady-state solutions. N and TT, the total number of nodes used
and allowed total simulation time, respectively.

Loop ẊbDes N TT t[N ] JT JGP TP ΘMKA GRFY

(m/s) (s) (s) (Nm) (◦) (N)
1 0.50 40 0.60 0.52 1.53 1.46 × 10−5 -20.80 157.09 165.53
2 0.50 20 0.50 0.36 0.88 −1.35 × 10−6 18.81 156.29 423.11
3 0.50 50 0.50 0.34 0.97 −3.53 × 10−6 29.34 155.28 501.20
4 0.50 20 0.50 0.38 0.62 −1.39 × 10−6 12.72 159.99 249.73
5 0.50 20 0.50 0.37 0.61 −1.38 × 10−6 12.79 160.00 324.52
1 1.50 50 0.60 0.66 1.09 −3.50 × 10−6 -19.99 159.99 149.33
2 1.50 40 0.60 0.66 1.17 −2.79 × 10−6 -19.80 156.07 113.90
3 1.50 40 0.30 0.31 2.59 −2.70 × 10−6 -30.00 152.11 127.31
4 1.50 40 0.40 0.37 1.87 −2.60 × 10−6 -30.00 152.47 192.57
5 1.50 40 0.50 0.58 1.52 −2.80 × 10−6 -30.00 151.37 206.35
1 4.00 30 0.40 0.47 4.49 0.0 30.00 170.00 32.73
2 4.00 30 0.50 0.55 3.36 0.0 30.00 169.73 101.27

From Table 7 it’s observed that as the acceleration increases (to reach ẊbDes), there’s
an increase in JT , TP, and ΘMKA. This was due to the requirement of launching
the robot further and higher to ensure the leg swing aligns with the steady-state
conditions. In addition, as ẊbDes increases, the closer the torque and speed curve is
to the boundary as seen in Figure 30. This curve highlights the torque-speed curve
indicates that all solutions are within torque-speed boundary.
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Figure 30: Displays the torque-speed curve of the optimal solutions for the 0.5 m/s (top
right), 1.5 m/s (bottom left) and 4.0 m/s (bottom right) of all four motors for acceleration
motions.

5.3.3 Deceleration

The deceleration task ensured that the robot’s motion was terminated in a stable
manner. These trajectories were stitched at the end of either gait (in a similar
manner to the acceleration task). In addition, a stabilizing condition was set such
that the last 20% of the simulation time (n > 0.8×N), q̇ was set to zero - with the
exception of Ẋb < 0.

Although rapid deceleration is important, accuracy, measured by the number of
nodes, was prioritized to minimize the error between the desired and actual states.
Table 8 highlights the optimal deceleration solutions for each ẊbDes.

In the 0.5 m/s simulation, loop 3 has the highest number of nodes; however, the
relatively high value of JGP suggests a failure to fully satisfy the complementarity
conditions. Thus, among the solutions with the highest number of nodes (40), loop
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1 performs best across Categories A, B, C, D, E, and F.

Conversely, loop 5 was selected as the best deceleration solution for ẊbDes = 1.5
m/s. Both loops 2 and 5 have the highest number of nodes, but loop 5 outperforms
loop 2 in Categories B, D, and F. Although loop 2 performs best in Category A, it
experiences significantly high TP.

Lastly, as the ẊbDes = 4.0 m/s solution focused on top speeds for the fastest gait
termination, loop 3 was selected as the best deceleration solution, offering the quickest
solution in Category A while utilizing the highest number of nodes (N).

Table 8: Representation of optimal deceleration solutions for 0.5 m/s, 1.5 m/s and 4.0
m/s. These solutions were obtained by setting the initial conditions as the final state
conditions of the previously solved best steady-state solutions.

Loop ẊbDes N TT t[N ] JT JGP TP ΘMKA GRFY

(m/s) (s) (s) (Nm) (◦) (N)
1 0.50 40 0.40 0.34 0.05 0.00 -5.00 159.96 116.93
2 0.50 30 0.30 0.23 0.05 0.00 -7.43 159.82 191.54
3 0.50 50 0.5 0.29 0.77 8.71 × 10−4 -28.12 159.63 421.25
4 0.50 40 0.50 0.31 0.05 0.00 -5.24 160.00 264.36
5 0.50 40 0.70 0.41 0.08 0.00 -6.12 159.99 158.12
1 1.50 40 0.70 0.46 0.11 −6.20 × 10−6 -5.62 159.96 124.02
2 1.50 50 0.30 0.19 0.55 −1.86 × 10−3 -25.21 149.46 167.54
3 1.50 40 0.50 0.37 0.16 0.00 -12.39 160.00 186.56
4 1.50 40 0.60 0.53 0.16 −2.80 × 10−6 -10.14 160.00 88.76
5 1.50 50 0.50 0.47 0.16 −3.56 × 10−6 -14.86 160.00 80.00
1 4.00 40 0.30 0.33 0.44 −2.78 × 10−6 -20.83 160.00 182.71
2 4.00 40 0.40 0.44 0.28 −2.82 × 10−6 -11.75 160.00 176.23
3 4.00 50 0.30 0.33 0.54 −3.52 × 10−6 -29.96 160.00 179.55
4 4.00 50 0.50 0.55 0.25 −3.55 × 10−6 -13.82 160.00 122.57

From Table 8 it’s observed that as the deceleration to terminate ẊbDes increases,
there’s an increases in JT , TP, and TT .

A higher Ẋb results in greater momentum, requiring more force to bring the body
to a stop. The increased total time is due to friction bounds, demanding more
actuation effort. The optimal solutions remain within the torque-speed limits, as
shown in Figure 31. In addition, as ẊbDes increases, the closer the torque and speed
curve is to the boundary. Furthermore, the deceleration motion uses the least torque
compared to both the acceleration and steady-state motions.
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Figure 31: Displays the torque-speed curve of the optimal solutions for the 0.5 m/s (top
right), 1.5 m/s (bottom left) and 4 m/s (bottom right) of all four motors for deceleration
motions.

5.3.4 Summary

This study examines Baleka II’s locomotion through TO across acceleration, steady-
state walking/running, and deceleration phases. Gait cycles were stitched together,
transitioning smoothly between phases by matching state variables, excluding body
position and foot deformation. Walking and running were differentiated using FN
= 0.05 for walking (0.5 m/s) and FN = 0.5 for transitioning to running (1.5 m/s),
with a maximum tested velocity of 4.0 m/s — higher speeds proved infeasible. For
steady-state gait cycles, symmetry allowed solving only half the gait, reducing com-
putational cost, and switching leg states ensured full cycles. Best solutions were
chosen based on multiple categories (A–H), including efficiency, torque usage, peak
knee angles, GRF loads, and stability. At 0.5 m/s, Test 4 offered a stable walking
gait; at 1.5 m/s and 4.0 m/s, Test 1 of each set showed the best performance, in-
cluding successful flight phases for running. Radau integration provided improved
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accuracy over BWE and incorporated seeding to explore diverse solutions. Acceler-
ation phases were stitched onto steady-state gaits, using Radau and contact orders
to ensure feasible launches into flight. Key setup parameters like node count, torque
limits, and time steps were varied per test, with results showing increased strain and
variability as speed increased, all remaining within motor torque-speed constraints.
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6 Simscape Multibody and Simulink Software, Hard-

ware, and Experiments

Using the TO solutions derived above, the resulting optimal stitched trajectories
were implemented in Simscape to assess their feasibility. Once the solution proved
feasible, it was deployed on the actual robot using the Simulink Real-Time platform.
This section will provide an overview of the software, communication protocols,
hardware, and experiments conducted on both the Simscape and Simulink Real-
Time platforms. All resulting code, robot parameters, TO simulations, and videos
are found in Appendix D.

6.1 Software and Communication

In this study, data management was divided between Windows and Ubuntu oper-
ating systems, requiring compatibility between the two. After computing optimal
trajectories, the data points for each locomotive task were saved as CSV files, com-
patible with both LibreOffice Calc (Ubuntu) and Microsoft Excel (Windows). These
files were then transferred to Windows for interpolation in Matlab R2022a (9.12).

Simulink (version 10.5 R2022a) and Simscape Multibody (version R2022a) were
used to assess the feasibility of the interpolated trajectory points. Simulink is an
integrated graphical modelling tool in Matlab, while Simscape, part of the Simulink
environment, is designed for modelling physical 3D systems such as bodies, joints,
links, and force elements, and solving EoM to run the simulation tests.

After successful simulations in Simscape, a Simulink Real-Time model (R2022a)
was created. This model allowed the Simscape setup to interface with electronic
control units and the robotic platform via Matlab and Simulink. The initialized
code was then compiled and deployed to the Speedgoat Real-Time target computer
for real-time execution on the physical robot.

To further enhance the mechanical modelling accuracy of the robot, SolidWorks
3D was employed. The platform provided insight on detailed specifications in-
cluding: material properties, mass properties, dimensions, CoM, locations, and the
range of motion boundaries. Thus, SolidWorks 3D models were developed for the
robot, boom, and motors (highlighting individual elements such as links, bolts, nuts,
clamps, and the gearbox). Specifically, Mr. Bright and Mr. Mailer concentrated on
modelling the robot and boom in SolidWorks, while my focus on accurately mod-
elling the motors in Solidworks. Table 9 details the robot’s properties, adopted for
all modelling platforms. Moreover, these models were stored as STL files to facili-
tate the exchange of 3D models and integration between Solidworks and Simscape.
Figure 32 displays the pipeline of simulation used to acquire, assess and execute the
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trajectories.

To facilitate the motor mode setup, encoder calibration, zeroing, Controller Area
Network (CAN) identification and control calibration (position, velocity and torque),
the CubeMars software tool was installed on the upper computer (found here). This
interface was developed by the manufacturer to verify the motor’s operations.

Figure 32: Pipeline highlighting using Pyomo to simulate TO (first row), followed by
feasibility testing in Simscape (second row), and concluding with the implementation of
the trajectories on the physical robot using Simulink Real-Time (third row).
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Table 9: Baleka II values from Solidworks, including mass, total length, length to CoM
(CoM Length), and MoI for each link.

Link Mass(kg) Total Length(m) CoM Length(m) MoI(kg·m2)
Body (with motors) 5.76 0.25 0.0 0.03

Boom 2.47 2.50 N/A 1.95
ULA 0.15 0.17 0.04 0.0006
LLA 0.35 0.30 0.13 0.004
URA 0.15 0.17 0.04 0.0006
LRA 0.50 0.30 0.19 0.007

sfootA 0.01 0.0004 0.0002 0.0
ULB 0.15 0.17 0.04 0.0006
LLB 0.35 0.30 0.13 0.004
URB 0.15 0.17 0.04 0.0006
LRB 0.50 0.30 0.19 0.007

sfootB 0.01 0.0004 0.0002 0.0
Motors N/A N/A N/A 0.0002

The execution of robot control in this research relied on three primary lines of
communication. First, the EtherCAT protocol facilitated communication between
the Simulink Real-Time application and the Speedgoat Real-Time Target Machine.
EtherCAT efficiently converts modelled Simulink blocks into C-code, enabling real-
time code compilation and execution at a designated sample rate.

Second, a combination of serial communication protocols, specifically UART and
CAN, was established between the upper computer (utilizing the CubeMars inter-
face) and each motor driver board.

Finally, the CAN protocol was employed for managing data exchange between the
motors and the Speedgoat Real-Time Target Machine during trajectory execution.
CAN is well-suited for environments requiring communication between an upper
computer and multiple devices, efficiently coordinating status updates on a shared
network. In this system, two CAN lines were configured, each supporting commu-
nication with two motors.

6.1.1 Summary

To conclude, this chapter detailed the complete pipeline from trajectory optimiza-
tion to real-time execution on the physical robot. Starting with the generation of
stitched optimal trajectories via Pyomo, feasibility testing was conducted in Sim-
scape Multibody using Matlab R2022a. These simulations incorporated accurate
physical models developed in SolidWorks, capturing critical properties such as mass
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distribution, CoM, and MoI. Following successful validation, the trajectories were
deployed through a Simulink Real-Time model onto the Speedgoat Real-Time Target
Machine. Communication between system components was managed using Ether-
CAT for real-time execution, serial protocols (UART and CAN) for motor calibra-
tion via the CubeMars interface, and CAN for real-time control. This streamlined
software-hardware pipeline ensured reliable and accurate replication of optimized
trajectories on the physical platform, thereby bridging the gap between simulation
and implementation.

6.2 Hardware

Three computers were used throughout this research. Two computers were used to
execute TO using Pyomo with IPOPT solvers (Intel Core i3-6100U CPU @2.3 GHz
and an Intel Core i5-3570 CPU@3.4 GHz). The IPOPT solver was not setup to run
on GPUs and therefore, the best accessible CPUs were used. Furthermore, for all
Matlab processes/compilation, an Intel Core i7-4790 CPU@ 3.6 GHz was used.

6.2.1 The Robot

Baleka II consists of many aluminium parts, some parts were laser cut and others
were computer numerical controlled, along with multiple bolts and nuts holding it
together. The robot’s configuration consists of two legs, two feet, and a body. This
body serves two functions, namely: housing the motors and to facilitate a support
attachment when connecting to the boom. Figure 33 provides and overview of the
robotic platform.
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Figure 33: Baleka II robotic platform from multiple views, highlighting the legs, body,
feet, motors, and boom.

The robot features four QDD motors housed between front, back, and top support
plates for each motor pair. Each motor includes two ring supports for axial mounting
of the front and back plates, which in turn support the top plate. Additionally, a
bottom T-section support rod connects the two motor pairs, ensuring the body
remains vertical relative to the boom.

Legs A and B consist of four linkages: upper left (UL), upper right (UR), lower
left (LL), and lower right (LR). Each leg’s UL and UR links attach axially to their
respective motor output shafts using 25 mm bolts, enabling rotational movement.
The UL and UR links connect at their lower ends to the LL and LR links, respec-
tively, at a joint featuring a ball bearing mount to facilitate smooth rotation. The
LR link’s bottom connects to the foot, forming a fixed ankle joint with no rotation.
Both legs utilize the same feet as the first iteration of Baleka, equipped with support
discs and bolts. Lastly, the LL and LR links connect at the ankle via a hinge point,
allowing for rotation, while inner leg pins provide additional support and rigidity.

The boom, initially outside the project scope, was included to enhance the robot’s
planar motion. Its mounting mechanism provided a fixed connection, allowing cir-
cular movement without rolling. An encoder tracked the boom’s angular position,
while three accelerometers and an Inertial Measurement Unit collected pitch, yaw,
and roll data, enabling velocity estimation. This setup offered comprehensive data
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on the robot’s position, velocity, and acceleration. The boom was secured to the
robot with four bolts, but because it was shared among multiple robots, the base
plate was anchored to the ground with tape strips instead of permanent bolts.

6.2.2 Speedgoat Real-Time Target Machine and Communication Rate

The University of Cape Town (UCT) has a license agreement with MathWorks that
enables students to use MATLAB, Simscape Multibody, and Simulink Real-Time.
At the time of this research, several master’s students were conducting similar studies
on dynamic legged locomotion with these tools. Consequently, a communal plug-
and-play solution was needed to integrate seamlessly with Simulink Real-Time for
validating simulations through real-time testing. In this study, the Baseline Real-
Time Target Machine was acquired as the real-time computer, serving as an entry-
level solution for real-time simulation and testing of Simulink models. A summary
of the machine’s specifications is provided in Table 10.

Table 10: Speedgoat Real-Time target machine system specifications.

Specification Details

CPU Intel Celeron® J1900, Quad Core, 2 GHz
Memory 4 GiB DDR3
Graphics Intel HD Graphics, 688 – 854 MHz
Storage 1x mSATA 2.0
Expansion slots 4x mPCIe
PCI clock 33/66 MHz

A key advantage of this system is its support for multiple interconnected I/O mod-
ules. Notably, the CAN module (IO691) features two independent CAN bus chan-
nels, each capable of speeds up to 1 Mbps and an 8-byte data payload. Shielded
three-core cables were used for each CAN bus (CAN-HIGH, CAN-LOW, and ground)
to enhance noise immunity, as recommended by the manufacturer. Additionally, two
120 Ohm termination resistors were placed between the CAN-HIGH and CAN-LOW
lines for each bus. The motors were assigned CAN IDs 1, 2, 3, and 4, with CAN
Bus A (leg A) utilizing CAN IDs 1 and 4, while CAN Bus B (leg B) used IDs 2 and
3. Figure 34 illustrates the equipment setup for the Speedgoat machine.
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Figure 34: Speedgoat Real-Time Target Machine setup.

For successful communication between the target machine and the motors, the tar-
get machine sent a message, to which the motors responded. The target machine
transmitted an 8-byte message containing data such as motor ID, position, veloc-
ity, torque, and gain commands. After executing the command, the motor replied
with a 6-byte message that included the CAN ID and the motor’s position, velocity,
and torque measurements. In total, 14 bytes (or 112 bits) were required for each
exchange. Given that there were two motors on each bus and the CAN module com-
municated at a rate of 1 Mbps, the required send and receive rate for each message
was calculated to be approximately 2,232.14 Hz (as per Equation 37). To ensure
adequate overhead for arbitration, control, error checking, and reliable communica-
tion, while allowing the motors time to process the information, a communication
rate of 1 kHz was selected.

Communication Rate =
Maximum Speed

motors × bytes × bit conversion

Communication Rate =
1Mbps

4 × 14 × 8
= 2, 232.14 Hz

(37)

This communication rate was also used as the sample rate for the Simscape simula-
tions. To evaluate the feasibility of modelling each foot contact as a spring-damper
system in Simscape, the sample rate needed to be high enough to capture high-
frequency variations in the system. To validate this, a simple mass-spring-damper
system was modelled using the derived stiffness and damping coefficient values. The
spring was displaced to assess whether the sample rate could adequately detect the
resulting oscillations.

Figure 35 shows the step response at 100 Hz, demonstrating that a sample time of 1
kHz was sufficient to capture position and velocity oscillations without losing critical
information between samples. The rise time of the system’s velocity response was
0.015 seconds (67 Hz), indicating that the sample frequency should generally be set
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to ten times the rise time, resulting in a minimum sample rate of 670 Hz. Thus, a
sample time of 1 kHz proved adequate for this system.

Figure 35: Spring-Damper simulation with the use of spring and damper coefficients of
KFoot = 104 N/m and DFoot = 103 Ns/m, respectively. Here the blue curve represents
velocity response, orange the position response and the green is the sample rate (100 Hz).

To execute the real-time control trajectories from the Simulink Real-Time Model, the
code was compiled onto the target machine, which implemented the commands to
the actuators by converting the controller commands into CAN data frame format.
Once the messages were received by each motor, the target machine seamlessly
converted the CAN data back into usable information, including measured torque,
position, and velocity.

6.2.3 Power Supply and Cable Selection

The QPX1200SP DC power supply unit (PSU), rated at 1.2 kW with a maximum
output of 60 V, was used to power the robot. Each motor operates at 24 V with a
rated current of 18.5 A, resulting in a theoretical total current requirement of 74 A.
However, analysis of the torque-speed curves (Figures 29, 30, and 31) indicates that
the motors operate below their rated torque for 85% of the simulation, exceeding
rated torque only 15% of the time. Applying the diversity factor equation (38), the
adjusted current requirement was calculated to be approximately 46 A, reflecting a
diversity factor of 38%.
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Avg Current = Maximum Current × Maximum Load %

+Maximum Current × Avg Load % × (1 + DF)

50A = 74A× 0.15 + 74A× 0.85 × (1 + DF)

DF = Diversity Factor = 38.20%

(38)

Due to lab resource constraints and budget limitations, purchasing higher-rated
power supplies was infeasible. An alternative PSU with double the current capacity
was tested but caused significant disturbances in the CAN lines, as illustrated in
Figure 36. In this figure, PSU 2 represents the higher-rated unit, while PSU 1 is the
QPX1200SP. A continuous test signal sent to a motor revealed that the CAN Bus
signals from PSU 2 were noisier than those from PSU 1. According to the IO691
manual, the CAN HIGH signal should range from 2.75 V to 4.5 V, and CAN LOW
from 0.5 V to 2.25 V. Figure 36 shows that PSU 2 caused peak voltages exceeding
6 V for both signals. Consequently, PSU 1 was chosen for all experiments.

Figure 36: CAN Buses of two PSUs sending a test command. It can be seen that PSU
2 presents a nosier signal compared to PSU 1.

To connect the PSU to the motors, 10 AWG and 16 AWG copper cables with silicon
insulation were used. The 16 AWG cables were specified by the manufacturer, while
10 AWG cables facilitated multiple connections between the PSU’s single 10 AWG
cable and the motors’ 16 AWG cables.
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The total voltage drop, calculated using Equation 39, considers the current and
cable length for both cables: 74 A and 18.5 A for 10 AWG and 16 AWG cables,
respectively, with lengths of 10 m and 2 m. The conductor DC resistance for the 16
AWG and 10 AWG cables was 4.4 Ω/1000 ft @ 20 ◦C and 1.08 Ω/1000 ft @ 20 ◦C,
respectively [83], [84]. The voltage drop was 0.53 V for the 16 AWG cable and 2.62
V for the 10 AWG cable, yielding a total of 3.15 V. Due to the motor’s operating
manual not specifying an acceptable operating voltage range, the PSU was set to 24
V to prevent overheating and potential damage from excessive power. Additionally,
the motor does not consistently operate at its rated current, as the commanded
current varies over a wide range.

Voltage Drop = Current × Cable Length × Cable Resistance per unit Length

Voltage Drop 16 AWG = 18.5 × 2 × (4.4 × 1

304.8
) = 0.53V

Voltage Drop 10 AWG = 74 × 10 × (1.08 × 1

304.8
) = 2.62V

(39)

6.2.4 Summary

This chapter outlined the key hardware used in developing and testing the Baleka
II robot. TO ran on Intel Core i3 and i5 CPUs using Pyomo and IPOPT, while
MATLAB processes used an i7 system. The robot features two legs with four-bar
linkages, four QDD motors, and a body mounted to a boom for planar motion. Real-
time control was achieved using a Speedgoat Baseline Real-Time Target Machine and
Simulink Real-Time, with reliable 1 kHz CAN communication via IO691 modules.
A 1.2 kW QPX1200SP power supply was selected over a higher-rated unit due to
reduced electrical noise, and current demand was optimized to 46 A using diversity
factor analysis. Cable sizing ensured minimal voltage drop, supporting safe and
stable operation within lab constraints.

6.3 Interpolation, Simscape Modelling, and Validation Tests

6.3.1 Interpolation

Upon completing the trajectory tasks, the data was utilized in the Simscape model.
To accurately implement the trajectories in Simscape, the motor commands for
position, velocity, and torque required interpolation for smooth integration into the
model (rate of control). This step ensured that the specified nodes (with their
respective scaling factors) were converted to the correct time interval as per Equation
13. Simscape ran on a 1 kHz time step, while the trajectories could only provide a
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0.5 seconds/100 nodes = 200 Hz (best case). In order to construct an interpolation
function, a query point array was required. This query point array specifies the time
intervals over which the functions (position, velocity and control input) should be
interpolated. Specifically, the array is setup such that:

1. the first index begins at 0 seconds,

2. the final index equals the total time to complete a trajectory task.

3. the total length of the array equals the desired number of time points (com-
munication rate of the simulation, i.e. 1000 Hz). Thus, the time intervals are
separated equally by 0.001 seconds from 0 seconds to the total time it takes
to complete trajectory task.

In this study, MATLAB’s spline and interp1 functions were utilized for interpola-
tion. Position trajectories were interpolated using cubic splines to ensure continuous
motion, avoiding abrupt changes in velocity and acceleration. Velocity states and
control inputs were linearly interpolated with interp1, with a zero-order hold method
applied to control inputs, maintaining each value constant until a change was de-
tected. This approach was chosen for its computational efficiency while ensuring
smooth transitions between trajectory points [63]. The resulting interpolated arrays
were then converted into structures as inputs to the Simscape model.

Once all trajectories were interpolated, their final value sets were used in the Sim-
scape physical system. Simscape was used as a verification platform to assess the
feasibility of the interpolated trajectory values (position, velocity and control input).
This software was used in the Simulink environment where all physical components
were represented as block models. The model developed consisted of both a con-
troller aspect and a physical model aspect. The controller aspect was developed
to contain all controller related aspects (commands), while the physical model con-
sisted of all the physical aspects of the robot (leg links, body, boom, motors and
feet). Figure 37 displays an overview of the Simscape model which consist of both
the physical robot models and the controller blocks with connection pathways.
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Figure 37: Simscape layout representing both controller and physical robot model blocks,
with its exploded view.

A key limitation of this study was the absence of body state feedback, with only
motor FOC feedback based on desired position, velocity, and torque commands. The
system’s physical model was simulated using a numerical solver to solve its ODEs
and DAEs over time. Although the model operated in real-time with finite time
steps, an implicit variable-step solver was chosen due to the system’s physical nature
and its ability to handle complex events, such as ground contact and friction, which
introduce stiff solving challenges [85], [86], [87]. The DAESSC solver was selected
for its robustness in physical modelling, and solver parameters (min/maximum step
sizes and tolerances) were tuned to balance speed and accuracy as shown below:

1. Relative tolerance = 10−4

2. Absolute tolerance = 10−7

3. Maximum step size = 10−3

4. Minimum step size = auto

5. Activated an adaptive zero crossing algorithm to improve the accuracy allowing
the solver to adjust the zero crossing (discontinuity) threshold.

Figure 38 illustrates the solver profile of a 4.0 m/s simulation in Simscape over a short
duration. The solver’s performance highlighted that smaller time-steps were required
at critical points, such as foot-ground contact and torque variations, particularly to
adhere to the torque-speed curve. This suggests that using a fixed time-step solver
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would be challenging, as both torque-speed requirements and contact events demand
fine step sizes to ensure stable and feasible results.

Figure 38: Illustration of the Simscape variable time-step solver profile for a 4.0 m/s run
over a short duration - highlighting the time-step sizes. All orange dots displays the zero
crossings of the foot contact.

The model parameters included link inertia and length values as listed in Table
9. Additionally, the motor’s inertia, torque-speed model (Figure 20), and a PD
controller were implemented. The PD controller tracked desired position, velocity,
and torque commands, with proportional gain Kp = 250 and differential gain Kd =
4. These values were set below the manufacturer’s recommended maximum values
to balance the torque input and the torque generated from position and velocity
tracking. The Kp was halved to prevent excessive input, while the Kd was set near
the maximum values to improve stability and reduce overshoot for rapidly varying
command inputs.

6.3.2 Simscape Multibody Modelling

Spatial Contact Force blocks in Simscape were used to model foot-ground contact
in the robot. This block represents contact through a frame normal to the GRFs
and models both normal and frictional forces [88]. The normal force, preventing
body penetration, is modelled by a spring-damper function with spring stiffness
KFoot = 104 and damping coefficient DFoot = 103. Friction, opposing tangential
velocities, is modelled using a smooth stick-slip curve, with both static and dynamic
friction coefficients µs = µd = 0.8 set based on the rubber-rubber contact surfaces.

After completing the Simscape simulations, the final step was to integrate the con-
troller into Simulink Real-Time for testing on the robot. This enabled a straightfor-
ward transfer of controller blocks from Simscape to Simulink Real-Time. Additional
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blocks were added to develop CAN signals for motor communication. A simulation
speed of 2 kHz was used, while the communication speed for message exchange was
set to 1 kHz.

6.3.3 Validation Tests

The Simscape model was validated using three tests: high drop, low drop, and leg
rotation. Each test employed the same setup as the Pyomo model verification tests,
including identical run times and variable time-step solvers. In the high and low drop
tests, the boom’s pitch angle was initialized at 21.2° and 9.3°, respectively, with knee
angles set to 120°. The leg rotation test followed Pyomo command trajectories to
evaluate tracking performance.

Figures 21, 22, 24 present the validation test results for both Pyomo and Simscape
models. In the high drop test (Figure 21), the Simscape dynamics closely align
with Pyomo dynamics, indicating feasibility with low tracking errors. However, dif-
ferences in downward velocity and acceleration suggest inaccuracies in mechanical
mass properties. While Pyomo relies on assumptions like rigid links in the manip-
ulator equation, Simscape integrates SolidWorks mass properties, offering a more
realistic model.

In the low drop test (Figure 22), the robot makes contact at 0.23 seconds. While
the GRF, downward body acceleration, and foot deflection differ, they change as
expected. Body position, motor torque, and foot positions are consistent across
models. The differences in GRF and foot deflection are likely due to variations
in mass properties and contact modelling. Simscape uses the actual geometric foot
shapes and spring-damper normal forces with penetration depth smoothing, whereas
Pyomo assumes point contacts and simple spring-damper deflection.

In the leg rotation test (Figure 24), foot positions align, and torque-speed curves
remain within limits for both models. However, motor position and velocity curves
(motors 1 and 4) show discrepancies, likely due to combined inaccuracies in the
motor PD control and mass properties.

6.3.4 Summary

This chapter outlines the critical process of interpolating trajectory data, implement-
ing it in Simscape, and conducting validation tests. Motor commands for position,
velocity, and torque were interpolated from 200 Hz trajectory data to 1 kHz for
Simscape using MATLAB’s spline and interp1 functions. Cubic splines ensured
smooth position trajectories, while velocity and control inputs used linear and zero-
order hold interpolation, respectively. These inputs were structured and fed into a
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detailed Simscape model that represented both the robot’s physical system and con-
troller components. A DAESSC implicit variable-step solver was chosen for its ability
to handle stiff dynamics, with parameters tuned for accuracy and stability (relative
tolerance: 10−4, absolute tolerance: 10−7, maximum step size: 10−3). The physical
model included realistic contact modelling using spring-damper elements (stiffness
KFoot = 104, damping DFoot = 103) and friction coefficients (µs = µd = 0.8). A
PD controller with gains Kp = 250 and Kd = 4 was applied. Final controller de-
signs were ported to Simulink Real-Time at a 2 kHz simulation speed and 1 kHz
communication rate. Validation was performed using high drop, low drop, and leg
rotation tests. Simscape and Pyomo models showed strong agreement in dynamics
and motor torque tracking, though some discrepancies were noted due to differences
in mass property modelling, contact assumptions, and controller fidelity. Overall,
the Simscape model proved to be a feasible and accurate representation for real-time
control deployment.

6.4 Rest to Standby State Transition

This research examined a bipedal robot’s capability to accelerate from rest into a
steady gait. The process began with the robot entering a standby state to define
its initial configuration. In this state, parameters were set as follows: (Xb;Yb) =
(0.0; 0.35) and q̇,PFY,PFX, and Tu were all set to zero.

The standby state positioned the knee angles at 77°, within a 20% tolerance of prior
studies on sprinters using start blocks (94.5 ± 11.2°) and bipedal robots’ running
gaits (50° initial knee flexion) [89], [90]. These knee angles are shown in Figure 19.
Transitioning to standby required the robot to move from its initial resting state,
defined by un-actuated conditions with the knee angles set to 0°, as depicted in
Figure 39. This was achieved using impedance control.
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Figure 39: Transitioning from initial resting state to the standby state using impedance
control.

6.4.1 Impedance Control Setup

To enable the transition, an impedance controller was implemented, utilizing the re-
lationship between motor states (position and velocity) and the end effectors (feet)
through inverse kinematics. The inverse kinematics function converted motor posi-
tion and velocity into polar coordinates of a virtual leg link, as illustrated in Figure
40. Detailed equations for this function are provided in Appendix C.

Figure 40: The diagram used to model the inverse kinematics of Baleka II.

The impedance controller separates radial force (Fr) and angular force (FΦ) for each
leg, as defined by equations 40 and 41, using Equation 4 as a reference. Here, Kpr
and KpΦ represent proportional gains in the radial and angular directions, respec-
tively, while Kdr and KdΦ denote the corresponding differential gains. Variables r
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and Φ refer to the radial distance (from body centre to foot) and the angle (between
the virtual leg’s radial plane [r] and vertical plane [Y]), respectively. States labelled
Mes and Des indicate measured and desired values, respectively.

Fr = −Kpr(rMes − rDes) −Kdr(ṙMes − ṙDes) (40)

FΦ = −KpΦ(ΦMes −ΦDes) −KdΦ(Φ̇Mes − Φ̇Des) (41)

To map the control forces to the corresponding motor torques - Fr and FΦ were
multiplied by a mapping Jacobian (as per Equation 42).

B = JT

[
Fr

FΦ

]
(42)

6.4.2 Impedance Control Limitations

To determine the maximum gain values for the impedance controller, PD gains were
incrementally adjusted until motor vibrations occurred. The boundary values were:

1. Kpr = 3000

2. Kdr = 20

3. KpΦ = 3000

4. KdΦ = 20

A trade-off was observed between proportional and derivative gains; higher propor-
tional gains required lower derivative gains. Final boundary limits were determined
as Kpr = 2500, Kdr = 15, KpΦ = 800 and KdΦ = 7. These limits were identi-
fied based on auditory feedback (motor vibrations), beyond which the risk of motor
damage increased.

The focus was on steady-state error (body height) and stability rather than response
characteristics. Therefore, the gains were balanced to ensure stability during standby
state transitions, with minimal steady-state error, and avoidance of actuator limits.
The gain and parameter values are summarized in Table 11.

117



Optimizing Dynamic Locomotion in Baleka II: From Simulation to Real-World
Running Zubair Martin

Table 11: Table of parameters for the impedance controller gains.

Parameter Value
rDes 0.35 m
ΦDes 0.0 radians
ṙDes 0.0 m/s

Φ̇Des 0.0 rad/s
Kpr 600
Kdr 60
KpΦ 60
KdΦ 6

6.4.3 Summary

This chapter detailed the transition of the Baleka II bipedal robot from a passive rest
state into an active standby configuration using impedance control. The standby
posture was defined with a body height of 0.35 m and zero initial velocities and
torques, while the knees were flexed at 77°, aligning with biomechanical literature.
The impedance controller, implemented via inverse kinematics, mapped desired ra-
dial and angular leg forces to motor torques using a Jacobian matrix. Through
iterative tuning, the final gain values were selected to minimize steady-state error
and ensure stable transitions without inducing harmful motor vibrations. These
gains balanced responsiveness with actuator safety, setting the foundation for initi-
ating locomotion from a well-defined initial state.

6.5 Locomotion Experiments

During trajectory simulation and testing, the robot was initialized in its rest state
at t = 0 seconds. At t = 3 seconds, the robot transitioned to the standby state using
the impedance controller. This delay allowed adequate time for setting up cameras
and positioning the experimenter to follow and catch the robot if necessary. At t
= 5 seconds, the stitched trajectory controller was activated, initiating acceleration,
walking/running, and deceleration motions.

Simulation durations were set to complete a full rotation, with run-times of 50
seconds, 20 seconds, and 15 seconds for speeds of 0.5 m/s, 1.5 m/s, and 4.0 m/s,
respectively. The following sections compare interpolated Pyomo results, Simscape
simulations, and Simulink Real-Time outcomes (actual robot).

Although the robot employs four motors, only results for motors 1 and 4 are pre-
sented (leg A), as the robot’s symmetrical mechanical structure, actuators, and
commands make displaying all four redundant.
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6.5.1 Impedance Control

Figure 41 illustrates the implementation of the impedance controller on the robotic
platform using Simulink Real-Time. The low gain settings resulted in a slow response
and a steady-state error, evident in the body height curve. Despite these limitations,
the robot successfully transitioned to the standby state. Notably, the robot remained
stable between t = 3 seconds to t = 5 seconds, with no changes observed in position
or velocity. However, the low gains resulted in a 0.03 m body height error.

Figure 41: Impedance controller implementation, representing the interpolated Pyomo
trajectories (purple and pink curves), Simscape curves (red and cyan) and the Simulink
Real-Time implementation curves (green and yellow).
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6.5.2 Walking Experiments (0.5 m/s)

The walking simulation (0.5 m/s) was implemented on the robot using stitched
trajectories, starting at t = 5 seconds. Between t = 5 and t = 5.6 seconds, the robot
accelerated, followed by a steady-state walk from t = 5.6 to t = 38.1 seconds, and
decelerated thereafter. Figures 42, 43, and 44 illustrate snapshots of the acceleration,
steady-state, and deceleration phases, respectively.

Figure 42: Snapshot of the 0.5 m/s walk, displaying Pyomo, Simscape, and Simulink
curves. Between time-stamp t = 5 seconds and t = 5.6 seconds highlights the acceleration
trajectories.

In the acceleration phase (Figure 42), both Simscape and Simulink curves for Yb
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and motor positions followed similar patterns across simulations in real-time. The
Simscape curve undershot the Pyomo reference, while the Simulink curve initially
overshot before undershooting by less than 0.02 m. Both Simscape and Simulink
demonstrated slower rise times, likely due to differences in modelled mass properties
or Pyomo’s simplified motor model. In addition, the Simscape and Simulink curves
exhibit an initial Yb error relative to the Pyomo reference, attributed to insufficient
impedance controller gains to achieve the desired body height.

For Ẋb, Pyomo and Simscape results were consistent, while Simulink displayed
oscillations up to 0.8 m/s and a 0.7-second delay in reaching the desired velocity.
This discrepancy may result from sensitive equipment, unmodelled foot friction, and
inertia. Additionally, Simulink and Simscape struggled with the discontinuity at t
= 5.5 seconds, revealing limitations in Pyomo’s approximations.

Motor velocity curves in Simscape and Simulink oscillated before stabilizing at Py-
omo trajectory points, with Simulink experiencing larger overshoots. Initial Yb

errors (0.26 m and 0.28 m for Simulink and Simscape, respectively, compared to
0.35 m in Pyomo) likely contributed to these discrepancies - specifically, influencing
the motors’ velocities to reduce the error.

Regarding Ẍb, Simulink oscillated and accelerated slower than Simscape, decelerat-
ing upon entering the periodic gait, contrary to Simscape’s continued acceleration.
This mismatch is attributed to differences in contact model assumptions, as the
robot naturally decelerates during landing.

Lastly, torque curves showed significant differences between Pyomo, Simscape, and
Simulink. Pyomo trajectories excluded motor PD controller effects, with torque
variations arising from position and velocity error corrections. The high differential
gain in the motors amplified torque requirements even for small errors.
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Figure 43: Snapshot of the 0.5 m/s walk, displaying Pyomo, Simscape, and Simulink
curves. This snapshot displays the steady-state gait.

In the steady-state walking phase (Figure 43), the Simscape and Simulink curves for
Yb and motor positions exhibit similar patterns to Pyomo in real-time, with a rela-
tively constant error. Both Simscape and Simulink curves align at their peak values
when the airborne foot lifts. However, during ground contact, the Simscape curve
shows an error of approximately 0.025 m, likely due to the unmodelled backdrivabil-
ity of the motors. Specifically, the landing torque was insufficient to counteract the
back-EMF, resulting in an inability to maintain the desired body height. Addition-
ally, the Simulink curve displays disturbances at t = 22.55 and t = 23.35 seconds,
coinciding with the switching of the half-gait trajectory to the opposite leg. This
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highlights a limitation in not simulating a complete gait cycle.

For Ẋb, all three models average 0.5 m/s. However, the Simulink curve shows
significant errors (estimate of 0.5 m/s) and a 0.2 s delay compared to Pyomo and
Simscape, with peak errors occurring when the airborne foot overshoots its target
velocity. This highlights the system’s limited ability to adjust velocity rapidly.

Regarding Ẍb, the Simscape curve shows significant acceleration changes during
foot-ground contact. The modelled foot contact injects an upward force, causing
knee flexion and unplanned motor velocity changes. Similar disturbances occur in
the Simulink results but are delayed and smaller in magnitude. This indicates that
the Simscape foot-contact model produces greater deformation between the foot and
the ground.

Finally, motor velocity values are consistent across all models except during foot-
ground collisions, where variations reflect inaccuracies in the contact models of both
Pyomo and Simscape.
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Figure 44: Snapshot of the 0.5 m/s walk, displaying Pyomo, Simscape, and Simulink
curves when the robot decelerates.

During the deceleration phase (Figure 44), both the Simulink and Simscape Yb

curves observe overshoots of 0.007 m and 0.005 m, and steady-state errors of 0.007
m and 0.01 m, respectively. While the Simulink and Simscape Ẋb curves experience
0.25 m/s and 0.3 m/s undershoot, receptively.

The Simulink curve exhibits two oscillation phases in Yb and Ẋb. The first phase,
from t = 38.3 to t = 38.4 seconds, arises from foot-rubber mat interaction during
rapid braking. High friction and forward velocity cause the robot to vibrate, inter-
mittently losing ground contact while maintaining foot orientation. Despite this, the
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robot stabilizes post-deceleration, as indicated by consistent Yb, Ẋb, Ẍb, and motor
profiles. The robot’s feet comes to rest after 0.8 seconds after the the deceleration
phase activation.

Figure 45: Deceleration curves of the 0.5 m/s (top), 1.5 m/s (centre), and 4.0 m/s
(bottom) Simulink body velocity results. Highlighting the second phase of oscillation.
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Figure 46: Images of the 0.5 m/s (left), 1.5 m/s (centre), and 4.0 m/s (right) final
deceleration stance.

The second phase of oscillations occurs as the body adjusts to maintain stability
after the feet abruptly stop. This adjustment results in a stabilization period of
approximately 13 seconds before the system comes to rest, as illustrated in Figure
45. The primary cause of these oscillations is the displacement of the CoM outside
the support polygon formed by the contact area of the two foot soles with the
ground. Notably, the foot positions are located directly beneath the body, creating
a small support polygon area that resembles the dynamics of an inverted pendulum
(Figure 46). To mitigate these oscillations, increasing the lateral separation of the
legs during deceleration would enhance the support polygon area, thereby improving
stability and reducing reliance on pendulum-like dynamics.
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Figure 47: Phase plots illustrating the body dynamics (top) derived from Simulink data,
along with the foot positions of leg A (centre) and leg B (bottom) obtained from the
Simscape simulation at 0.5 m/s. The foot positions in the X-direction are constrained to
oscillate between -2.8 and 2.8 to emphasize the limit cycle characteristics of the gait.

The phase plots in Figure 47 demonstrate a stable limit cycle for both body and foot
positions. The Xb data indicate an average speed of 0.5 m/s over the total distance,
while Yb exhibits periodic, elliptical behaviour ranging between 0.4 m and 0.6 m.
The foot positions in the X-direction show consistent oscillatory behaviour at a
steady velocity, reflected in the elliptical curves, confirming the robot’s steady-state
gait.

In contrast, the foot positions in the Y-direction show less periodic motion due
to unmodelled deformations between the feet and ground, with values oscillating
between -0.02 m and 0.01 m. However, oscillatory behaviour is evident during the
foot flight phases. Non-periodic curves in all instances can be attributed to the
acceleration and deceleration phases of the trajectories.
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6.5.3 Walk-To-Run Experiments (1.5 m/s)

The walk-to-run transition simulation (1.5 m/s) began acceleration at t = 5 seconds,
reached steady-state gait at t = 5.65 seconds, and continued until t = 17 seconds.
Figures 48, 49, and 50 depict snapshots of the acceleration phase, steady-state run,
and deceleration phase, respectively.

Figure 48: Snapshot of the 1.5 m/s results, displaying Pyomo, Simscape and Simulink
curves. Between time-stamp t = 5 seconds and t = 5.65 seconds highlights the acceleration
trajectories.

During the acceleration phase (Figure 48), the states exhibit behaviour similar to
the 0.5 m/s simulation. However, the Simulink Yb shows a greater overshoot of
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0.05 m, exceeding that of the 0.5 m/s case. Additionally, the Simulink Ẋb displays
larger tracking errors, reaching up to 2 m/s, but achieves the desired velocity in 0.47
seconds—an improvement over the 0.5 m/s case. This results in anticipated higher
Ẍb and motor torque peaks.These state response characteristics arise from increased
velocity and torque demands, with tracking errors struggling to adapt to rapid ve-
locity changes, highlighting the limitations discussed in the Walking Experiments
Chapter.

Figure 49: Snapshot of the 1.5 m/s walk-to-run transition velocity, displaying Pyomo,
Simscape, and Simulink curves. This snapshot displays the steady-state gait.

In the steady-state phase (Figure 49), the Yb state from the Simscape curve closely
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follows the Pyomo reference, though it exhibits tracking errors of up to 0.1 m. In
contrast, the Simulink curve deviates significantly, with errors reaching up to 0.25
m.

For Ẋb, all three models oscillate around 1.5 m/s. However, the Simulink curve
shows substantial errors (approximately 1.1 m/s) and a 0.2 seconds delay rela-
tive to Pyomo and Simscape. The Ẍb curves exhibit larger acceleration magni-
tudes compared to the 0.5 m/s case, driven by increased ground contact forces and
ground/foot deformations due to higher torque demands, as evidenced by the motor
torque curves.

The motor torque reaches its peak limit during both the acceleration and steady-
state phases, while the motor velocity curves show greater magnitude variations in
both the Simscape and Simulink models. These delays and errors stem from rapid
velocity changes, increased torque demands, and the transition between half-gait
trajectories to the opposite leg.
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Figure 50: Snapshot of the 1.5 m/s walk-to-run, displaying Pyomo, Simscape, and
Simulink curves when the robot decelerates.

During the deceleration phase (Figure 50), the Simulink Yb curve exhibits a larger
overshoot error (0.02 m) but a smaller steady-state error (0.005 m) compared to
the 0.5 m/s deceleration case. Conversely, the Simulink Ẋb curve shows a larger
undershoot of 1.8 m/s relative to the 0.5 m/s simulation.

As shown in Figure 50, the robot undergoes two oscillation phases. During the
first phase, the feet come to rest within 0.4 seconds, faster than in the 0.5 m/s
simulation. Figure 45 illustrates the second phase, where the robot halts completely
and stabilize after approximately 2.6 seconds, also an improvement over the 0.5 m/s
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deceleration. This enhanced gait termination rate is attributed to the robot’s stance.
Specifically, Figure 46 reveals an increased foot separation distance, which provides
a larger stability support polygon area, effectively reducing body oscillations.

Figure 51: Phase plots illustrating the body dynamics (top) derived from Simulink data,
along with the foot positions of leg A (centre) and leg B (bottom) obtained from the
Simscape simulation at 1.5 m/s. The foot positions in the X-direction are constrained to
oscillate between -2.8 and 2.8 to emphasize the limit cycle characteristics of the gait.

The phase plots in Figure 51 resemble those from the 0.5 m/s case (stable limit
cycle). However, Xb shows an average speed of 1.5 m/s, while Yb exhibits periodic,
elliptical behaviour near 0.4 m, indicating a reduced body height to achieve higher
Ẋb.

Foot positions in the X-direction display a larger wavelength, reflecting increased
stride length, supported by greater Y-direction motion, allowing more swing space
and time for the extended stride (compared to the 0.5 m/s case).
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6.5.4 Top Speed Experiments (4.0 m/s)

The top speed simulation resulted in an average Ẋb of 4.0 m/s. The simulation
began acceleration at t = 5 seconds, reached steady-state gait at t = 5.5 seconds,
and continued until t = 11.2 seconds. Figures 52, 53, and 54 depict snapshots of the
acceleration phase, steady-state run, and deceleration phase, respectively.

Figure 52: Snapshot of the 4.0 m/s results, displaying Pyomo, Simscape and Simulink
curves. Between time-stamp t = 5 seconds and t = 5.5 seconds highlights the acceleration
trajectories.

When comparing the 4.0 m/s and 1.5 m/s acceleration curves (Figure 52), the Yb

Pyomo curve exhibits less body height reduction during launch at 4.0 m/s than at 1.5
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m/s. Consequently, the Simulink and Simscape curves show smoother transitions,
although the Simulink curve overshoots and undershoots the Pyomo curve by 0.04
m and 0.08 m, respectively. The Simulink motor position and velocity curves also
exhibit tracking errors and delays, failing to reach desired values.

The Simulink Ẋb curve shows larger tracking errors (compared to the 1.5 m/s case),
exceeding approximately 2.5 m/s, and fails to reach the target velocity within the
allocated acceleration time. Additionally, the Simulink and Simscape Ẍb and motor
torque curves display higher peaks compared to the 1.5 m/s case, due to increased
ground contact forces at higher speeds.

These tracking errors and delays in Simulink and Simscape are caused by motor
torque limitations. While Pyomo torques remain within limits, the PD controller’s
error correction increases torque demands, pushing the motors to their limits. As a
result, the PSU is unable to meet the increased current consumption.
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Figure 53: Snapshot of the 4.0 m/s top speed, displaying Pyomo, Simscape, and Simulink
curves. This snapshot displays the steady-state gait.

In the steady-state phase (Figure 53), the Yb state in the Simulink and Simscape
models fails to track the Pyomo curve, with delays and tracking errors up to 0.07
m. The motor position curves also reveal response delays between the Simulink and
Pyomo models. For the Ẋb state, the Simulink and Simscape models fail to achieve
the desired average velocity, peaking at 3.7 m/s but averaging only 3.2 m/s, while
exhibiting significant oscillations.

These issues arise from increased ground contact forces, causing vibrations during
impact and deformation between the foot and ground, which reduce propulsion
efficiency (as seen in the Ẍb curves). Additionally, the robot’s amplified inertia at
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higher speeds exacerbates disturbances, which the PD controller struggles to manage
due to high torque demands. This is evident in the motor torque curves, where both
Simulink and Simscape consistently reach their maximum torque limits.

Figure 54: Snapshot of the 4.0 m/s top speed simulation, displaying Pyomo, Simscape,
and Simulink curves when the robot decelerates.

During the deceleration phase (Figure 54), the Simulink Yb curve exhibits a larger
overshoot (0.05 m) but a smaller steady-state error compared to the 1.5 m/s case.
Similarly, the Simulink Ẋb curve shows slower response times (0.5 seconds) but with
reduced overshoot (0.2 m/s).

The robot experiences two oscillation phases during deceleration. In the first phase,
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the feet come to rest within 0.3 seconds, faster than in the 1.5 m/s simulation. In
the second phase, shown in Figure 45, the robot fully stabilizes after 2.2 seconds,
also an improvement over the 1.5 m/s case. These improvements are attributed to
the increased foot separation distance (Figure 46).

Figure 55: Phase plots illustrating the body dynamics (top) derived from Simulink data,
along with the foot positions of leg A (centre) and leg B (bottom) obtained from the
Simscape simulation at 4.0 m/s. The foot positions in the X-direction are constrained to
oscillate between -2.8 and 2.8 to emphasize the limit cycle characteristics of the gait.

The phase plots in Figure 55 resemble those from the 1.5 m/s case (stable limit
cycle). However, Xb shows an average speed of 3.2 m/s, while Yb exhibits periodic,
elliptical behaviour near 0.4 m at high Ẏb, indicating a reduced body height to
achieve a higher Ẋb.

Foot positions in the X-direction display a larger wavelength, reflecting increased
stride length, supported by greater Y-direction motion, allowing more swing space
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and time for the extended stride (compared to the 1.5 m/s case). Furthermore, the
foot positions in the X-direction display phases of constant velocity - highlighting
the legs maintain a constant foot velocity while in the flight phase.

6.5.5 Summary

The walking experiments (0.5 m/s) demonstrated the effectiveness of stitched trajec-
tories, with acceleration, steady-state, and deceleration phases analysed. Simulink
and Simscape closely followed Pyomo references but exhibited tracking errors and os-
cillations due to unmodelled dynamics and controller limitations. At higher speeds
(1.5 m/s and 4.0 m/s), larger deviations and delays were observed, driven by in-
creased torque demands, elevated ground contact forces, and deceleration spikes,
reflecting propulsion efficiency challenges. The target top speed of 4.0 m/s could
not be achieved, with a maximum speed of 3.2 m/s reached due to motor torque lim-
itations. Stability improved with wider foot separation during deceleration. Phase
plots confirmed steady-state limit cycles across experiments, with increased stride
length and body dynamics adaptations at higher speeds. Motor torque and ground
contact modelling limitations were persistent challenges across simulations.

To conclude on the outlined improvements to the robot’s model and performance,
a more accurate motor model is required by increasing rotor inertia and adding a
friction model, resulting in better simulation results. To reduce power losses and
improve actuator performance, it suggests using shorter, thicker cables and a higher-
capacity power supply. Discrepancies between Simscape and Pyomo simulations in
contact dynamics were noted, particularly in body deceleration and foot deflection.

Mechanical issues like loose bolts and rotating pins were identified and linked to high
impact forces, requiring stronger joints. Stability improved with wider leg spacing
during deceleration. The chapter recommends exploring whole-body control to ad-
dress body height drift and enhancing computational speed for trajectory solving.
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7 Improvements and Conclusion

7.1 Improvements and Future Work

To improve the capabilities of the robot, additional care should be given to the model
accuracy. Step test simulations were conducted in Simscape, by adjusting the motor
model. Specifically increasing the inertia value of the motor (to double its current
value) and implementing a friction block (offered in Simscape). The friction model
consisted of a Coulomb value 1 Nm (tested on motors) and a Viscous friction value
where the motor ran a constant velocity (and took worst case), plotted a torque-
speed curve and assumed the friction model was a straight line. Two points were
selected (0.5;0.1) and (1;0.7) to obtain a gradient of B = 1.2. The resulting step test
is shown in Figure 56 - which displays an improved model compared to the existing
model (operating closer to the actual motor).

To address performance constraints, an effective improvement would be to reduce
cable lengths and utilize cables with a higher cross-sectional area, thereby increas-
ing current-carrying capacity. This adjustment would minimize power losses expe-
rienced at the motors. In addition, adopt a PSU with greater power capacity to
accommodate the increased current demand, which is directly linked to the actu-
ator limitations. This is evident in the 4.0 m/s torque curve, where torque limits
were reached due to elevated PD controller errors, preventing the robot from achiev-
ing the desired body velocity. Enhancing the power supply would also expand the
solver’s search space by relaxing the bounds of the torque-speed curve. Further-
more, a critical aspect for refinement is the contact model. The drop test results
reveal discrepancies between the Simscape and Pyomo models, particularly in foot
deflection and GRFs. Additionally, the Simscape data exaggerates the deceleration
of the body during touchdown compared to the Simulink data, indicating that the
robot deforms less than anticipated upon impact.
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Figure 56: Step test of the updated Simscape motor model, incorporating both inertia
adjustments and the friction model. The command signal, Simscape result using the
current model implementation, actual motor response, Simscape result with increased
rotor inertia but no friction, and the Simscape result with both friction and increased
rotor inertia is shown in purple, dark blue, green, red, and cyan, respectively.

A key outcome of these experiments was the oscillations observed during deceler-
ation. Specifically, it was observed that increasing the distance between the legs
improves the robot’s stability by expanding the support polygon area, which in turn
reduces body oscillations. An improvement to this study would be to ensure that
all deceleration trajectory curves are optimized to solve for the maximum final leg
separation, further enhancing stability and minimizing oscillatory behaviour.

While TO was the primary approach used in this study, investigating the control of
the entire system, particularly through whole-body dynamic control, is an impor-
tant area for improvement. This is especially relevant since, even at low velocities
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(0.5 m/s), the robot’s body height tends to drift from the anticipated value pre-
dicted by Pyomo. This drift becomes critical at higher speeds, where any deviation
between the robot’s actual position and the expected trajectory could lead to po-
tential damage, particularly in the absence of feedback mechanisms to correct for
such discrepancies.

On the mechanical side, executed runs revealed issues with the bolt securing the
foot and ankle joint, as it loosened due to high impact forces. Additionally, the links
connected via a pin showed signs of rotation, potentially bending the bolt inside. To
address these issues, a thorough analysis of the expected GRFs is needed, along with
improvements to enhance the robot’s durability. In addition, even though sensor
noise and robustness was demonstrated through the real-world robotic experiments,
future work should explore more analytical techniques for quantifying robustness
such as QFT or H-infinity control.

Whilst the boom remained stable at low velocities, it required additional support
when running at 4.0 m/s, as the base of the boom tended to lift. Therefore, further
investigation into adding support at the boom’s base is necessary. On the simulation
front, the runtime for most trajectory-solving tasks was between 30 minutes to
an hour. Upgrading the hardware for trajectory computation would significantly
improve the speed of feasibility tests and allow for the use of higher-order Radau
methods to enhance solution accuracy.

7.2 Conclusion

The development of Baleka II was a direct continuation of the first iteration, with the
goal of achieving rapid legged locomotion—a key area of focus in robotic engineering.
By integrating TO algorithms and conducting real-world experiments, this research
assessed the feasibility of implementing an open-loop controller on a bipedal robot,
specifically aiming for rapid agility.

This study had four primary objectives: (1) developing an improved embedded sys-
tem configuration, (2) generating control inputs using TO, (3) validating these solu-
tions through physical model simulations, and (4) implementing them on the Baleka
II robot. The first objective was accomplished using the Speedgoat Real-Time Tar-
get Machine, which seamlessly integrated with Simulink Real-Time and Simscape to
execute control commands. The second objective was achieved through TO simula-
tions using Pyomo and IPOPT, generating control solutions for walking (0.5 m/s),
walking-to-running (1.5 m/s), and maximum forward speed (4.0 m/s), including
acceleration, deceleration, and steady-state gait trajectories. physical parameter
constraint, bounds, and cost functions aided the solver to achieve the optimal solu-
tions. Multiple simulations were run with a variety of seeding values, these solutions
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were compared, where the optimal solution for implementation was selected on the
categories of interest. For the third objective, Simscape was employed to validate
the feasibility of the optimized trajectories. This ensured that the trajectories un-
der test were practical with a more realistic model. The final objective involved the
implementation on the physical robot, which was equipped with four motors using
a CAN bus protocol compatible with the Simulink and Speedgoat system. Despite
being open-loop, each motor was controlled by a PD controller, which provided a
degree of stability in the open-loop system.

Key findings from this research showed that, the walking experiments at 0.5 m/s
demonstrated effective stitched trajectories, with minimal delays and tracking errors.
However, at higher speeds (1.5 m/s and 4.0 m/s) showed larger deviations and delays
due to increased torque demands, actuation effort, maximum knee angles and ground
contact forces. Furthermore, it was found that improving the leg separation distance
during deceleration, greatly improved the settling time for the body to come to a
complete stop.

In this study, Baleka II successfully accelerated from rest to a 3.2 m/s run. While
its top speed lags behind robots such as Cassie and Raptor, Baleka II demonstrated
the ability to transition quickly into a steady-state running gait and terminate it
rapidly yet stably. Furthermore, Baleka II’s acceleration and deceleration rates
placed it within a competitive range compared to other robots.

These findings contribute valuable insights into the potential for bipedal robots to
perform rapid transitions using open-loop optimal control. This technology holds
promise for search-and-rescue operations where legged robots must rapidly acceler-
ate and decelerate in a stable manner to avoid obstacles and reach their destination.
Additionally, it could be beneficial in humanitarian aid, industrial fields, and en-
vironmental monitoring for surveillance and ground assistance, offering improved
response times. Lastly, it could aid in the transportation and logistics sector by
moving goods or performing tasks in warehouses and distribution centres - improv-
ing efficiency and reducing manual labour.

Baleka II represents the second iteration in a series of many future versions, focus-
ing on rapid transitions and steady-state running through TO. Future work will aim
to address the identified improvements, and future scope such as incorporating ap-
pendages to enhance deceleration, implementing foot sensors, exploring new control
techniques, and testing the robot on uneven terrain without the support of a boom.
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7.3 Final Remarks

The journey of developing Baleka II has been both challenging and rewarding. This
research has demonstrated the capability of bipedal robots to achieve rapid agility
using open-loop control, contributing to a broader understanding of legged locomo-
tion in robotics. The potential applications of this technology, from search and rescue
to industrial and entertainment uses, reflect the significance of these advancements.

While Baleka II has made strides in the realm of rapid locomotion, there is still much
room for further development. Future iterations will continue to push the boundaries
of speed, control, and adaptability, bringing us closer to fully autonomous, agile
bipedal robots capable of navigating complex environments. This project represents
just one step in the ongoing journey of robotic innovation, and I am excited for the
advancements yet to come.
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APPENDICES

A Boom Configuration

This appendix provides a detailed derivation of the CoM position of the boom, which
is utilized in the formulation of the EoM.

Figure A: Representation of boom diagram used to determine the boom’s CoM with respect
to the robot’s body CoM.

Given from boom diagram:

sin(Θx) =
xb

Lboom x + Lx

(A.1)

sin(Θx) =
Lx CoM

Lboom x CoM

(A.2)
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sin(Θy) =
yb − Ly offset

Lboom y + Ly

(A.3)

sin(Θy) =
Ly CoM

Lboom y CoM

(A.4)

Reorganize equations and solve for boom CoM with respect to the robot’s body
CoM:

rboom x = xb −
(

xb

Lboom x + Lx

)
Lboom x CoM (A.5)

rboom y = yb − Ly offset −
(
yb − Ly offset

Lboom y + Ly

)
Lboom y CoM (A.6)
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B Equations of Motion

This section outlines the formulation of the EoM, employing the Manipulator Equa-
tion methodology. The derivation explicitly incorporates the dynamic effects of both
the boom and the motor.

Figure B: Representation of the robot’s sketch used to determine the manipulator equation.

Define the state variables:

q =
[
xb;yb;ΘULA;ΘLLA;ΘURA;ΘLRA;∆A;ΘULB;ΘLLB;ΘURB;ΘLRB;∆B

]T
(B.1)

Define the state variable derivatives (velocity and acceleration):

q̇ =
d

dt
q (B.2)

q̈ =
d

dt
q̇ (B.3)
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Define the position vectors:

rbody =

[
xb

yb

]
(B.4)

The following is obtained from Appendix A:

rboom =

[
rboom x

rboom y

]
(B.5)

The below matrices define the position vectors for the links of leg A; however, the
same applies for leg B:

rULA =

[
xb −XB0 − LCoM ULA cos(ΘULA)
yb − Y B0 − LCoM ULA sin(ΘULA)

]
(B.6)

rURA =

[
xb + XB0 + LCoM URA cos(π −ΘURA)
yb − Y B0 − LCoM URA sin(π −ΘURA)

]
(B.7)

rLLA =

[
xb −XB0 − LULA cos(ΘULA) + LCoM LLA cos(π −ΘLLA)
yb − Y B0 − LULA sin(ΘULA) − LCoM LLA sin(π −ΘLLA)

]
(B.8)

rLRA =

[
xb + XB0 + LURA cos(π −ΘURA) − LCoM LRA cos(ΘLRA)
yb − Y B0 − LURA sin(π −ΘURA) − LCoM LRA sin(ΘLRA)

]
(B.9)

r∆A
=


xb + XB0 + LURA cos(π −ΘURA) − LLRA cos(ΘLRA − θoffset)

+(Lfoot + ∆A) cos(θfoot −ΘLRA − θoffset)
yb − Y B0 − LURA sin(π −ΘURA) − LLRA sin(ΘLRA − θoffset)

−(Lfoot + ∆A) sin(θfoot −ΘLRA − θoffset)

 (B.10)

Calculate the linear velocity vectors:

ṙ =
∂r

∂q
q̇ (B.11)

Calculate the angular velocity vectors, including the boom (Θx and Θy) but ex-
cluding the body:

ω = q̇ (B.12)

Calculate the kinetic energies of each body, including the kinetic energy generated
from each motor (both leg A and leg B):

Tmotors =
1

2
NGRIrotor(Θ̇

2
ULA + Θ̇2

URA + Θ̇2
ULB + Θ̇2

URB) (B.13)
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T =
r∑

i=1

(
1

2
Miṙ

2
i +

1

2
Iiω

2
i

)
+ Tmotors (B.14)

Calculate the potential energies, including the potential energy generated from the
virtual spring model (both leg A and leg B):

Vfoot =
1

2
Kspring(∆

2
A + ∆2

B) (B.15)

V =
r∑

i=1

Migryi
+ Vfoot (B.16)

Define the Manipulator Equation:

M(q)q̈ + C(q, q̇)q̇ + G = Bu + R + AΛ (B.17)

Solve for the M (mass/inertia), C (Coriolis forces), and G (gravitational forces)
matrices. Note that the i and j notations indicate two loop iterations over the state
variables.

Mij =
∂2T

∂q̇i∂q̇j

(B.18)

dMij =
∂Mij

∂q
q̇ (B.19)

C = dMq̇−
(
∂T

∂q

)T

(B.20)

G =

(
∂V

∂q

)T

(B.21)

Define the input control matrix (with correct mapping):

Bu =
[
0; 0;TULA; 0;TURA; 0; 0;TULB; 0;TURB; 0; 0

]T
(B.22)
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Define the damping force matrix (with correct mapping):

R =
[
0; 0; 0; 0; 0; 0;DFoot∆̇A; 0; 0; 0; 0;DFoot∆̇B

]T
(B.23)

Define the external force matrix (with correct mapping):

The following matrices highlight the left and right connection points of the two lower
links (ankle) of leg A, defined as CPleftA and CPrightA , respectively. Note that the
same equations apply to leg B.

CPleftA =

[
xb −XB0 − LULA cos(ΘULA) + LLLA cos(π −ΘLLA)
yb − Y B0 − LULA sin(ΘULA) − LLLA sin(π −ΘLLA)

]
(B.24)

CPrightA =

[
xb + XB0 + LURA cos(π −ΘURA) − LLRA cos(ΘLRA − θoffset)
yb − Y B0 − LURA sin(π −ΘURA) − LLRA sin(ΘLRA − θoffset)

]
(B.25)

FPA =

[
CPrightx + (Lfoot + ∆A) cos(θfoot −ΘLRA − θoffset)
CPrighty − (Lfoot −∆A) sin(θfoot −ΘLRA − θoffset)

]
(B.26)

JleftA =
∂CPleftA

∂q
(B.27)

JrightA =
∂CPrightA

∂q
(B.28)

JFPA
=

∂FPA

∂q
(B.29)

The following matrices define the external forces and the Jacobians used to map
these forces to the state coordinates. Although they only represent leg A, the same
equations apply for leg B.

ΛGRFA
=

[
GRFAx

GRFAy

]
(B.30)

ΛCPleftA
=

[
−λAx

−λAy

]
(B.31)

ΛCPrightA
=

[
λAx

λAy

]
(B.32)
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AΛA = J⊤
FPA

ΛGRFA
+ J⊤

leftA
ΛCPleftA

+ J⊤
rightA

ΛCPrightA
(B.33)

Therefore, to incorporate leg B, the final external force matrix is defined as:

AΛ = AΛA + AΛB (B.34)
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C Forward Kinematics

This appendix outlines the derivation of the kinematic equations used in the de-
velopment of the Impedance Controller. Specifically, it focuses on the definition of
polar coordinates relevant to the system. The following key points should be noted:

1. The below kinematics applies to both legs A and B.

2. Zoffset = 2.23 radians, this defines the angle between the REST axis and the
Y axis.

3. All link lengths are defined in the above Chapters.

4. ΘML and ΘMR are the angular positions obtained from the left and right
motors, respectively.

Figure C: Kinematics used for impedance control derivation.
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Define the first joint angle q1 and q2:

q1 = −
(
Zoffset −

π

2

)
− θML (C.1)

q2 =
(
Zoffset −

π

2

)
+ π − θMR (C.2)

Define the position of the left and right knee (B1 and B2):

B1 =

[
−0.5L5 − L1 cos(q1)

L1 sin(q1)

]
(C.3)

B2 =

[
0.5L5 + L2 cos(π − q2)

L2 sin(π − q2)

]
(C.4)

Calculate the horizontal (a) and vertical (b) distance components between knees:

a = |B1x −B2x|, b = B1y −B2y (C.5)

Calculate the total distance between the knees (B12):

B12 =
√
a2 + b2 (C.6)

Calculate the knee angle q3:

α = atan2(b, a), β = arccos

(
L2
4 −B2

12 − L2
3

−2B12L3

)
(C.7)

q3 = α + β (C.8)

Calculate the length of the virtual leg (c) and its orientation (λ):

c =
√
L2
3 + L2

6 − 2L3L6 cos(µ) (C.9)

λ = arcsin

(
L6 sin(µ)

c

)
(C.10)

Determine the foot coordinates in the Cartesian coordinate system:

Xfoot = 0.5L5 + L2 cos(π − q2) − c cos(q3 + λ) (C.11)

Yfoot = L2 sin(π − q2) + c sin(q3 + λ) (C.12)
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Determine the foot coordinates in the Polar coordinate system (from the origin):

r =
√
X2

foot + Y 2
foot (C.13)

ϕ =
π

2
− atan2(Yfoot, Xfoot) (C.14)

Where atan2 restricts the angle as follows:

θ =



arctan
(
y
x

)
if x > 0,

arctan
(
y
x

)
+ π if x < 0 and y ≥ 0,

arctan
(
y
x

)
− π if x < 0 and y < 0,

π
2

if x = 0 and y > 0,

−π
2

if x = 0 and y < 0,

undefined if x = 0 and y = 0.

(C.15)

153



Optimizing Dynamic Locomotion in Baleka II: From Simulation to Real-World
Running Zubair Martin

D Additional Resources

The appendix provides a comprehensive list of all supporting resources related to
the Baleka II project. These resources include code, videos, simulation data, and
other relevant files, organized for ease of reference. The main folder containing all
resources is accessible via the following link:

Baleka II Resources

Folder Structure and Resource Descriptions:

1. Code.zip: Contains the code files developed for the project in Pyomo, Sim-
scape, and Simulink Real-Time (Speedgoat). It also includes the CSV files
used in Simscape and Simulink.

2. Robot Parameters.zip: Includes SolidWorks and STL files, along with details
on the robot’s link masses and lengths.

3. Simulink Real Time (Speedgoat) Results.zip: Provides experimental results
from Simulink Real-Time, stored as .mat files.

4. Trajectory Optimization Simulations.zip: Contains simulation results from
trajectory optimization, including the top five optimal outcomes for each lo-
comotive task.

5. Videos.zip: Includes all recorded videos showcasing Pyomo simulations, Sim-
scape models, and real-time experimental results.

These resources provide detailed insights and support for understanding the devel-
opment and performance of the Baleka II project.
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