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Abstract

Humanoid robotics is advancing rapidly, with significant potential to address challenges in
disaster recovery, manufacturing, and healthcare. Despite great progress, current humanoid
capabilities remain limited, particularly in terms of efficient mobility over long distances.
Integrating humanoid robots with personal transporters (PTs) like Segways, offers a promis-
ing solution, enabling them to operate more efficiently in human-centric environments such
as factories, malls, and airports. This approach not only preserves the humanoid’s ability
to navigate complex, uneven terrain with its legs, but also enhances versatility, allowing for
faster, more energy-efficient movement on flat surfaces.

This thesis explores methods for enabling bipedal humanoids to operate PTs, focusing
on the REEM-C humanoid riding a Segway x2 SE. The research begins by analyzing human
interactions with Segways to reverse-engineer their internal controllers, leading to a high-
fidelity simulation model. This model informs the development of control algorithms for the
REEM-C, enabling successful simulation-based demonstrations of humanoid-driven Segway
motions, including translational, rotational, and mixed maneuvers. Building on this, balance
stabilization strategies are devised for actuated balance boards, addressing both frontal and
sagittal plane control through an integration of admittance control strategies.

A comprehensive analysis of bimanual manipulation is also conducted, emphasizing ma-
nipulability and stability within a constrained workspace. Using a combined manipulability-
stability metric, collision-free bimanual trajectories are generated, demonstrating improved
stability during dynamic tasks such as manipulating objects of varying shapes and masses.
This analysis underpins the implementation of bimanual manipulation strategies needed for
operating the Segway’s LeanSteer handlebar.

The final contribution consolidates all findings, presenting a whole-body control strategy
that enables the REEM-C to ride a Segway safely and effectively. A stack-of-tasks quadratic
program is utilized to ensure stability, balance, and bimanual control in dynamic condi-
tions. Experimental validation demonstrates the feasibility of this approach, showcasing the
REEM-C’s ability to operate a Segway under real-world conditions. This research provides a
step towards more versatile and adaptable humanoid mobility solutions for everyday human
environments.
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Chapter 1

Introduction

Humanoid robotics is a burgeoning eld which has received signi cant attention in the past
years and is predicted to play a central role in the advancement of society as a whole in the
21st century [24]. Humanoids are typically designed to mimic human-like topology, structure,
and motion capabilities, enabling them to seamlessly integrate into existing infrastructure
built for humans [244]. Disaster recovery, manufacturing and healthcare are a few of the
areas where humanoids can takeover dangerous, repetitive and labourious tasks to ease the
workload on humans. However, much work remains to elevate humanoid capabilities to a
level that allows them to be seamlessly integrated into our daily lives.

Bipedal humanoid walking was a di cult task at the DARPA Robotics Challenge (DRC),
highlighting the gap between current state-of-the-art humanoid performance, and the level
of performance required for real-world operation of humanoids. The humanoid robots that
competed in the DRC required close to an hour to complete tasks that would typically
take a healthy adult 10 minutes to do [215]. Few of the most successful humanoids at the
competition used wheeled-motion to their advantage. However, bipedal walking is still an
important skill to have, especially for uneven terrain [94]. How can we maintain bipedal gait
while also taking advantage of wheeled locomotion for humanoids?

In recent years, multi-modal locomotion has been implemented in various robots. The
DRC-HUBO+ is a humanoid robot that has wheeled attachments at its knees [149] enabling
both wheeled and bipedal locomotion. A variant of the popular ANYmal quadruped is
wheeled, with the ability to locomote e ciently and perform many di erent tasks [33]. The
LEONARDO robot is able to y and walk, the rst bipedal robot able to do so [128]. Ascento
Is a compact wheeled bipedal robot that can jump to avoid obstacles [131]. These robots
o er multi-modal locomotion capabilities but their design is neither optimized for legged or
wheeled motion, making their implementations heavy and complex [48].

Implementing methods to endow bipedal humanoids with the skills to operate personal
transporters (PTs), such as scooters, Segways (Segway Inc., New Hampshire) and electric
skates is an option with several advantages. First, it keeps the humanoid's form-factor close
to a human's and maintains bipedal walking capabilities. Secondly, it allows humanoids to
conserve their energy while e ciently travelling longer distances.

Operating PTs with humanoids is challenging because it requires the ability to control
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Figure 1.1: The personal transporters shown from left to right are: Ninebot Kickscooter E22
[5], Ninebot S-Max (mini self-balancing Segway) [6], Segway x2 SE [13], Segway Drift W1
Electric Skates [11]. The complexity in terms of user control increases from left to right along
the arrowhead [48]. This is not an exhaustive list of personal transporters but covers some
common designs. For this thesis, we consider the Segway x2 SE as the exemplar PT.

devices that have their own complex dynamics. However, like many other humanoid tasks,
it can be broken down into subtasks such as environment recognition, state estimation, path
planning and whole body motion computation [57]. To operate a PT, humanoids should be
able to mount and dismount the PT, sit or stand on the PT stably and control its command
inputs (e.g., handlebar for steering and pedals for linear velocity). Figure 1.1 shows example
PTs from left to right in increasing complexity. In this thesis, we tackle the problem of riding

a Segway x2 SE [13] as it 0 ers su cient complexity while also being practical for usage in
factories, malls, airports and other large campuses. The other PTs shown are either too
small for the humanoid platform used in this thesis or impractical for daily usage (Segway
Drift W1 Electric Skates).

There has been limited previous work in this area. Xin et al. [243] tackle the problem
of a humanoid riding a small two-wheeled mobile platform. The COMAN (COmpliant Hu-
MANoid Platform) successfully balances on and drives a RoboSavvy self-balancing robotic
platform [10] in simulation, showing that the COMAN can actively balance on the two-
wheeled platform using quadratic optimization to generate whole-body torques. While the
arms are taken into consideration for balancing, they are left unactuated as the speci c two-
wheeled platform used had no physical handle for steering. Gong et al. [90] successfully
enabled the Cassie bipedal robot to balance and drive a Segway miniPro by modifying the
nominal standing controller and shifting its centre of mass (CoM) for accelerating and turn-
ing. Hyungjik et al. [144] implement center of gravity control on miniature humanoid robots
and show that they are able to ride a two-wheeled mobile platform. Similar to other prior
work, the arms are used purely for balancing. While these prior works have successfully
balanced and driven two-wheeled mobile platforms, all works employed lightweight robots,
and used arms only for balance and not platform control.



The work in [129, ] demonstrated a method for the HRP-2 humanoid to ride a
self-balancing hoverboard. The authors devised separate controllers for riding and speed-
governing of the hoverboard. This paper proposed the Sequential Online Learning Control
(SOLC) method composed of the cascade connection of SGD-based open-loop Learning Con-
trol (SLC) and Mini-batch-based closed-loop Learning Control (MLC). The SLC contributes
the damping gain online tuning for the foot torque to mount the hoverboard, and the MLC
handles speed governing. The method is tested in real life with the HRP2-JSK humanoid.

The work in [48] proposes a method towards achieving multi-modal locomotion with
the bipedal robot Cassie. The authors develop a framework for Cassie to ride a pair of
hovershoes across various terrains. The framework allows Cassie to balance, regulate forward
and rotational velocities, achieve fast turns and move over at terrain, slopes, stairs and rough
outdoor terrain. The method uses the built in sensors of Cassie along with a depth camera
to perform visual SLAM for navigation in an obstacle course. The method augments the
dynamic model of Cassie with a model of the hovershoes, has a tight perception + planning
loop and uses simple PD control for balance. The method is demonstrated in simulation and
in real world experiments.

While great e orts have been made in this domain, there are several shortcomings of
existing literature. First, the methods proposed are highly handcrafted and tied to specic
hardware. Dynamic models are augmented to include the PT dynamics and controllers are
kept simple, raising questions on stability margins outside the examples shown. Second,
other than the work in [129, ], most works deal with relatively small bipedal robots as
compared to a full humanoid model (which has challenging dynamics due to heavy limbs).
Finally, most works so far have only considered the lower body for motion as none of the
PTs tested had handlebars. In the next section, we outline our more general approach for
the problem of operating PTs with (full-sized) humanoids.

1.1 Problem De nition and Approach

The objective of this research is to endow humanoids with the skills to operate PTs. More
precisely, by \operate", we mean control the command inputs of the PT, realize desired linear
and angular velocities and stably balance on the PT. Our approach is unique with respect
to current literature in that we analyze how humans operate PTs qualitatively and use this
to aid in controller design as pictured in Figure 1.2.

Our proposed approach relies solely on the sensors internal to the humanoid platform and
Vicon motion capture for global base estimation, making it independent of the PT. Forces
measured at the wrists and feet are used in the control methods to balance and operate
steering mechanisms. The PT control system is not modi ed in any way for this research.

Some simplifying assumptions were introduced to capture the essential structure of the
problem without losing generality:

1. The humanoid is already in its driving posture with hands on the handlebar. The grasp
Is prede ned and unchanged for the duration of operation.
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Figure 1.2: The high-level block diagram of the proposed approach to endow humanoids with the skills to
operate PTs.

2. Friction is not taken into consideration for the PT's wheels and it is assumed that the
wheels do not slip. However, friction is taken into consideration for the humanoid feet
when standing on the PT.

Given these assumptions, we present our general framework to operate PTs with hu-
manoids in Figure 1.2. The ow is from left to right and starts with human and PT motion
capture experiments. The PT experiments are used to identify the control and dynamic
structure of the PT while the human experiments aid in the identi cation of control and
motion strategies for balance and handlebar manipulation. Once the PT is characterized, a
dynamic model is constructed and tested in simulation. With the knowledge of how humans
ride Segways, a whole-body controller is synthesized that takes into account feet contacts,
hand contacts, bimanual constraints to operate the handlebar and whole-body stabilization
through centre of mass motion. This whole-body controller is deployed onto the REEM-C
humanoid to drive a Segway. The same pipeline can be used for various other PTs with small
modi cations to gains, and modelling. However, for this thesis, only the Segway is considered
as an exemplar PT.

While developing the controller for the REEM-C to drive a Segway, various seemingly
orthogonal works were investigated and make up the various chapters of this thesis. This is
highlighted in the diagram shown in Figure 1.3. First, a high- delity simulation of the Segway
was developed along with a basic controller to test the dynamic feasibility of a humanoid
riding a Segway. Next, whole-body stabilization on dynamic platforms (balance boards) was
investigated. This is arguably a harder problem than operating a PT because the platform
shifts to steeper angles than a PT would. Next, a motion generation pipeline for bimanual
manipulation was investigated. Various household items like brooms, boxes and rolling pins
were used as test objects. This same pipeline was used to operate the LeanSteer handlebar of
the Segway. All of these works were combined and used to enable the REEM-C humanoid to
operate a Segway. We note that each of these individual works also spawned contributions of
their own and did not only contribute to the research in Chapter 6. For example, during the
development of the bimanual manipulation pipeline, a new metric for gauging the quality of
bimanual grasps was developed.
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