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Robots have growing potential to enter the daily lives of people at home, at
work, and in cities, for a variety of service, care, and entertainment tasks. How-
ever, several challenges currently prevent widespread production and use of such
human-centered robots. The goal of this thesis was first to help overcome one of
these broad challenges: the lack of basic safety in human-robot physical interac-
tions. Whole-body compliant control algorithms had been previously simulated
that could allow safer movement of complex robots, such as humanoids, but no such
robots had yet been documented to actually implement these algorithms. Therefore
a wheeled humanoid robot “Dreamer” was developed to implement the algorithms
and explore additional concepts in human-safe robotics. The lower mobile base
part of Dreamer, dubbed “Trikey,” is the focus of this work. Trikey was iteratively
developed, undergoing cycles of concept generation, design, modeling, fabrication,
integration, testing, and refinement. Test results showed that Trikey and Dreamer

safely performed movements under whole-body compliant control, which is a novel

vi



achievement. Dreamer will be a platform for future research and education in new
human-friendly traits and behaviors. Finally, this thesis attempts to address a
second broad challenge to advancing the field: the lack of standard design method-
ology for human-centered robots. Based on the experience of building Trikey and
Dreamer, a set of consistent design guidelines and metrics for the field are suggested.
They account for the complex nature of such systems, which must address safety,

performance, user-friendliness, and the capability for intelligent behavior.
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Chapter 1

Introduction

Figure 1.1: Front and side views of Spring 2012 version of the “Dreamer” human-
centered robot at the University of Texas at Austin. The “Trikey” mobile base, or
lower half of this robot, is the focus of this thesis.

What is a “human-centered” robot? Generally it is a robot that functions
well around and with people, but that short description begs for more detail. How
should such a robot look, move, and sense its surroundings? How should it be
designed and built? What is its purpose? What is human-centeredness, why is it

important, and when does a robot have it?



This thesis attempts to address these questions as it describes the creation
of a real robot (Fig. 1.1) meant for all-purpose activities around people. This
example provides insights into overarching principles of design, analysis, and project
management for similarly complex robots. These insights can be applied to future
robotics projects, in the hopes that those robots will match more closely a human-

centered ideal.

1.1 Structure and Goals of This Work

Broadly speaking, this work attempts to facilitate the wider use of robots in
human environments. To do this, I address two main goals: (1) improving safety of
human-centered robots, and (2) offering more standard design and analysis meth-
ods for these robots. Each chapter contributes to both goals, as the two goals are
intertwined. To justify these goals, Chapter 1 gives the context of this project.
It begins with a review of robot technology for working with or alongside humans
in everyday situations in Section 1.2. Standard design recommendations for such
robots are limited, and so the literature is first examined for guidance, with a focus
on the need for physical safety in human-robot interactions. I argue that the next
practical step in creating safer, more human-centered robots is to implement com-
pliance in a humanoid with a wheeled, omnidirectional mobile base. Section 1.3
then reviews the taxonomy of recently developed omnidirectional mobile bases to

again find design guidance.

Given the technology trends for human-centered robots, Section 1.4 de-

scribes some achievable next steps to enhance their safety and performance. Here I



detail the long- and short-term goals of my work, as well as how they fit with the
work of my colleagues and robotics research in general. My short-term goals include
developing a compliant, omnidirectional mobile robot, as recommended in Section
1.2. A human-centered robot is a complex system, maybe one day approaching
that of a biological system. Its creation process is equally complex and cannot be
ignored. For this reason I summarize the many tasks in this project in Section
1.5, which emphasizes the high importance of project management and people in
the technical process. Failure of a development task can mean failure of the end
system. Efforts to streamline development processes, such as team-based modular

design, could promote success of future robots.

The iterative design evolution of the mobile base is summarized in Chap-
ter 2, emphasizing function-based rather than feature-based design choices. The
purpose of this chapter is to show the cyclic process of analysis, design, and testing
needed to repeatedly identify design improvements. Chapter 3 details the result
of design iteration, the functions of the latest design, and the fabrication process,
including a bill of materials. It emphasizes the importance of modular design, design
for fabrication and assembly, and design for modification. Together, these chapters

exemplify the heart of the design process for a human-centered robot.

The mathematical analyses influencing design and implementation decisions
are given in Chapter 4. This chapter is another key example of a generalized
mechanical design process for human-centered robots. Any such robot development
process should consider modeling kinematics, dynamics, safety limits, strength, and

lifetime, if possible. The kinematic and dynamic models here (Sections 4.1 and



4.2) gave numbers that helped determine design parameters, such as motor sizes
and sensor ranges. Section 4.2.2 also shows that sometimes simplified models
are sufficient for design purposes, such as when ignoring wheel inertias. Knowing
when to simplify design analyses can streamline future design processes. Finally
the safety and strength analyses in Sections 4.3-4.6 are key for implementing a
human-centered robot without hazards. They include algorithms to help keep a
robot balanced and stable in Section 4.4. Fatigue experiments and modeling were
not performed at this stage since the robot was not expected to see high amounts
of cyclic loads, but such analysis should be included for robots where this is not
the case. All these analyses ideally would take place before final implementation of

another robot.

This design resulting from analytical models and iterative development was
actually integrated with an upper body robot to create the humanoid robot Dreamer.
A summary of the Dreamer system specifications and performance is given in Chap-
ter 5. This section serves as a reference for how to integrate separate modules or sys-
tems into a humanoid robot under whole-body compliant control. It also compares
recently developed similar robots for various traits. Chapter 6 then describes the
physical tests and experiments involved in robot development. It provides example
calibration procedures, part failure investigations, and demonstrations of compliant
control in an integrated robot. Whole-body compliant control is confirmed, as the

results of the tests show. Future work can build off this achievement.

An evaluation of the design is given in Chapter 7. General successes and

problems for the end design are given, particularly compared to existing human-



centered robots previously reviewed in Chapters 1 and 5. Its main success is
implementing whole-body compliant control. Applications for the resulting safer,
more compliant robot are described. Possible opportunities for redesigning the base
and the integrated robot are listed in detail. Methods for organizing and evaluating
the redesign of complex systems are given, with this robot as a case study. General
conclusions are then drawn about designing specifically for human-centered robotic

systems, which should always consider multiple aspects of safety and performance.

Some ideas for future redesign and experimentation are given in more detail
in Chapter 8. This additional chapter focuses on design for better performance
of wheeled robots in rough terrain, and hence gives ideas for wheel and suspension
modules. It addresses safety only in terms of mobility on rough terrain, but is still
relevant. Since the tracked omniwheel concept specifically is novel, it is shown in
detail. The concepts are by no means fully tested, but they may inspire design ideas

in future developers.

One last note must be said about units. This document switches back and
forth between Imperial and SI units throughout. I hope this does not obfuscate data
but rather gives additional information readers. The units show which measurement
system was the primary one for a particular subject or physical component — for
example CAD was mostly done in inches, while “original equipment manufacturer”
(OEM) motors were mostly sized in metric units. Such details may be important

for future reference.



1.2 Human-Centered Robotics

Historically robots were mainly used for industrial and manufacturing tasks.
As robotics technology has improved, however, its use has expanded. Robots have
growing potential to spread beyond industrial environments into more everyday,
human-centered ones, based on broad trends over the last few decades [14]. Such
human-centered robots (HCRs) should meet a hierarchy of simultaneous and depen-
dent functional requirements, which range from safe mobility and manipulation to
appropriate interaction with people. The vast scope of the design problem, detailed
by Kemp [19], has led to numerous types of robots employing different approaches to
good human-robot interaction. Ultimately an integrated approach is desired, which
may consider basic platform design up to learning and artificial intelligence. Before

implementing high-level concerns, though, fundamentals should be addressed.

Physical safety around humans is one of the most fundamental design re-
quirements of a HCR with moving parts. A lack of safety renders a HCR risky and
unusable, compromising any other traits or abilities it has. Safety can come from
both avoiding and reacting to dangerous physical situations. For example, better
perception and motion planning can help a robot avoid collisions [14]. Recently
developed tools for this include potential-field sensing in static environments and
human-sensitive navigation rules in dynamic environments [21]. These tools are
useful assuming a robot can move with consistent stability, indicating that stability

is also a prerequisite for safe mobility.

However, a robot should also be able to automatically react to or accom-

modate unexpected collisions and other disturbances in uncontrolled human envi-



ronments. Relevant strategies include light and flexible mechanical design, impact-
safe material at manipulator interfaces [5], and compliantly controlled joints with
variable-impedance actuators, as implemented recently in the upper-body humanoid
Justin [2]. All these approaches can absorb energy from impacts but also can com-
promise robustness of control. Lighter, higher-bandwidth metallorheological actua-
tors and clutches may partly resolve this conflict, and research in this area is ongoing

[29)].

Besides safety, less fundamental design considerations for HCRs include
robot form and appearance. Altogether, form and appearance help moderate hu-
man expectations of what the robot can do and whether it is safe. Form refers to
the general structure or skeleton of the robot, such as how many manipulators to
include, or if it has legs or not. Since these robots are meant to function in human
environments, being of human form and size has direct practical benefits, as Kemp
[19] notes. For example a humanoid robot with normal limb sizes could theoretically
reach objects on tables, open cabinets, step over curbs, climb stairs, and do many
other household or office tasks just like a person. This form conveniently sets up the
robot for everyday human environments, at the sacrifice of being more complicated

to build.

Secondary to form, appearance refers to the visual character and quality
of the form. It can include color, material, anthropomorphism, realism, and var-
ious subjective traits that influence how people perceive the robot. Robots that
scare or psychologically harm humans are probably not ideal HCRs. The “uncanny

valley” and, more recently, “uncanny cliff”’[4] hypotheses advocate against creating



robots that are extremely human-like in appearance in order not to disturb people
around it. In fact, evidence from Bartneck [4] suggests that anthropomorphic but
obviously non-human robots are more likeable than robots with realistic-looking
human faces. Nevertheless the evidence is inconclusive, and groups are attempting
to make human-looking robots [17] [36]. Thus far, it is reasonable to conclude that
likeable HCRs could take either humanoid or non-humanoid form, depending on
appearance. Likeability should be considered and assessed for any new HCR after

more fundamental concerns.

Although several safer, compliantly controlled robotic systems currently ex-
ist, few in the literature are mobile, and none are fully humanoid. Recent ad-
vancements in compliant mobile HCRs include the AZIMUT-3 guided platform [12]
and Walbot assistive robot [32], which use wheeled, omnidirectional, and velocity-
controlled bases in combination with load-sensing upper portions. These robots
may show compliant and human-safe control, but they lack a multi-link humanoid
structure. The Rollin’ Justin robot [7] is closer to achieving humanoid compliant
control, as it has a compliant humanoid upper body, but based on the available lit-
erature it does not control wheel movement in reaction to upper body loads [37]. A
whole-body compliant control (WBC) algorithm for humanoids exists and performs
well in multi-body contact simulations [28], but documentation of the practical im-
plementation of WBC in a humanoid could not be found outside our lab during this
thesis. Demonstrating WBC in a real humanoid was a feasible immediate next step
toward creating a safe, compliant mobile robot. That in turn is a pivotal step in

creating a more human-centered robot.



1.3 Omnidirectional Wheeled Robots

A mobile base can be a subsystem of a human-centered robot, but these
bases also comprise a whole field of robotics in their own right. This work limits
discussion of mobile base taxonomy to omnidirectional, wheeled bases, because early
design decisions in the Dreamer project already settled on using this type of base.
See Gupta [15] for a detailed review of both omnidirectional wheels and omnidirec-
tional mobile robots, as well as for the original design decisions and justifications.
Briefly, the omnidirectional, three-wheeled approach facilitated simpler control algo-
rithms and faster mechanical construction, which in turn would lead to faster novel
implementation of whole-body compliant control in a humanoid robot. An example
of this is the convenient six-equation, six-unknown contact force system that results

from simplified 3D free-body diagrams (see Section 4.2.3).

Even when limited to omnidirectional bases, many design approaches are
possible. A comparison of recently developed omnidirectional mobile bases that
inspired this work is shown in Table 1.1, which includes the bases cited by Gupta
as well as additional relevant designs. Several of these robots are meant to interact
with people or carry a humanoid robot (Justin base [13], ARMAR-III base [3],
AZIMUT-3 [12], Walbot [32]) and could be considered human-centered. All these
bases could conceivably be used in human environments if they implemented soft
control algorithms and other safety features. The features that do exist so far suggest
features to include in future bases. For example, consistent design patterns show
that these bases presently can carry payloads greater than 20kg and can move at

speeds of 1-2m/s. The desired Trikey design specifications were partly based on such



characteristics. The final Trikey design specifications are also shown in the first
column of Table 1.1 for reference, but these details are discussed more fully in the

following chapters.
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1.4 Next Steps in Human-Centered Robotics

In order to advance the field of HCRs, including in safety, several people
designed and built a mobile humanoid robotic system dubbed “Dreamer” (Fig. 1.1).
It was meant to be a platform for testing new human-safe traits and behaviors. It
takes an integrated approach toward human-centeredness and safety, considering
control software, mobility, and general appearance, as recommended in Section 1.2.
The more general purpose of Dreamer is to facilitate research and education in
HCRs. Hence we intended to create a semi-modular system that could be used
and upgraded by multiple student users over time. One major part of my work
was the coordination of development tasks at the system level to meet these design
requirements, midway through the project. Ideally such tasks should be organized

at the start of any robotics project.

The immediate goal of the Dreamer project was to implement and refine safe
WBC algorithms across all degrees of freedom of an entire mobile humanoid, based
on newly detailed open-source software [25]. A wheeled structure was chosen for the
initial design in order to avoid some stability problems and decrease the complexity
of locomotion algorithms (see Section 1.3, [15]). As the WBC algorithms develop,
these structures could be replaced with more complex wheeled designs, or with

legged designs.

A secondary goal was then to investigate stabilizing behaviors to prevent
tipping, essentially giving Dreamer artificial vestibular and proprioception systems
and reflexes. This would let Dreamer adjust its body pose or accelerations automat-

ically to keep balanced and stable on flat and inclined surfaces. It is hypothesized

14



that such features could help the robot in future forrays into rougher or urban envi-
ronments. Finally, the robot was to have additional features that would allow future
studies in human-friendliness. A summary of the broad goals of this work is shown

in Fig. 1.2.

My technical work focused specifically on the design of the Trikey mobile
base, which is the lower half of the humanoid Dreamer robot, and on Trikey inte-
gration into Dreamer. The purpose of this Trikey project was to create a mobile
base that would facilitate the longer-term goal of creating a safe legged robot. As
such, it had to be sufficiently simple that it could be constructed within 1-2 years
and used by multiple students, while retaining proper functionality. Functionality
was redefined multiple times over the course of the project, but it always included
payload-carrying capacity, mobility, and ease of designing its control algorithms.
Quick construction would allow immediate testing of WBC algorithms that already
exist, without waiting for completion of an alternate legged base. Finally the base
had to be flexible enough in design so that it could be attached to another robot,

modified, and detached fairly easily.

Past studies suggest numerous different characteristics help make a robot
function well around people (see Section 1.2). Consequently the mobile base ideally
could help test these characteristics and accommodate additional functions over
time. Therefore a more open and modular system was targeted over a design that

would be more difficult to change.

If a safer mobile humanoid robot could be developed, then the WBC software

could be refined and improved. New mechanical and software development projects

15



Goal > End
Contributor Goals

Expand capabilities and applications of human-centered robots (HCRs)

Develop new robot traits and behaviors

Implement & refine whole-body compliant control (WBC) algorithms

Design & build legged, humanoid, human-centered robot

Design & build compliant legged robot

Design & build wheeled human-centered robot (Dreamer)

—T

Educate others in robotics over time

Define design principles for human-centered robots

Design & build mobile base (Trikey)

Requirements:

- 1-2 year build time

- Compliant control possible i
- Integrable with upper body Thesis focus
- Modifiable, expandable, modular
- Shallow learning curve for use

Concurrent projects

Proposed projects

Legend

Figure 1.2: Chain of goals for the Trikey and Dreamer projects. Achieving the end
goals on the right call for prerequisite goals on the left. Work detailed in this thesis
is highlighted in green. Concurrent projects headed by other HCRL team members
are highlighted in yellow. Proposed or planned projects are highlighted red.
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then could follow that address even more aspects of human-centeredness. As an aid
to any new mechanical design projects, standard design guidelines can be inferred

from the present work.

1.5 Project Tasks & Timeline

Several people were involved in the Trikey project at the Human Centered
Robotics Laboratory (HCRL) within the Department of Mechanical Engineering
at the University of Texas at Austin (UT). A summary of the project timeline
regarding the design up to Spring 2012 is shown in Fig. 1.3. The project was
overseen by the head of the HCRL, Dr. Luis Sentis, and has been executed by
multiple collaborators, as first documented by Somudro Gupta [15]. It began as
an introductory group design project for local Austin high school students at a UT
summer institute led by visiting undergraduate Frank Lima (University of Texas
at Dallas) in Summer 2010. Lima constructed the first wood-and-metal prototype
of the mechanical system with additional help from graduate students Gupta and

Matt Gonzalez (UT Austin).

Since Fall 2010, Gupta and graduate student Pius Wong (UT Austin) re-
designed Trikey in several iterations. The initial purposes of redesign were to in-
corporate three custom motor controller printed circuit boards (PCB) designed by
graduate student Nick Paine and built by Paine, Wong, Gupta, and undergraduate
Emily Chen (UT Austin). Testing showed that Trikey had to be more robust me-
chanically and easier to control. Later redesign headed by Gupta intended to replace

the motors and gearboxes and make Trikey controllable with a Linux system PC.
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Paine and visiting professor Sehoon Oh (University of Tokyo) also helped write con-
trol drivers at that time. The latest redesigns headed by Wong intended to integrate
new electronics hardware from Meka Robotics (San Francisco, CA) to replace old
hardware, and also to connect the humanoid robotic torso (Meka Robotics) on top
of Trikey. Undergraduates Vansi Vallabhaneni (Carnegie Mellon University) and
Alan Kwok (UT Austin) helped with machining and assembly of the latest version,
while Gupta constructed electrical connectors and debugged the system with Meka

Robotics.

Several persons already mentioned contributed to the multiple design reviews
up to this point. Somudro Gupta has documented [15] design details particularly
for Trikey versions 1 and 3, while focusing on basic modeling and control algorithms
for the robot. Algorithms based on Dr. Sentis’s past research were implemented by
Josh Petersen in Fall 2011 (UT Austin, Imperial College London) and are still being
refined. The work conducted by Wong specifically between Fall 2010 and Spring
2012 is detailed here, which focuses on the electromechanical design and evaluation
of Trikey versions 2, 4, and 5. Trikey Version 5 has been joined with another robotic
humanoid torso in the Dreamer project, which is being taken over by UT doctoral

candidate Kwan Suk Kim.
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Chapter 2

Design History

Since its beginning, the Trikey design has been modified significantly to
improve and expand its functions. Its history was first documented by Gupta [15]
and is summarized here with additional details on Trikey Versions 2 and 4, leading
into the current design of Trikey 5 and Dreamer. All files were created in Solid Works
2010 or 2011 (Dassault Systemes SolidWorks Corp, Waltham, MA) with a temporary

student license.

2.1 Trikey Version 1

Version 1 was designed (Summer-Fall 2010) for the following functions, per-

formed by certain features (Table 2.1).

Table 2.1: Function-feature list, Trikey Version 1

Function Performed by Feature
e Allow omnidirectional translation e Three holonomic omniwheels
e Allow simpler controls e Three holonomic omniwheels

e Carry payloads, Meka upper body e Metal baseplate, overdesigned joints
(>1001bs)

e House an undetermined amount of elec- e Extra internal space
tronics and low-cost motors

The Meka upper body was to rest on a wooden outer frame (Fig. 2.1). Spaces

for batteries are shown as three large blocks. A shelf for holding electronics was
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Figure 2.1: Trikey Version 1, in Dreamer  Figure 2.2: Trikey Version 1, in Dreamer
concept. concept, with open walls.
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included in the middle. Everything in this design was physically constructed except
the batteries and shelf. The Meka upper body was available but not connected to

the wooden shell.

Three wheel modules fit into the main baseplate. The modules included
a hobbyist brushless DC motor and planetary gearbox (Moog, via eBay, unknown
rated torque, 66:1 gear ratio), torque cell (500in-lbs, Sensor Developments, Lake
Orion, MI), torque limiter (60 Nm, R+W, Bensenville, IL), and omnidirectional
wheel (Banebots, Loveland, CO). This design set the base size and geometry of

Trikey, to be modified later.

2.2 Trikey Version 2

Version 2 was redesigned for the following functions, with changes italicized

(Table 2.2).
Table 2.2: Function-feature list, Trikey Version 2
Function Performed by Feature
e Allow omnidirectional translation e Three holonomic omniwheels
e Allow simpler controls e Three holonomic omniwheels

e Carry payloads, Meka upper body e Metal baseplate, overdesigned joints
(>1001bs)

e House custom motor controllers, low- e Motor controller fization plates, extra

cost motors, additional undetermined elec- internal space
tronics

Placement of the motor controllers on the base varied as shown in Figs. 2.3
and 2.4. Version 2A was constructed and not 2B, in order to protect the electronics

more on the inside of the robot. By this time three custom HCRL brushless DC

22



Figure 2.3: Trikey Version 2A: inner- Figure 2.4: Trikey Version 2B: outer-
facing controllers. facing controllers.

motor controllers (HCRL-BLDCMC, Fig. 2.5) were designed, soldered together,
tested, and integrated into the mechanical system. Testing and calibration of the

motor controllers, torque cells, and torque limiters was performed together with the

HCRL-BLDCMCs (see Section 6.1).

At the time (Fall 2011), significant work was also done to explore the pos-
sibility of installing a custom AC-DC and battery-charging circuit using robust
commercial hardware (Vicor Power, Andover, MA). One draft higher-level design
of this circuitry is shown in Fig. 2.6. Additional details on this power management
system are not given here since, after this design review, it was decided to outsource

its design and construction.

Testing of the complete base at this time (Spring 2010) indicated that these
lower-cost motor-wheel modules were not sufficiently robust. Backlash, friction,

and susceptibility to shaft misalignment all reduced the ease of control of the wheels
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Figure 2.5: In-house Human Centered Robotics Laboratory brushless DC motor
controller (HCRL-BLDCMC), designed by Nick Paine.
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Power supply -

||| AC/DC, 24V out, 1kW, with
[ battery-charging & switching

circuit (VICOR. [$1.6k] )

Two 12V batteries in series
(Powersonic PS1250-F1, lead
acid , rechargeable [530])

ON/OFF
Switch via

relay
Upper body ’
1 (Meka, [>510k])

DC/DC converter VIPAC array,
| 24V to 12V, three 100WW
outputs [$500]

! || |
Tablet/ PC 1
display

E-stop
"."ia
relay

—‘ Motor controller 1

BLOC maotar Encoder

—{ Motor controller 2

BLDC maotor Encoder

—{ Motor controller 3

BLOC maotor Encoder

Figure 2.6: Initial top-level power management system designed for Trikey Version
2, which was intended to be mostly custom-designed in-house.
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(see Section 6.2). Ultimately the next version had to accommodate newer industrial

motors and gearboxes. Meka Robotics (San Francisco, CA) was chosen to head the

power system design, since it was important to have the same team that designed

the upper body deal with the electronics for the lower body. The UT HCRL in turn

upgraded the hardware, as described in the next version.

2.3 Trikey Version 3

Version 3 was a modification of Version 2, designed (Spring 2011) for the

following functions, with changes from the previous design italicized (Table 2.3).

Table 2.3: Function-feature list, Trikey Version 3

Function

Performed by Feature

e Allow omnidirectional translation
e Allow simpler controls

e Carry payloads, Meka upper body

(>1001bs)

e House custom motor controllers, OEM
motors, additional undetermined electron-
ics

e Allow some motor axis misalignment

e Three holonomic omniwheels
e Three holonomic omniwheels

e Metal baseplate, overdesigned joints

e Motor controller fixation plates, new
custom motor firtures, extra internal
space

o Additional coupler between torque cell
and motor

The less robust MOOG motors were replaced with more robust Maxon

brushless DC (BLDC) motors and gearboxes (EC-45-13610, 240 W, Sachseln, Switzer-

land). The fixation mechanisms were updated appropriately for the retrofit. Each

of the three wheel modules were redesigned as shown in Fig. 2.7, with new fixation

structures. New motor controllers were not yet available, and so these modules were

tested using the same electronics as in Version 2. A full justification of part selection
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Figure 2.7: Wheel module with new, higher torque motor and gearbox.

is given by Gupta [15].

2.4 Trikey Version 4

Version 4 added the new functional requirement of securing the Meka up-
per body at an as-yet undefined position over the base, while incorporating Meka
electronics. At the time of design (Summer 2011), the desired applications of the
complete robot (Trikey + upper body, or Dreamer) were still being defined. For
example, the Dreamer robot could be designed to work in an assembly-line man-
ufacturing environment in front of a table, or it could be designed for an outdoor
environment picking up objects off the ground. These different goals would alter
key design characteristics, such as height or center of balance. At the same time,

delaying the design was harmful to the long-term viability of the project, since fund-
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ing depended on progress to date. Some design decisions had to be made despite

uncertainties. This reflects some industry design dilemmas.

To deal with the uncertainty in design goals, two alternative designs to

Version 4 were drafted to allow multiple functions for the upper body. Close com-

munication with Meka was required to design fixtures for the electronics, which had

not yet been fully designed nor fabricated. The electronics fixtures were intended

to comprise a single module that could be moved within (or removed from) Trikey

as a single unit.

The desired functions in Trikey version 4 were as follows, with additions

italicized (Table 3.1).

Table 2.4: Function-feature list, Trikey Version 4

Function

Performed by Feature

e Allow omnidirectional translation
e Allow simpler controls

e Carry payloads,
(>1001bs)

e House OEM motors and controllers, ad-
ditional undetermined electronics

Meka upper body

e Allow some motor axis misalignment

e House 4 Meka PCBs, other electronics
e Run on battery power

e House Beckhoff EtherCAT-compatible
PC

o Fix upper body at multiple heights

o Allow multiple discrete forward-

backward placements of upper body

28

e Three holonomic omniwheels
e Three holonomic omniwheels

e Metal baseplate, overdesigned joints

e Custom motor fixtures, extra internal
space

e Additional coupler between torque cell
and motor

e FElectronics module at base
e 2 nylon holders for 2 batteries each

o Fiztures in central shelf equidistant to
wheels

o Vertical plates with multiple fixation
holes

e Horizontal plates with multiple fixation
holes



Figure 2.8: Trikey Version 4A: Higher waist, front facing a motor.

Figure 2.9: Trikey Version 4B: Lower waist, rear facing a motor.
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Trikey Version 4A (Fig. 2.8) allowed placement of the upper body at heights
greater than approximately 28in from the ground, whereas Version 4B (Fig. 2.9)
allowed only a fixed height of 22.5in. Version 4A also allowed a greater amount of
forward offset of the upper body, since none of the wheel modules obstructed the
upper body. Version 4B had limited forward-backward positioning variability since

the modules would block the upper body from moving too far forward.

The main advantage of Version 4B was the closer reach to the ground and
possible increase in stability due to a lower center of mass (CoM). However, Version
4A was chosen for proceeding designs, since 4B could still not guarantee the ability
of the Dreamer robot to touch the floor, which was the purpose of 4B in the first

place. Version 4A would have more flexible capabilities.

In both alternate designs, the general layout of the electronics and batteries
modules was the same (Fig. 2.10). The layout attempted to fit new electronics

compactly into the existing space.

2.4.1 Electronics Module Version 1

The electronics module also saw multiple design iterations in this phase. The
intention of the module was to house multiple pieces of electronics hardware from
Meka, remain lightweight and lower-cost, fit within the existing Trikey frame, and

be easy to put together and access for a user.

At first, the electronics module was designed to allow variable positioning of
all the electronics boards (Fig. 2.11), since the designs of the electronics were not

complete yet and could change. Design review deemed this first setup too difficult
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Figure 2.10: Trikey Version 4 layout of batteries and electronics on the base.

to assemble and access, with too many parts. Furthermore although certain parts

were OEM, the cost was excessive.

The first design was improved to reduce the number of parts, at the cost of
less flexibility in positioning of the electronics. Less flexibility in positioning was
acceptable, based on the assumption that Meka has good experience designing elec-
tronics; if Meka designed a good system, we would not need to replace, troubleshoot,
or access the PCBs frequently. Lab experience with the Meka upper body supported

this assumption.

2.4.2 Electronics Module Version 2

Version 2 of the electronics module (Fig. 2.12) has fewer parts than version

1. It also incorporates better mechanisms for cooling the PCBs (fan, metal surfaces
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Figure 2.11: Electronics module, version 1.
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Figure 2.12: Electronics module, version 2.

for heat dissipation, space for thermal pads). Cooling was recommended mostly
for the motor driver PCB, whose MOSFETS could see significant heat according to
communications with Meka. Special attention was given to allowing hand and finger
access to the various ports on all the PCBs. Fabrication of some parts, including
the PCB fixation plates, was performed in the UT machine shop. The PCB fixation
plates were 1/8” (6.35mm) thick aluminum plates to allow for a stiff support for
the plastic PCBs, but with holes in the center to make room for large capacitors
and reduce weight. Rubber feet were added on the bottom to reduce vibration into

the electronics module.
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Figure 2.13: Electronics module, version 3.

2.4.3 Electronics Module Version 3

Midway during the fabrication process of the electronics module (Summer
2011), the electronics system had to be modified to also include hardware for an
Attitude Heading Reference System (AHRS) , which was an inertial measurement
unit or accelerometer-compass. Incorporating the AHRS was an unforeseen design
change. This was integrated into the existing design, leading to Version 3 of the
module (Fig. 2.13). Additional structures that joined the PCB support plates were
added to improve resistance to torsion and vibration on the module. Version 3 ended

up continuing into the next design revisions of Trikey and Dreamer overall.
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These electronics were controlled via UBUNTU with RealTime Application
Interface (RTAI) and M3 control software from Meka Robotics. The controller is
currently in development, concurrent with design of future upgrades to the mechan-

ical system.
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Chapter 3

Implemented Design: Trikey Version 5

3.1 Functions

The latest revision (Trikey Version 5) was designed with the following func-
tions, with specifications for individual OEM components listed in Gupta [15]. From
this point onward (Sep 2011), the Trikey project was pipelined into the overall

Dreamer project (see Chapter 5).

The three omniwheels are oriented around the center of the base, allowing
three degrees of freedom of motion on a surface. Because omniwheels instead of
caster wheels were used, motion can begin without having to orient any wheels,
thereby simplifying the control algorithm. Also, each wheel has a load capacity of
1001bs, giving a theoretical total weight limit for Dreamer of 300 lbs, which dictated

the more conservative 250 lbs weight limit during initial design calculations.

Trikey is intended to hold at least a 1001bs (45kg) payload, which corre-
sponds with the approximate mass of the Meka upper body. Gupta [15] documented
the finite element analysis (FEA) that was performed to verify the strength of the
large bottom aluminum baseplate for sustaining such a vertical load in addition to
the weight of Trikey, itself. Additional FEA was performed to verify the strength
of other parts predicted to see the highest stresses during worst-case movements or

configurations of the Dreamer robot (see Chapter 4).

36



Table 3.1: Function- and constraint-feature list, Trikey Version 5

Function

Performed by Feature

e Allow omnidirectional translation
e Allow simpler controls

e Carry payloads, Meka upper body

(>1001bs)
e Weight limit of 2501bs (110kg)

e House OEM motors and controllers

e Allow some motor axis misalignment

e House 5 Meka PCBs, other electronics
e Run on battery power

e House Beckhoff EtherCAT-compatible
PC

e Fix upper body at multiple heights

e Allow multiple discrete forward-
backward placements of upper body

e Allow clear space

e Three holonomic omniwheels
e Three holonomic omniwheels

e Metal baseplate, overdesigned joints

e Light aluminum material,
space/holes

empty

e Custom motor fixtures

e Additional coupler between torque cell
and motor

e Electronics module at base
e 2 nylon holders for 2 batteries each

e Space for PC in upper shelves

e Vertical plates with multiple fixation
holes

e Horizontal plates with multiple fixation
holes

e Vertical plates with multiple fixation
holes

The design incorporates OEM components into independent modules within

the base where possible. Most of the electronics were designed by Meka Robotics (see

Section 2.4). Cable holders were fixed to Trikey Version 5 to route interconnecting

wires cleanly through the base. Another change from Trikey Version 4 to 5 includes

moving the AHRS/IMU from the center, away from the motor winding magnetic

fields, and onto the outer portion of the main baseplate.

Trikey Version 5 allows discretely variable positioning of its payload — i.e.

the Meka upper body can rest on top of Trikey in multiple positions (Figs. 3.3-3.6).
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Figure 3.1: Dreamer Version 1: CAD. Figure 3.2: Dreamer Version 1: Built.

This function was addressed by adding additional parts to the original wheel-motor
module, rather than making entirely new modules, in order to reduce fabrication

time and meet project deadlines.

Not all the fixation holes available in the plates may be used to secure the
Meka upper body at a given position. More intermediate positions are possible
than shown in Fig. 3.5, but at such intermediate positions the upper body is less
secure, since even fewer fixation holes may be used. This positioning flexibility
accommodates some uncertainty in the ultimate function of the Dreamer robot. A
zero-offset position may be more balanced and stable, while a 5in-offset position

may give better grasping range.

Some key geometric measurements that are important for devising the con-

trol algorithm and for analyzing different loading conditions are shown in Fig. 3.7.
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28.608

Figure 3.3: CAD drafting of shortest possible height of the latest Trikey design at
28.6in above the floor. Dreamer is currently set atop Trikey with the waist at this
height, in order to lower the center of gravity and improve balance.
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30.608

Figure 3.4: CAD drafting of tallest possible height of the latest Trikey design at
30.6in above the floor. 29.6in tall is also possible.

40



"]

5.008
b= =l

2.844

|

0.000

2.000

Figure 3.5: Top-down views of the Trikey fixation plates, with Meka upper body
base attached. Four main horizontal positions are possible for the Meka upper body,
shown here. Assuming an upright upper body, the approximate center of mass of
the upper body can lie 5.0in, 2.8in, 2.0in, and 0.0 in in front of the geometric center

of the Trikey mobile base.
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Figure 3.6: Side view of an example extreme upper body configuration for Dreamer.
Shown here is the most forward position of the Meka upper body (5.0in in front of
the center of the Trikey base) and the tallest position (waist 30.6in above the floor).
The center of mass in this configuration lies at waist-level denoted by the pink axes.
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Figure 3.8: Latest CAD of Trikey assembly.

3.2 Modules

The seven main modules of the Trikey base (Fig. 3.8) are (A) the baseplate
and lower frame, (B) the three wheel-motor modules, (C) the electronics module,
(D) the two double-battery modules, (E) the EtherCAT hub module, (F) the mid-
shelf module, and (G) the upper body fixation module (Fig. 3.9). (H) is an eighth
“module”made of miscellaneous parts that were not directly modeled. Additional
fasteners are not shown. Fach module was mostly designed as an independent unit

that can be changed later without altering other modules.

The approximate cost of building Trikey Version 5 is, at minimum, $24k,
based on spending records (Table 3.2). This does not completely cover miscella-
neous costs such as taxes, shipping, tools, labor, and unused components of previous

designs, and so real costs likely exceed this estimate.
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Table 3.2: List of Modules

Label Module Description Qty Total Total Cost
mass cost density
(kg)  (est)  (3/kg)
A Baseplate & lower basic support and 1 6.3 $360 $57
frame frame
B Wheel-motor module  drives movement 3 22.7  $13,211 $583
C Electronics module houses most electron- 1 2.7 $8,675 $3,259
ics
D Double-battery mod-  houses batteries 2 7.2 $103 $14
ule
E EtherCAT hub mod- houses communica- 1 0.2 $319 $1,733
ule tions hardware
F Mid-shelf module mechanical support, 1 1.5 $390 $266
storage, panel
G Upper body fixation attaches to Meka up- 1 2.3 $572 $251
module per body
H Additional miscella- Fasteners, wires, con- 1 6.8 $268 $39
neous parts nectors, etc.
TOTAL 49.6  $23,898 $481

Figure 3.9: Exploded view of Trikey main modules. See Table 3.2 for details.

45



3.3 Bill of Materials

A bill of materials is provided in Table 3.3. Module H is not a true module

but rather includes fasteners, wires, and other miscellaneous necessary parts.
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3.4 Exploded Views

Exploded views of the two most complex modules with many parts - the
wheel-motor module and the electronics module - are given in Figs. 3.10 and 3.11.
Fastener types are indicated in the original draftings (see Appendix 1 for file infor-

mation).

The electronics module included submodules for housing printed circuit
boards (PCBs) that handled powering, communicating with, and driving the Trikey
motors and sensors. The “BBB” PCB submodule (Fig. 3.12) took in the in-
put voltage from an AC-DC coverted and included commercial power management
hardware, including the Vicor Megamod and output the DC voltage to the next
“PWR” submodule. The PWR submodule (Fig. 3.13) distributed 24VDC to the
next motor driver PCBs or “6ELMO” PCBs (Fig. 3.14), and it also communicated
with the load cell conditioners (Fig. 3.15) and with a computer via a connected

EtherCAT hub.

Each supporting plate for the PCBs were designed to be lightweight but
rigid. Large cutouts in the BBB and PWR plates allow airflow and aid cooling.
Gaps between parts were designed to allow finger and wrench access. The ELMO
plate had no cutouts, as it could be cooled via conduction. A fan circulates air
through this module, blowing inward. Nylon board spacers or standoffs are meant
to hold the PCBs away from the plates, so as not to interfere with the electronics
and to reduce the effect of any hole misalignment. Holes were not threaded, which
could also help decrease the stresses in the PCBs associated with any possible hole

misalignment. Additional holes around the edge were machined to allow fixation
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Figure 3.10: Exploded view of the motor-wheel module. Refer to Table 3.3 for part
designations.
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Figure 3.11: Exploded view of the electronics module. Refer to Table 3.3 for part
designations.
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Figure 3.12: Exploded view of the BBB submodule that handled power input. The
BBB PCB was held away from the plate with board spacers.

struts between plates.

The electronics (Fig. 3.16) were tested outside the mechanical system by
Meka outside UT. The main parts corresponding with the Bill of Materials are

denoted.

3.5 Component Selection

OEM component selection throughout the design history is more fully docu-
mented by Gupta [15]. Parts were chosen based on desired kinematics and dynamics
of the overall base, while trying to minimize size and cost. Any custom parts were

designed to house these OEM parts and use standard fasteners where possible. Load-
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Figure 3.13: Exploded view of the PWR submodule that handles power distribution
and communication. The PCB was held away from the plate using board spacers.
The Crydom relay on the board helped to regulate power output.
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Figure 3.14: Exploded view of the ELMO submodule that handles driving the mo-
tors. Four channels for motors are available with this setup (2 per PCB), although
only three channels are used to control the three motors in Trikey. One significant
design flaw that was only discovered after assembly and construction is that wiring
ports at the bottom of part C9 are difficult to access with fingers and tools, given
the limited space there. This occurred because of a lack of knowledge about the
complete electronics design during the mechanical design phase.

60



C13

C15

Figure 3.15: Exploded view of the LOADCELL submodule that handled power,
data acquisition, and signal conditioning for the torque cells.
bearing components generally used aluminum material due to its relative strength,

lower weight, lower cost, and ease of machinability.

The current base was initially designed to move at a maximum speed of
1m/s and maximum acceleration of 1m/s2, in any direction. The desired speed limit
matches with a comfortable walking speed for humans, since the typical walk-run
transition speed for healthy adult males is 1.88 m/s [33], and the desired acceleration
limit was arbitrarily chosen as reasonable for a daily indoors robot. This would allow
Trikey (or Dreamer) to move with some humanlike speeds and accelerations. Gupta
[15] documents how this acceleration is associated with a 70N resultant horizontal
force on the base, assuming a mass above the wheels of 7T0kg. Based on these
assumptions, kinematic and dynamic models led to the selection of the particular

Maxon motors and gearboxes used here.
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Figure 3.16: The custom Trikey electronics were designed, built, and tested by Meka
(San Francisco) concurrently with the latest mechanical redesigns of Trikey. They
were shipped to UT for integration in Sep 2011. Photo supplied by Meka; annotation
added by the author.
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The torque limiter was set to a 25 Nm limit, to accommodate the maximum
torque allowable for the Maxon gearbox, which was the weakest electronic compo-
nent in the wheel-motor module. Both the torque limiter and the coupler helped

accommodate any misalignment in the driving axis of the module.

3.6 Fabrication

Approximately 74 custom-designed parts for Trikey Version 5 were machined
(see Appendix 2 for selected drawings). Of these, approximately 66 parts were ma-
chined by HCRL students at the UT mechanical engineering machine shop. The
parts were fabricated in waves, with the bulk of machining for all these parts oc-
curring in August 2010, January 2011, and August-September 2011. Most of these
parts were plates made from general-purpose 6061 aluminum alloy or similar, re-
quiring only basic use of the mill with two-flute endmills, standard drill bits, and
alignment, tap, and deburring tools. The exceptions were the monoblock plastic
battery holders (part D1), which were designed to be easy to machine, and the steel
rods (parts B10,11) and back panel (part F6). The large circular holes in the back
panel could be made using an electronics hole punch tool, while the rectangular holes
could be made with very small endmills. Steel parts were machined with four-fluke

endmills and nitride-coated drill bits.

Machining tolerances for most dimensions were £0.010in (£0.25 mm), which
was sufficient for the purposes of this prototype, allowing some freedom in align-
ment. Only especially long pieces, such as the wheel-motor module plates, required

careful use of the indicator tool to keep angular alignment and dimensions within
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the tolerances. The modules that were most sensitive to wide tolerances were the
wheel-motor modules and the electronics module, and these concerns were addressed
separately. The wheel-motor module had shaft couplers that allowed for misalign-
ment of parts, and so this module could keep the relatively slack tolerances of
40.010in and still function properly. The holes in the electronics module plates,
however, were located with tighter tolerances of +0.002in, in order to prevent any

fixation stresses on the PCBs in this module caused by hole misalignment.

Large custom parts, such as the back panel (part F6) and BBB plate (part
C2) required more time and tooling to fabricate. Generally if a part had two per-
pendicular dimensions greater than 6in, it would not fit into the vises of the UT
machine shop mills and had to be directly mounted to the table with a custom setup
of strap clamps and blocks. Then the alignment had to be verified with the indicator
tool. Large or complicated parts were better machined by the UT machine shop
or outside vendors either by laser-/water-cutter or computer-numerical controlled
(CNC) mill. When possible, parts were designed to be smaller to avoid outside

machining costs.

Sending drawings and draftings to outside vendors sometimes required file
translation of the original SolidWorks files, either due to version incompatibility
or restrictions on the student license for the software. When needed, SolidWorks
drawings were converted to general parasolid files (.x_t format), which eliminate
design histories in the CAD but which preserve the final geometry and are readable

by most CAD software today.
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3.7 Assembly & Disassembly

Because Trikey and Dreamer are educational in purpose, several users are
expected to interact with them and most likely breakdown or modify them, as well.
For this reason assembly and disassembly steps for the robots should be clear and
easy when possible. Trikey 1 and the Meka upper body may not have been explicitly
designed for easy assembly/disassembly, but later additions to Trikey considered
this important characteristic. Based on experience with Trikey 5, assembly steps
are given below; disassembly steps can follow the reverse order. Criticisms of the

assembly steps are in Chapter 7.

Figs. 3.9-3.14 indicate the general assembly orientations of the parts that
comprise the Trikey modules. All parts were assembled with imperial or SI bolts,
except the encoder-torque cell assembly joined with adhesive, and the battery as-

sembly which was secured with plastic zip ties.

3.7.1 General Assembly Steps for Trikey/Dreamer

1. Assemble the three individual motor-wheel modules (B-module), and attach

them one at a time to the main bottom plate (A-module) (detailed below).

2. Fix the mid-shelf module (F-module) to the three motor-wheel modules (B-

module) using the appropriate nuts and bolts.

3. Attach the electronics (C-module) and batteries (D-modules) to the bottom
plate using the appropriate nuts and bolts. Include the rubber feet between the

electronics module and the baseplate, and remember to electrically short the
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aluminum frame of the module with the Trikey frame. The batteries should
be secured in their holders with zip ties before fixing them to the baseplate.

The electronics module should already be assembled (detailed below).

. Secure the EtherCAT hub (E-module) to the midshelf-module (F-module).

Align the module such that it does not interfere with required wires.

. Attach only the bottom main plate of the upper body fixation module (part
G1, Appendix 2) to the top of the structure with the appropriate nuts and

bolts.

. If attaching the Meka upper body, then rest the upper body on a soft surface,
exposing its bottom metal plate. Attach the transition plates (parts G2-4) to
the bottom of the Meka upper body first, using the appropriate metric bolts
for countersunk holes. The bolts should be flush to or below the surface of the
plates. Then place the Meka upper body upright atop the Trikey base and

secure with appropriate bolts (job of two people).

. Make the remaining electrical connections between the electronics module and
the motors, sensors, batteries, EtherCAT hub, computer, front panel buttons,
and emergency stops according to wiring diagrams (Fig. 5.2), Meka manuals,
and Gupta [15]. Wires can be secured in cable holders fixed along the mid-shelf

module.
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3.7.2 Assembly Steps for Motor-Wheel Modules

1. Attach encoder (B6) to torque sensor (B5) according to encoder manufacturer
instructions. This requires fixing the encoder housing to the torque sensor
housing with manufacturer-provided adhesive and alignment tool, and attach-

ing the rotary disk to the torque sensor rod with a set screw.

2. Attach the torque sensor (B5) to the main, outer vertical plate (B13). Attach
the torque limiter (B7) to the torque sensor (B5) shaft, using a square key.
Tighten the clamp screws on the limiter. Hold the unsupported end of the

limiter so as not to bend the sensor.

3. Secure the trapezoidal plate (B8) to the the main plate (B13). Attach the
vertical axle (B10) to the torque limiter through the bearing in the trapezoidal
plate (B8). Secure the corresponding clamp screw on the torque limiter after
making sure the exposed length of the axle rod is sufficient for miter gear
placement. Secure the miter gear (B9) to the axle rod with square key and

set screw.

4. Attach the motor mounting plate (B3) to the motor gearbox (B2), which
is already connected to the motor (B1). Use four metric bolts and locking
washers to prevent loosening. Be sure to align the plate such that the wires
of the motor would point away from the central body upon final integration.

This way, there is no impingement with the upper vertical plate (B17) later.

5. Attach the coupler (B4) to the torque cell (B6) at the rod. Then attach the

gearbox (B2) shaft to the upper part of the coupler, with the fixation plate
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10.

11.

already attached to the gearbox. Align the motor-gearbox so the wires point
away from the vertical plate. Secure the motor gearbox mounting plate (B3)

to the main plate (B13).

Attach the inner vertical plate (B14) to the bottom trapezoidal plate (B8) and
motor mounting plate (B3). Be sure to use the appropriate low-profile bolts to
attach the motor mounting plate, so that they lie flush to or below the surface

of the vertical inner plate.

Attach the upper vertical plate (B17) to the inner vertical plate (B14) at the
desired height, using five bolts/nuts for increased strength of the attachment.
For stability reasons, the recommended height is the shortest height, although
taller heights are acceptable, as detailed in Chapter 4. Taller heights may also

complicate attaching the front panel of the mid-shelf module later.
Attach the inner brackets (B18-B20) to the inner vertical plates (B14, B17).

Align the partly-assembled module vertically over the opening in the main
Trikey baseplate (A1), ensuring that it faces the correct direction. Secure
the module to the baseplate through the trapezoidal plate (B8) and bottom

bracket (B18).
Attach the spacer block (B15) to the outer plate (B13).

Turn the module-baseplate assembly on its side, so that the remaining horizon-

tal axle (B11) can be inserted through the vertical plates (B13, B14) without
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falling out due to gravity. Slide the axle through the outer plate (B13) bear-
ing, a free-floating plastic spacer, the free-floating horizontal miter gear (B12),
and the inner plate (B14) bearing. Without securing anything yet, attach the

wheel (B16) to the outer part of the axle.

12. Place the outer wheel bearing (A2) over the exposed outer part of the horizon-
tal axle, and align it with the appropriate holes on the main baseplate (Al).
Attach the bearing holders to the bearing. Squeeze the bearing spacer block

(A3) between the bearing holders and the main baseplate.

13. Align all these unsecured parts of the horizontal wheel assembly so that the
horizontal and vertical miter gears mesh appropriately. Then secure these
parts with keys, set screws, and snap rings on the axles. Secure the outer

wheel bearing and spacer block with long bolts.
3.7.3 Assembly Steps for Electronics Module
Refer to Figs. 3.11-3.15 for more details of part placement.

1. Assemble the BBB submodule. Use 1in #4-40 bolts to fix the BBB PCB (C4)
to the BBB plate (C2), such that the capacitors fit through the appropriate
corner hole in the plate. Use 5/8in long nylon spacers around the bolts to
space the plate and PCB, and secure with nuts and locking washers to prevent

loosening. Attach the plate (C2) to the appropriate bracket (C3) with #6-32

bolts as oriented in Fig. 3.12.

2. Assemble the PWR submodule. Use 5/8in #4-40 bolts to fix the PWR PCB
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(C6) to the BBB plate (C5). Use 1/4in long nylon spacers around the bolts to
space the plate and PCB, and secure with nuts and locking washers to prevent
loosening. Attach the plate (C5) to the appropriate bracket (C7) with #6-32

bolts as oriented in Fig. 3.13.

. Assemble the ELMO submodule. Afix compressible thermal pad material
of thickness 0.020-0.040in onto the flat side of the metal ELMO amplifier
components. Then use 1in #2-56 bolts to fix the two ELMO PCBs (C9) to
the ELMO plate (C8), such that the thermal pad can conduct heat directly
from amplifier to plate. Use 5/8in long nylon spacers around the bolts to
space the plate and PCB, and secure with nuts and locking washers to prevent
loosening. Attach the plate (C5) to the appropriate bracket (C7) with #6-32

bolts as oriented in Fig. 3.14.

. Assemble the LOADCELL submodule. Use Use 5/8in #4-40 bolts to fix the
load cell PCB (C14) to its plate (C13). Use 1/4in long nylon spacers around
the bolts to space the plate and PCB, and secure with nuts and locking washers
to prevent loosening. Attach the plate (C13) to the appropriate bracket (C15)

with #6-32 bolts as oriented in Fig. 3.15.

. Attach in order the BBB, PWR, ELMO, and LOADCELL submodules to the
main electronics baseplate (C1) in the correct positions and orientations as

shown in Fig. 3.11.

. Attach the nylon fan mount (C16) to the load cell plate (C13), and then the

fan (C11) to the mount.
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7. Bolt three support struts (C17) to the tops of the upright plates so that the
structure can better resist twisting and vibration. One can fit between the

BBB and PWR plates, and two can fit between the PWR and ELMO plates.

8. Make the intra-module electrical connections with the appropriate wires, as
described by Gupta [15]. If an appropriate power source is available, also

connect the fan to power.

9. When attaching the module to the main Trikey base (A1), remember to include
the rubber feet (C12) between the bottom of the main electronics plate (C1)
and the Trikey baseplate (A1) to cushion the ride of the module slightly. Also
remember to electrically connect the aluminum frame of the electronics module

with the frame of Trikey.
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Chapter 4

Design Analysis

During development, simplified analytical models of Trikey physical behav-
iors helped in the sizing and design of parts. They also gave early indicators of
safety limitations of the robot, which is necessary for any robot meant to work

around people.

Ideally all the analyses described below would be performed before design
completion and construction; however, time and resources constrained what could
be done. In practice, the simplified models and worst-case scenario calculations were
performed early, so that design could proceed without significant delay, and more
complex analyses that were not critical to immediate design could be performed as

design progressed.

4.1 Kinematics Models

4.1.1 Level Flat Terrain Kinematics

The general kinematic and dynamic models for a 3-wheeled omnidirectional
holonomic base on flat ground were previously described by Kim [20] and detailed
for Dreamer by Gupta [15]. The updated models here adopt the convention where
the front and left of Dreamer are the positive z- and y-axes, respectively, of the local

xyz robot reference frame, and angular velocity 0 is around the geometric top-down
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X (front)
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as wheel 1

wheel 2

wheel 3

Figure 4.1: Kinematic model used for Dreamer design process. Top-down view of
three-wheeled base. Image corrected from Gupta [15] so that the three generalized
coordinates x, ¥, and 6 are independent.

center of the base O (Fig. 4.1). Also the present model has positive wheel rotations
correspond with a counterclockwise rotation of the Trikey body as a whole; i.e. the
positive wheel rotation vector points inward toward the center of the base, following
the right-hand-rule. This accounts for the sign changes compared to the previous
equations from Gupta [15]. This idealized model assumes no slip between wheel and

ground.

Based on the kinematic analysis of Gupta [15], the following equation can
be derived. Given a velocity vector @ = [&,7, 6], which is the desired whole-body
linear and angular velocity of body O in the global XY Z coordinate system, the

required rotational velocity of the ith wheel ¢; is estimated as:
. 1 .
¢;i = —(—&sin (0 + ;) + ycos (0 + ;) + RO) (4.1)

Tw

where r,, is the 0.102m wheel radius, R is the 0.289 m wheel distance from the
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geometric center of the base, and «; is the angle offset of the ith wheel module in
the horizontal plane relative to the z-axis (0°, 120°, and 240°) (some measurements
shown in Chapter 3). Eq. 4.1 says that the total angular velocity of an individual
wheel is just the sum of # and y projected onto the wheel orientation, plus the

tangential velocity due to 0.

Eq. 4.1 leads to matrix equations relating the whole-body velocity vector

to the wheel velocity vector ¢ = [¢1, ¢a, ¢3]T:

T=ry,Jd; or (bziJ_lz_f (4.2)

where matrix J~! is given by:

—sin(@ +a1) cos(f+ai1) R
J 1= —sin(@+ay) cos(f+az) R (4.3)
—sin(f@ + a3) cos(f+a3) R

Matrix Jg is J when letting 8§ = 0°. Jg then relates the wheel velocities to the body

velocity in the local robot reference frame xyz and is given by:

0 1 R 0 _ V3 §

Jot=| % L R| J=|2 -1 (4:4)
o1 op S A
5 -3 3R 3R 3R

Wheel motor-gearbox-sensor assemblies were chosen partly based on the re-
quired wheel velocities resulting from this model. The results of the Matlab simu-
lation of this model is detailed by Gupta [15].

4.1.2 Inclined Flat Terrain Kinematics
A general strategy for modeling kinematics over inclined flat ground is given

below. Although Trikey was designed for level flat ground, the potential for moving
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on inclined flat ground was explored after it was built. The motivation for this was
twofold: to test the functionality limits of the current robot, and to help generate
design ideas for new robots moving in rougher terrains. Sections 6.3-6.4 describe
proof-of-concept tests of the robot on inclined terrain. Future wheeled mobile bases
for inclined terrains can follow a similar modeling strategy as follows before con-

struction, in order to select and size components more accurately.

First note that the Attitude Heading Reference System (AHRS) inertial
sensor on board Trikey provides real-time data of the direction of gravity, in the
form of a 3x3 rotation matrix R (Fig. 4.2). Matrix R contains the orthogonal unit
vectors that form a basis for describing vectors in the local Trikey reference frame,
or local coordinate system. Omne unit vector is normal to the ground, if all wheels
contact the ground, while the other two unit vectors are related to the relative
rotational orientation of Trikey on the ground. A vector in the local coordinate
system of Trikey, when pre-multiplied by R, transforms to the global coordinate
system of the ground. Likewise, vectors in the global frame, pre-multipled by R~!,

transform to the local frame.

The model for level flat terrain presented in Section 4.1.1 is the starting point
for the simple inclined flat terrain model. Given a desired set of body velocities ,
7, and 6 in the local Trikey frame, parallel to the ground surface, the same Eqgs.

4.1-4.4 apply, with the caveat that all calculations remain in the local frame.

Therefore, given a set of Trikey wheel velocities, and using the same notation
as in Section 4.1.1, the local body velocity vectors can be calculated from Eq. 4.2 as

21, yj, and k. Then the global body velocity vectors will just be the transformed
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Local frame Global frame

~—
ANNP o
Vo L.

R-l = RT

Figure 4.2: Function of the 3x3 rotation matrix R that transforms vectors from
the local xyz reference frame of the robot (left) to the global XY Z reference frame
of the terrain (right). The Z-axis of the global frame points upward against the
direction of gravity g. The z-axis of the local frame is normal to the surface of the
ground when all three wheels make contact with the ground.

vectors R, Ryj, and Rék.

In the other direction, given a generic desired body velocity in the global
frame ‘7, it transforms to the local frame as R™'V. Then R~V can be broken
down into local x— and y—components (local z-components are not possible). The

components are used in Eq. 4.2 to find required wheel velocities.

4.2 Dynamics Models
4.2.1 Level Flat Terrain Dynamics, Zero Wheel Inertia

Dynamics on level flat ground were modeled similarly to the kinematics (see
Section 4.1.1) by resolving the total body inertial forces into the components on each
wheel. The omniwheels can only apply torques around their main axes of rotation.
The net z- and y-forces and moment about the z-axis for the whole base at point O

(Fig. 4.1) come from summing the relevant individual force components from each
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wheel. This gives the dynamic balance equations:

3
SNF, = Mi = > —Fsin(0+ )
i=1
3
S F, = My = Y Ficos(0+ ;) (4.5)
i=1
. 3
i=1

where M is the total mass of the base plus its payload, I is the mass moment of
inertia about O in the z-direction, and R is the distance between the wheels and

robot base center (same R as in Eq. 4.1).

Assuming no wheel inertias, the applied motor-wheel torque equals the mo-

ment caused by the horizontal ground reaction force, or 7; = r,F;. Then from Eq.

4.5 the matrix equation relating the whole-body acceleration vector @ = [, 4, 0]” in

the global frame to the wheel torque vector 7 = [71, T2, 73] 7 is:

Md = LK7 or 7=r,K 'Ma
w

(4.6)
where matrix K is:
—sin(f + 1) —sin(0 +a1) —sin(d + as)
K= cos(@+a1) cos(d+a2) cos(d+as) (4.7)
R R R
The idealized inertial matrix M is the diagonal matrix:
M 0 O
M=| 0 M 0 (4.8)
0 0 I

where M is the total robot mass and I is the mass moment of inertia of the robot
around the vertical z-axis. This equation was used for initial basic estimates of
design parameters, adjusting M and I as the robot CAD evolved. An example sim-

ulation of Eq. 4.6 is shown below (Fig. 4.3). The individual wheel torques required
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to produce a whole-body linear acceleration of 1m/s2 depend on the acceleration
direction. This example assumes a center of mass that is not perfectly centered over

the base, and a total robot mass of 100 kg.

Besides indicating the minimum torque requirements of the motors, data
like this would help in the future if the robot were ever to perform repetitive tasks.
Fatigue tests could be performed on parts using the worst-case numbers estimated

in this simulation. This would in turn aid redesign decisions.

4.2.2 Level Flat Terrain Dynamics, Nonzero Wheel Inertia

A slightly more realistic model relating robot accelerations @ to wheel torques
7 assumes nonzero wheel inertia. However, the inertia may not have a significant
effect on design calculations. To check if wheel inertia is important, a dynamic

model including it was derived and compared to the zero-inertia model.

In this case the net torque on the ith wheel Y T; is the applied torque from
the motor-gearbox assembly 7; minus the moment caused by the horizontal ground
reaction force F;, assuming no slip with the ground (Fig. 4.4). From classical
mechanics:

ZTi = Iu¢; = 7 — Firy (4.9)
where 7, again is the wheel radius (see Eq. 4.1), and I, is the wheel mass moment
of inertia about its principal axis of rotation. For Trikey Version 5 the three wheels
were estimated to each have inertias I, of 0.00913 kg-m? as measured in Solid Works.

¢ is the wheel angular acceleration. This gives an equation for Fj:

F; = i(Tz — Lyoi) (4.10)

Tw
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Simulated Dreamer/Trikey wheel torques at 1m/s? body acceleration
versus acceleration direction (zero wheel inertia, flat ground)

10 T T T T T T T
— Wheel 1
8 ——— Wheel 2 1
— Wheel 3
=B
Z
(]
>
g
o
'_
8t i
_1 0 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350

Acceleration direction (deg)

Figure 4.3: Example dynamics simulation using Matlab code, assuming zero wheel
inertia. Wheel torques are shown that correspond with a whole-body robot linear
acceleration of 1m/s2, in acceleration directions of 0-360° around the robot, on flat
ground. Here a total mass of 100kg was assumed for the robot and its payload,
with a 0.112 m offset of the center of mass from the center of rotation. Whole-body
Trikey rotational inertia about the center of rotation was estimated as 3.01 kg/m?,
based on CAD model measurements and the parallel-axis theorem. The Meka upper
body rotational inertia could not be estimated in the CAD model because of a lack
of material property definitions from Meka Robotics, so it was assumed to be a
fraction of the Trikey inertia, in the same proportion as the Meka upper body and
Trikey masses (i.e. Imeka/Itrikey = Mmeka/Mirikey = 41kg/50kg). The whole-body
Dreamer rotational inertia was then taken as the sum of the Trikey and Meka upper
body inertias.
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F,
Figure 4.4: Net wheel torque due to applied motor torque and ground reaction force.

Wheel angular acceleration ¢Z is obtained from the time derivative of Eq.

4.1 as:

bi = %[—xﬁ cos (0 + o) —7 sin (0 + o) —7f sin (0 + o) +ij cos (0 + a;)+RE] (4.11)

Letting s; = sin(6 + «;) and ¢; = cos(0 + «;), Eq. 4.11 can be written in shorthand
as:

.. 1
i = —[—ilc; — is; — §0si + jic; + RO (4.12)

Tw

Substituting Eq. 4.12 into Eq. 4.10, then Eq. 4.10 into Eq. 4.5, rearranging,

and grouping terms, gives the system of dynamic balance equations below.

3 . . ..
Mz = > _H( — Iy ( ( lc; — @s; — ybz; + jo; + RO)))s;
i=1
3 . . .
Mijj = 3 :=(ni — Lo(G=(—ifc; — @si — ybx; + fici + RO)))c;
i=1
.. 3 . . .
10 = Y (7 — L= (—dbc; — isi — §0x; + jjci + RO)))
i=1
3 . I y: R
Mi = Y [-fs— 2 Y i0s;c; — & is? — —y@s + 7}; ysici + 4 0s;]
~ Z
E ; N Y IRy
My = Y [+ x@c + 2 Isic; + % yfsic; — T—ch - fc;]
i=1 w

~
D
Il
.Mw

@
Il
A

(B5 | InRige, 4 DR, | InR
w w w

] IR I R?
‘_7;% yc; — 1:1211 ‘9]
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[ 3 w2 Ny S LR, ]
M+ #s —Zf;sici — > s Z
4= j i=1 v
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Factoring out the common terms, this can alternately be written as:

B 3
M+ Y dps?
: w
=1
3

_ZI

Iy g .
2 SiCi
r
i=1 "
3

IyR
w2 Si
L i=1

3 I
—Er—g”sici
=1 v

3 I
M+ % %c
i=1 v

IuR
=

Ci

AN

73

3 IyR i
— Z =S T
i=1
3 ILR
;U2 (&7 Yy =
i=1 v
3 I, R?
I+ ™ 0
=1 v
r 3 3 .
— > s — Y, 8;
i=1 i=1
I 3 ) 3
+ 5 > G > SiCi
w i=1 i=1
3 3
R Z C; R Z S;
L i=1 i=1
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Eq. 4.13 gives an alternative dynamic equation to Eq. 4.6 as follows:

1 I
Mii = —Ki 7+ -5 Kau (4.14)
Tw ()

where the matrices and vectors in Eq. 4.14 are defined as in Eq. 4.13 above. Note
that inertial matrix M; becomes diagonal when I,, is zero, reducing to the idealized
case. Also the Jacobian K is the same as K in Eq. 4.7. It equals the transpose
of wheel angular velocity matrix J=! (Eq. 4.3), which is typical for kinematic and
dynamic Jacobians for a multi-jointed system. Lastly, note that the last term in Eq.
4.14 is a Coriolis term related to the wheel inertia and products of the generalized

velocities. These expected features help verify the derivation of this equation.

Alternately, constants can be factored out of the inertial matrix and canceled,

giving the equation:

I I
“Mad = K17+ “Kai (4.15)
T T

where Coriolis vector @ = [a':é,g)é, 0]7, and K is the same as in Eq. 4.7. inertial

matrix My is:

r Mr2 3 9 3 3 T
TS =) siG — > Rs;
=1 =1 =1
M. — 3 Mr2 3 9 3 i1
92 = _ZSiCi ﬁ‘FZCZ Rci (6)
i=1 i=1 i=1
3 3 Ir2 3 9
SRy Yhe  fEayn
L =1 =1 =1 E

and Ko is:
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- 3 3
—> 8¢ — . s? 0
i=1

=1
3 3
Ko=| =Y Y sici 0 (4.17)
=1 =1

3 3
Z Re; Z Rs; 0
=1 =1

When this model was simulated in Matlab for the actual robot, the resulting
wheel torque curves were nearly identical to the curves assuming zero wheel inertia,
such as those in Fig. 4.3. The maximum discrepancy between the two models
was 0.090 Nm, or 1% of the maximal wheel torque value calculated in the nonzero-
inertia model. This shows that the simpler method of assuming zero wheel inertia

was sufficient for design considerations in this case.

However, some future plans to replace the wheel system should consider this
model. It may be important if the ratio of I, to r,, is unusually large, and if the
absolute maximum expected wheel torque is small. This most likely would occur
for either heavy-wheeled robots or for lightweight robots, whose wheels may take
up a proportionally larger mass of the whole robot. For example, the model shows
larger discrepancies from the zero-inertia model as the wheel radius is decreased,
while holding inertia constant (Fig. 4.5). This means that wheel inertia is more

important as wheel size decreases, if inertia stays the same.

One final note for this model concerns the motor and gearbox inertia. These
kinematics and dynamics equations are used for calculating wheel torques, not motor
torques. Section 4.2.4 accounts for this, or for the difference between torques before
and after the gearbox. However, an alternative to Section 4.2.4 is to treat the torques

T; in these equations as motor torques, and treat I,, as the combined rotational
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Difference between maximum wheel torques for zero-
wheel inertia and nonzero-wheel inertia dynamic models
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Figure 4.5: Discrepancies between the maximum torques predicted by two dynamic
models: one assuming zero wheel inertia, and one accounting for wheel inertia.
Whole-body robot linear acceleration was assumed to be 1m/s2. Discrepancies in-
crease when the ratio of I,,/r,, increases, with the non-zero inertia model predicting
slightly higher torques.

inertia of the wheel plus all other spinning components between the motor and wheel,
including the gearbox inertia, which is significant. The kinematics and dynamics
equations in the previous sections would need to be updated to account for the
gearbox reduction factor. Then the resulting new forms of Eqs. 4.14 and 4.15 would

likelt find that the new I, is important. This alternative model was not necessary

for this work, but other researchers could formulate it as desired for future work.

4.2.3 Inclined Flat Terrain Dynamics, Zero Wheel Inertia

As explained in Section 4.1.2, movement on inclined flat terrain was ex-
plored after the Trikey design and construction process. A corresponding simple
3D dynamic model was sought, as this could not be found in the literature. This

could give an explicit solution for the ground reaction forces, given a desired whole-
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Center of mass
local frame

R R
wheel-ground Y X

contact points

Figure 4.6: 3D free-body diagram of Trikey robot, seeing weight mg at the center
of mass (CoM), and the tangential and normal ground reaction forces F; and N;
at the wheel-ground contact points. The vectors r; denote the displacements from
the CoM to the wheel-ground contact points. Section 4.1.2 discusses the rotation
matrix used to transform vectors from the local to global coordinate systems.

body acceleration. Also the whole-body compliant control algorithm implemented
in Trikey/Dreamer addresses 3D dynamics numerically rather than with an explicit
model, and it does not give the same insights as an explicit solution. Just as with
the kinematics model, future designs of wheeled robots can follow a similar mod-

eling strategy as outlined below, before construction, to better select and design

components.

The system dynamics can be represented by a 3D free-body diagram (Fig.
4.6), where ground reaction forces are composed of both tangential forces F; and
normal forces ]\7, Force vector F; has magnitude F; and corresponds with the
tangential forces on level ground in Eq. 4.5. The normal forces are in the same
direction as the local z-axis, whose orientation is known from the rotation matrix

R from the AHRS sensor (Fig. 4.2, Section 4.1.2). The ground reaction forces in
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the local xyz frame then are defined by:

F, = —F;sin (0 + a;)i+ Fjcos (0 + ;) (4.18)
N; = N;k (4.19)

where 6 and «; again are defined according to Fig. 4.1, also in the local zyz frame.

Dynamic balance equations for the forces and moments about the CoM in

the local xyz coordinate system of the robot are:

3
SN F=ma=mg+> (F+N) (4.20)
=1
- 3
> M=Ld.=H=) (¥ x (F,+N,)) (4.21)
=1

where ma and I.&, are the sums of forces and moments, respectively, on the system.
Scalar m is the system mass. Vector ¢ is gravitational acceleration. Expressed in
terms of the local zyz frame, § = —gR 'k = gxi—i-gyj—i—ng{, where g is the magnitude
of gravitational acceleration and R™! is the global-to-local rotation matrix from the
AHRS sensor (Fig. 4.2). Vector @ = a1+ a,j + a.k and is the acceleration of the
CoM in the local xyz frame. Matrix I is the inertia matrix of the robot about the
CoM and aligned with the robot xyz frame, not the robot principal axes of rotational
inertia; I. can be estimated through the CAD model. Vector d. = a1+ o, j+ azl; is
the robot angular acceleration about the local xyz axes. Vector I;T =0 mi+Hyj+H k
is the time derivative of angular momentum and is another representation of the total

moments I.d. on the system. F’Z and Nz are defined as in Eqgs. 4.18 and 4.19.

Moment arm vector 7; is the displacement from the CoM to the ith wheel-

ground contact point (Fig. 4.6). The local ground contact point positions are
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known based on robot geometry. If the position of the CoM is known in the local
frame, for example from CAD models or real-time sensing, then the components
of 7; in the local xyz frame can be readily calculated. Here it is represented as
P = Tigd + 1iy§ + risk.

If given a set of accelerations of the CoM and angular accelerations about
the CoM, the left side of Eqs. 4.20 and 4.21 are known. Then they result in
six equations that can be solved for the six unknown ground reaction variables —

a benefit of having a three-wheeled base. Using the vector and scalar definitions

above, and letting s; = sin(f + a;) and ¢; = cos(6 + «;), the system becomes:

ma, = —F181 — Fysy — F383 4+ mg,

Fieq + Foeg + Fses + my,

= Ni+ N2+ N3 +mg.

r1yN1 — rizFicr + royNo — 1o Foco + 13y N3 — 13, F3c3 (4.22)
=715 N1 — 112 F181 — 125 No — 12, F282 — 135 N3 — 13, F383

= ripFie + leFlsl + rozFoco + T‘QyFQSQ + rs.F3c3 + 7"3ng83

3
S
I

SISO N@
Il

This can be rewritten in matrix notation as:

[ m(aa: _gx) 1
m(ay — gy)
m(az._gz) .

H,
H,
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—S81 —S89 —S83 0 0 0 F1
C1 C2 C3 0 0 0 FQ
0 0 0 1 1 1 F3
—T12C1 —T2,C2 —73,C3 Ty T2y T3y Ny
—T1.51 —T9,52 —T3,53 —Tig T2 —T3g Ny
| 7T12C1 + T1yS1  T22C2 + T2yS2  T32C3 + T3yS3 0 0 0 | L Ns |
(4.23)

The reaction forces magnitude matrix on the right of Eq. 4.23 can be solved
when the local CoM position, local robot angular position, local whole-body accel-
erations, mass properties, and ground inclination of the system are known or given.
Since Section 4.2.2 showed that wheel inertia is likely not a major factor for the dy-
namics of this robot, the wheel inertias will be ignored here. Therefore, the solved
reaction forces here can be used with the equations in Section 4.2.1 to calculate
the corresponding wheel torques. For the rarer cases where wheel inertia becomes

important, the equations in Section 4.2.2 could be used instead.

One important note is that negative solutions for any of the normal force
magnitudes INV; are impossible, since normals only apply force in one direction. A
negative solution would indicate instability or wheel liftoff from the ground. These
concepts could be explored further in future robot studies where inclined terrain

may be more crucial.

4.2.4 Transmission Losses

The required motor torque 7, to produce a given wheel torque 7 was as-
sumed to follow the relation:

T=TnGE — 1 (4.24)
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where G is the gearbox multiplier, F is rated efficiency related to motor-gearbox
inertia and friction, and 77 represents other frictional torque losses in the components
between the gearbox and wheels. This relation also models the forces applied on the
motor when the wheels are backdriven. We chose robot components partly based

on the torque requirements resulting from this model.

4.3 Worst-Case Analysis of Safe Kinematic Operating Limits on
Flat Ground

At early development stages, a limited number of extreme cases of unstable
mass distributions for the Trikey/Dreamer robot were considered. This led to a fast
estimate of safe operating limits for the robot. After physical implementation of
Dreamer, a more detailed analysis of the safe acceleration limits was performed (see

Section 4.4). The initial limited analysis is given here.

Several simplified “worst-case” or “corner case” mass distributions of the
Dreamer robot were progressively analyzed to determine safe operating velocities

and accelerations, where *

‘worst-case” refers to the most likely configurations to be
encountered that would result in loss of balance or tipping over. The actual Dreamer
that was built had only one right arm and one battery module, so this was modeled
in the following analyses. (NOTE: The coordinate systems, variables, and notation

for this Worst-Case Analysis section are different from in other sections, since it

was performed much earlier.)
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4.3.1 Extreme Configuration

The least stable Dreamer configuration is the tallest, most far-forward con-
figuration (waist 30.6in high, 5in forward offset), with the electronics module placed
on the right side, since this places the center of mass (CoM) higher up and closer to
the edge of the wheel support. Since the Dreamer robot is intended to manipulate
objects, this case can be made even more extreme by extending the arm forward
and laterally 45° from the torso and placing a 71b weight at the end of the arm (see

figure below). This is Case 1.

For this extreme case, the CAD model estimated the total system mass to be
94.6 kg and the CoM to lie at the coordinate (x,y,2) = (-0.058, 0.781, 0.172 ) meters,
where the origin (0,0,0) lies directly below the geometric center of the Trikey main
baseplate at floor level, the x-axis points to the left, the y-axis points up, and the
z-axis points to the front. This is different from the kinematics coordinate system

described previously (see note at the beginning of Section 4.3).

4.3.2 Worst-Case Linear Acceleration Limit

The limit to safe linear acceleration was estimated given the known geometry
and mass properties of the system. Looking from the top down at the system, the
tipping moment arm d is the shortest distance in the zz-plane between the CoM

and the closest wheel axis (Fig. 4.8).

Essentially gravity ¢ and moment arm d induces a stabilizing moment, while
force associated with the acceleration from the motor-wheel modules F' and the

system height Y induce a destabilizing moment (Fig. 4.9).
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Figure 4.7: Case 1: Dreamer configuration with likely “worst-case” mass distribution
(waist 30.6in high, 5in forward offset), carrying a 71bs load in a laterally and
frontally extended arm. Global coordinate system orientation denoted in lower left
corner. Origin located directly below geometric center of Trikey baseplate at ground
level.
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Dreamer center of mass diagram, top-down view
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Figure 4.8: Top-down diagram of the Dreamer center of mass in a worst-case balance

condition.
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Dreamer center of mass diagram, side view

d = tipping moment arm
Y = CoM y-distance

m = system mass (kg)
g=9.81m/s?

a = system acceleration
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Figure 4.9: Side view of the Dreamer center of mass in a worst-case balance condi-
tion.
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This simple model of stability was analyzed by assuming that, just at the
threshold of tipping over, the total moment around the CoM equaled zero, or F'Y =
Nd. Then when there is only linear acceleration a, F' = ma, and N = mg. The

worst-case limit to acceleration is determined by maY = mgd, giving:
a=gd/Y (4.25)

where g = the acceleration of gravity and Y = the height of the CoM above the

floor.

In extreme Case 1, the tipping moment arm d = 0.008 m, and the estimated
maximum stable acceleration is 0.1m/s2. Acceleration in other directions should
have a higher safe limit. This number was considered in initial tests of Trikey with

the Meka upper body attached.

4.3.3 Worst-Case Angular Velocity Limit

For a simple model of safe angular velocities, when there is no linear accel-
eration, similar assumptions were made as in the previous section. However, here
F was determined from the centripetal force F, associated with the system rotating

about the y-axis, which contributes to tipping (Fig. 4.10).

Now F = F.sin(a + ) and F. = mrw?, where (o + ) equals the angle
describing the direction of the centripetal force vector F, (Fig. 4.10). At the tipping
threshold the normal force N = mg. Then the worst-case limit to angular velocity
is:

mrw? sin (a + B)Y = mgd (4.26)
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Dreamer center of mass diagram, top-down view
(centripetal forces)
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Figure 4.10: Overhead view of the Dreamer center of mass in a worst-case balance
condition, undergoing centripetal force.
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Table 4.1: Worst-case mass distributions of Dreamer/Trikey robot in initial analyses.
Parameters correspond to Figs. 4.8-4.10.

short 2.8 far no 91.3 0.038 0.738 0.127 0.132 16.5 0.049
short 2.8 close no 91.3 0.022 0.724 0.117 0.119 10.6 0.067

Dreamer configuration Mass distribution properties®
Case Robot Waist Arm  With m X Y Z r a (%) d
height® offset reach 7lbs  (kg) (m) (m) (m)  (m) (m)
(in) mass?

1 tall 5 far yes 94.7 0.058 0.781 0.172 0.182 187 0.008
2 short 5 far yes 94.7 0.058 0.753 0.171 0.181 18.8  0.008
3 tall 5 far no 91.3 0.038 0.764 0.153 0.157 13.8 0.036
4 short 5 far no 91.3 0.038 0.738 0.153 0.157 13.8 0.036
5 short 0 far no 91.3 0.038 0.738 0.094 0.101 21.8 0.065
6
7

#Coordinate system here differs from outside Section 4.3. See note at beginning of Section 4.3.
P«Tall” and “short” refer to a waist that is 30.6in and 28.6 in high above the floor, respectively.

where w = (WM); r=+vVX%2+ 272 a=tan"!(X/Z), and f=30°. r is the
radius of the whole-body rotation around O, and X, Y, and Z are the distances
of the CoM from the origin as defined above. In extreme Case 1, the safe angular

velocity limit, when there is no linear acceleration, is 0.865rad/s2 (0.138 rps). Less

extreme configurations should allow faster angular velocities.

4.3.4 Stability Sensitivity Calculations

The linear acceleration and angular velocity limits were estimated for several
more cases more likely to be seen in actual experiments. First the relevant variables
describing the mass distributions were calculated using the same procedures as de-

scribed above (Table 4.1).

Then the corresponding worst-case limits to linear acceleration and angular
velocity were calculated (Table 4.2). As shown in Cases 1 to 4, changing the robot

height from the tallest to the shortest configuration does not affect the safe limits
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Table 4.2: Worst-case kinematic limits of Dreamer/Trikey robot in initial analyses.
Parameters correspond to Figs. 4.8-4.10.

Dreamer configuration Kinematic limits®
Case Robot Waist Arm  With a w w
heightd offset reach  7lbs  (m/s?) (°/s) (rpm)
(in) mass?
1 tall 5 far yes 0.102 49.6 8.26
2 short 5 far yes 0.108  51.0 8.50
3 tall 5 far no 0.457 117.3 19.6
4 short 5 far no 0473 119.3 19.9
5 short 0 far no 0.863  188.8 31.5
6 short 2.8 far no 0.646  148.8 24.8
7 short 2.8 close no 0.904 1954  32.6

“Limits to linear acceleration a alone, and angular velocity w alone
d«Tall” and “short” refer to a waist that is 30.6in and 28.6in high above
the floor, respectively.

much. However, a 71b load in the grasp of the Dreamer greatly affects the limits;
removing the 71b weight increased the safe linear acceleration nearly 5x and the
angular velocity more than 2x. Finally, as shown in Cases 4-6, the horizontal waist

offset also has a strong effect on the safe kinematic limits.

The final Case 7 is the configuration most likely to be observed in Dreamer
experiments, with a short height, an intermediate 2.8 in horizontal offset, and an arm
that is closer to the body (Fig. 4.11). Its worst-case acceleration limit is 0.904 m/s2,

which is close to the intended 1m/s2 acceleration limit for the Trikey design.

The overall conclusion of this initial analysis was that stability of the Dreamer
robot in its current state is most sensitive to the horizontal positioning of the up-
per body over Trikey, the amount of arm extension, and whether or not there is a

payload. These must be considered when setting up and running the system.
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Figure 4.11: Case 7: The configuration that is mostly likely to be seen in experi-
mentation.

4.3.5 Combined Linear Acceleration and Angular Velocity Limits, Typ-
ical Case

If the CoM of the Dreamer is known at a given point in time, a rough
estimate can be made of the safe zone for simultaneous linear acceleration and
angular velocity, using the simple models above. Let F' equal the sum of the hor-
izontal forces associated with both translation and rotation of the robot CoM, or
F = ma + mrw?sin (o + ). Then based on the parameters previously defined
(Figs. 4.8-4.10), at the tipping threshold the stabilizing and destabilizing moments
are equal:

(ma + mrw?sin (o + )Y = mgd (4.27)

Solving Eq. 4.27 for w, the maximum allowable angular velocity given a
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Estimated maximum stable simultaneous angular velocity
and linear acceleration of Dreamer, forcommon
configuration (Case 7)
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Figure 4.12: Simultaneous limits to safe linear acceleration a and angular velocity
w for the Dreamer robot in Case 7 (Table 4.2, Fig. 4.11).

certain linear acceleration then can be calculated as:

gd
B y—a gd —aY
“ =\ rsin (a+pB)  \| Yrsin(a+pB) (428)

A curve can be obtained of the limit of w versus a given a. An example is
given for Dreamer Case 7 in Fig. 4.12. The graph indicates recommended kinematic

limits in order to prevent tipping over.

Note that this graph is still a “worst-case” graph, meaning it applies when
linear acceleration is in the worst-case direction, or perpendicular to the wheel con-
tact axis closest to the center of mass. The graph is only a guideline for safe

Dreamer /Trikey operation.
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4.4 Generalized Safe Kinematic Limits on Level Flat Terrain

Trikey /Dreamer can safely accelerate its whole body up to certain limits be-
fore risking tipping over, depending on the position of its center of mass (CoM). Here,
the analysis of safe kinematic limits to prevent tipping is extended beyond extreme
cases (see Section 4.3) and uses the coordinate system defined in the kinematic and
dynamic models (see Sections 4.1-4.2). The resulting generalized kinematic limit
model can be implemented in the robot in real time, if necessary. Note: The coor-
dinate system here corresponds with the Kinematics Models and Dynamics Models
(Sections 4.1-4.2), not the previous Worst-Case Analysis section. This is the more

generalized coordinate system.

4.4.1 Linear Acceleration Limit

The acceleration limit a on level ground is found when the wheel at the front
of the direction of acceleration starts to lift off from the ground (Fig. 4.13). These
limits can be estimated analytically for different robot designs and configurations,
before physical experiments, to help avoid safety hazards. For a given CoM position
14y + zk of Dreamer in the local frame of the robot, the maximum safe a for
the CoM in any horizontal direction ¢ on flat ground from 0-360° (Fig. 4.14) can be

calculated as follows.

First the most likely “tipping edge” EPQ corresponding to acceleration di-
rection ¢ is identified. This edge is the line joining the ground-contact points of the

two wheels in the rear of the direction of acceleration (Fig. 4.14). For Dreamer it
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Figure 4.13: Free-body diagram of example case of robot instability. If net body
acceleration is large enough, the wheel in front of the acceleration direction sees no
normal forces from the ground. A tipping moment may occur around the center of
mass that causes robot liftoff from the ground.

can be either Elg, 523, or 531, defined as the vector:
Epy = W, — W, (4.29)

where ), and W, are the position vectors of the pth and gth wheel contact points.
On flat ground, vector w; = R(cos a;1 + sin «;j), where wheel distance R and angle
offsets «; again are the same as in Eq. 4.1. For any given acceleration direction
¢ in the xy-plane, the corresponding tipping edge qu is identified by first finding
the critical acceleration directions §; of the robot. At critical directions &;, the
robot could likely tip over two edges instead of one (Fig. 4.14). The three d;s in
Dreamer correspond to the three wheel positions ;. Critical angles d1, do2, and 3

are calculated with the arctan2 function to eliminate angle ambiguity:
d; = arctan 2 [¢ — ] (4.30)
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Top view: Acceleration limit parameters

A.V

tipping edge
E12

tipping
edge
E23

tipping edge
E31

Figure 4.14: Parameters for estimating safe accelerations of the robot center of
mass. Top-right and bottom diagrams show directions of accelerations d@ that are
most likely to cause tipping over each ground-contact edge FEjq.

where ¢ = 1 + yj is the projection of the CoM position onto the ground. If §; < 0
or §; > 360°, then they are converted to equivalent angles in the range [0°,360°)
appropriately. If 61 < d < d2, then the tipping edge E,; = Ei2. If 2 < § < 360°,
or 0° < 4 < d3, then qu = Fo3. If 63 < 0 < 41, then qu = FEj3;. Note that
these logical statements apply when the CoM is within the triangular footprint of

the robot. The logical statements may change if the CoM position lies outside the
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triangular footprint; however, that position is nearly always an undesired or unstable

case and hence is not examined here.

Next, the length £ of the tipping moment arm is determined, where ¢ is
defined as the distance from the CoM zy-coordinate to the tipping edge E,, (Figs.

4.13-4.14). On flat ground, ¢ is the vector dot product:
€= (wp =) - g (4.31)
where CoM position ¢ = zi + yj, vector wj, is the same as in Eq. 4.29, and 7,4 is
the outward unit normal to qu:
fipg =K X Epg/|Epq| (4.32)
Let ap, be the component of the acceleration that contributes to tipping
instability over edge qu. Then from Fig. 4.13, the safe limit to a,, is:
apg = = (4.33)
where g is gravitational acceleration, h is the known height or z-coordinate of the
CoM, and ¢ is calculated from Eq. 4.31. Since a,, is also the projection of acceler-

ation a at angle 6 onto —y,, (top-left of Fig. 4.14), the safe limit to a lastly can be

found from:
apq = a(cos 01+ sin 03) - —fipg

or:

Apq
= 4.34
(cos 01+ sin 03) - —pg (4:34)

If 0 approaches a critical direction ¢§;, then both tipping edges associated with i are

considered separately in Eqs. 4.29-4.34, and the minimum allowable «a is taken.
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Top view: Angular velocity limit parameters

tipping [+,
edge | -

Figure 4.15: Parameters used for calculating safe angular velocity limits, when the
base rotates about its geometric center O on flat ground. These are in addition to
the parameters shown in Figs. 4.13-4.14.

4.4.2 Angular Velocity Limit

The method in Section 4.4.1 also was applied to estimate safe whole-body
centripetal acceleration a., and thereby safe angular velocities 6 about the geometric
center of the base O. Instead of checking all CoM acceleration directions 0° to 360°,
the single centripetal acceleration direction d. always equals the angle formed by the
CoM and the spin center O (Fig. 4.15). This fact gives a definition for direction ¢
as:

d. = arctan 2 [—¢] (4.35)

Then the tipping edge and centripetal acceleration limit a. at this direction are
determined using Eqs. 4.30-4.34. Here a. replaces a in Eq. 4.34. This is acceptable

since a. is still a linear acceleration, just corresponding to body angular velocity.

If we assume the standard no-slip relation that centripetal acceleration about
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an axis equals the spin radius times angular velocity squared, then the angular

velocity limit 0 is calculated from:

6= Jac]Id (4.36)

where |¢] is the CoM rotation radius or magnitude of vector ¢, and a. is the cen-
tripetal (linear) acceleration limit corresponding to Eq. 4.35 and its related cal-
culations. This also assumes pure angular velocity, without concurrent angular

acceleration, nor additional translational linear acceleration of the whole body at

0.

4.4.3 Simulation of Safety Limits

In order to demonstrate the implementation of the algorithms in Sections
4.4.1-4.4.2, the general stable operating limits for Dreamer were found using a basic
Matlab simulation (see Appendix C). As one example, the prototypical extreme pose
CoM denoted in the first case of Table 4.1 was analyzed. Safe acceleration limits
in this case were found in all acceleration directions, not just in the most unstable
direction. Safe angular velocity also was calculated. The results for safe acceleration

limits are graphed in Fig. 4.16.

Fig. 4.16 shows how the safe acceleration limit changes drastically with ac-
celeration direction. The peaks correspond with accelerations directly away from a
wheel, while the troughs correspond with accelerations directly away from and per-
pendicular to a ground-contact edge. Fig. 4.16 also agrees with earlier calculations
(see Section 4.3) that the latest design is stable when seeing pure linear accelera-

tions up to 0.10m/s2 in any direction from 0° to 360°, even in extremely off-center
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Safe linear acceleration limits vs. acceleration direction
6 T T T T T T T

Acceleration limit (m/52)
w
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Acceleration direction (degrees)

Figure 4.16: Safe linear acceleration limits versus acceleration direction, when
Trikey/Dreamer center of mass is in an extreme position (Fig. 4.7). Acceleration
direction refers to degrees counterclockwise from the front direction, when viewed
overhead, as in Figs. 4.14-4.15.

poses with the arm fully outstretched carrying a 3.2kg (7.01b) weight (Fig. 4.7).

The model also confirmed that it is stable when seeing pure angular velocities up

to 50°/s (0.14rps) in this extreme case.

In less extreme poses, with the arm close to the body and without a payload
(Fig. 4.11), the robot is stable seeing pure linear accelerations up to 0.9-5.0 m/s2
depending on the acceleration direction, and pure angular velocity up to 190 °/s

(0.531rps). The corresponding linear acceleration limit graph is shown in Fig. 4.17.

Future implementation of an artificial vestibular system in the Dreamer
robot can make use of these insights. For example, on flat ground it can quickly
estimate CoM position of its body. Then instead of merely listening to hard limits
initially programmed based on worst-case calculations, it can set more sophisticated

limits. It could compare its intended acceleration vector with its corresponding pre-
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Safe linear acceleration limits vs. acceleration direction
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Figure 4.17: Safe linear acceleration limits versus acceleration direction, when
Trikey/Dreamer center of mass is in a more common position (Fig. 4.11). Accel-
eration direction refers to degrees counterclockwise from the front direction, when
viewed overhead, as in Figs. 4.14-4.15.

cise kinematic limits, and make sure never to exceed those limits. Further steps

would be to implement this in the whole-body compliant control framework in three

dimensions and on inclined terrain, which was not explored in this thesis.

4.5 Mechanical Strength & Failure Analysis

Previous strength analysis of the Trikey baseplate in Version 1 (see Section
2.1) was documented by Gupta [15], consisting of FEA that applied 500N down-
ward on each wheel-motor module slot, totaling 1.5 kN. The plate neither failed nor
showed any deflections greater than 0.01 mm. The tested load is much greater than
the actual load on Trikey currently in the Dreamer setup (<1kN), so the baseplate

is sufficiently strong.
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The main additional part in Trikey Version 5 (see Chapter 3) requiring worst-
case strength analysis was the upper vertical plate in the wheel-motor module (part
B17, Fig. 3.10). It had to be large enough to be strong but also small enough to
minimize weight. The final design strength was verified with FEA (SolidWorks 2011)
assuming an extreme Dreamer configuration as in Case 1 (see Section 4.3.1). The
lower-most fixation holes were held fixed. Then the plate was conservatively assumed
to support all of the mass of the upper body and grasped weight, corresponding to

a 445 N downward load on the upper fixation hole faces (Fig. 4.18).

To define the applied side loads on the upper fixation holes of the plate,
the robot tipping forces were considered. As described in Sections 4.3-4.4, in the
most extreme case, the maximum robot linear acceleration before risking tipping
was estimated as 0.102m/s2. Also the tipping angular velocity was 49.6°/s. These
correspond to linear and centripetal forces on the robot center of mass of 4.5N
and 9.6 N, respectively, although in different directions, skew to the plate faces. As
a reasonable estimate, it was assumed any forces on the plate greater than these
values are likely to tip the Dreamer robot over. Much higher values of 50 N forces
were applied to the upper bolt hole faces, perpendicular to the external plate faces
(Fig. 4.18). This tests an extreme case where falling may be a bigger concern than

mechanical failure.

FEA showed that this plate was sufficiently strong for these extreme bound-
ary conditions (Fig. 4.18). Maximum material stresses of 31 MPa existed at the
second and third rows of holes from the bottom face, but this is 44% less than the

yield strength of the 6061 aluminum material (55 MPa). Given that loads are actu-
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Figure 4.18: FEA result for extreme loading on upper vertical plate (part B17).
Maximum von Mises stresses were less than the yield strength for the 6061 aluminum

material of 55 MPa.

ality shared among three plates, not just one, and given the additional supporting
struts and plates around this plate, this part is sufficiently strong enough for typical

loads and configurations for Dreamer.

Additionally, the shear forces on the bolts through this plate were estimated
to have sufficient strength. The bolts through the upper part of the plate are more
susceptible to shear failure than the lower bolts, since they have less total cross-
sectional area in comparison. Each of the three upper 3/8-16 bolts is rated by

the manufacturer to have tensile strength at minimum 180 kpsi, with greater shear
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Table 4.3: Recommended safe operating limits for Trikey or Dreamer robot in stan-
dard body poses and no extra payload.

Maximum body linear velocity: 1m/s

Maximum body angular velocity (no load): 10rpm (Safety factor >2)
Maximum body linear acceleration (no load): 0.32m/s2 (Safety factor >2)
Torque limiter setting: 25 Nm

strength. Since the total bolt area would be 0.331in?, all together they can hold
approximately 59.6e3 1bs shear load without failure. This is much greater than any

loads expected on Dreamer.

4.6 Recommended Safe Operating Zones

Based on the previous sections, the recommended operating limits for the
Dreamer robot in its current state (shortest height, 2.8in forward waist offset) are
given below. It is strongly recommended not to reach these various limits simul-
taneously, because combined extreme conditions are more likely to cause failure or
operation complications. These numbers can only serve as a guideline since every

situation is not testable.

Other parameters, such as maximum allowable Dreamer payloads, will most
likely be determined by power and friction parameters for the various motors in the

system. This can be observed experimentally.
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Chapter 5

Integrated Dreamer Humanoid Robot

5.1 Design

Dreamer (Fig. 5.1) is a 91 kg, 31-degree-of-freedom (DOF'), compliantly con-
trolled robotic system consisting of a humanoid upper body atop an omnidirectional
holonomic mobile base (see Chapter 3). It presently has one arm which can ma-
nipulate objects during locomotion, and which can sense external forces to guide
locomotion. Table 7.1 in Chapter 7 gives technical specifications of Dreamer rela-
tive to similar human-centered robots already mentioned in Chapter 1, as well as the
robots LOLA [22], ASIMO|[26], and DLR-Biped [23]. Its size was chosen to resemble
that of an adult human, so that it can fit through a standard 30in wide US doorway
(more conservative than the 32in standard from the American Disabilities Act [35])
and reach items on a tabletop. Its cartoon-like head has actuated eyes with color
cameras inside, as well as actuated ears with controllable color LEDs. This allows
future experiments in visual servoing and human-robot emotional communication.
The full capabilities of the sociable head are not within the scope of this paper.
The upper and lower body hardware were developed separately but then integrated

using one centralized communication protocol and whole-body control software.
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W «— Omniwheels

Figure 5.1: Features of Dreamer robot.
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5.1.1 Upper Body Summary

The 41kg upper body consists of a 2-DOF torso (internal-external rotation
and flexion-extension), one 12-DOF arm (3-DOF shoulder, 2-DOF elbow, 2-DOF
wrist, 5-DOF hands), and a 14-DOF head (4-DOF neck, two 2-DOF eyes, two 2-
DOF eyelids, two 1-DOF ears). All DOF's are separately actuated, with load-bearing
joints using series-elastic direct drive brushless DC motors combined with torque
sensors for compliant control. An aluminum shell around all links protects internal
electronics. The arm performs manipulation via the thumb and three fingers, whose

surfaces are made of compliant polyurethane for increased grip.

The upper body was built by Meka Robotics (San Francisco, CA, USA) in
consultation with our lab originally as a standalone robot platform for users to test
their own control software. Philippsen [25] already implemented compliant manip-
ulation in the stationary upper body, based on prioritized motion tasks. Another
arm could be added in the future to investigate more complicated multi-contact

manipulation with two hands.

5.1.2 Mobile Base Summary

The 50 kg base was designed to hold the upper body, allow compliantly con-
trolled locomotion, and still remain simple enough for new users to understand and
modify (see Chapters 1-4). Consequently a low-cost 3-wheeled holonomic design was
chosen over any legged, caster wheel, or nonholonomic option, since it is easiest to
both fabricate and control. Each of the three wheel modules were driven by a back-

driveable brushless DC motor and gearbox (Maxon, Fall River, MA, USA) with 43:1
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gearbox ratio, capable of an estimated 9.6 Nm of wheel torque each. In-line torque
cells (Sensor Developments, Lake Orion, MI, USA) allow direct feedback control
of the wheels, in conjunction with indirect feedback from driver current sensing.
A clutch (R+W, Bensenville, IL, USA) protects the rotary hardware from exces-
sive torques greater than 25 Nm. Wheel angular velocities are measured directly
via 2500 ppr encoder (US Digital, Vancouver, WA, USA). The wheel modules were
designed such that they could be replaced by more robust, optimized omniwheel
designs [8] in the future. Other design considerations encourage future changes,
including fixtures that allow adjusting the height and horizontal position of the
upper body relative to the base, and extra space within the system for additional

electronics.

Mechanical design accounted for predicted extreme loading conditions for
Dreamer, assuming 10kg payloads in the upper body hands and whole-body ac-
celerations up to 1m/s2. Critical parts were iteratively designed and modeled with
finite element analysis to have sufficient strength. Most frame materials are 6061
aluminum alloy for its strength-to-weight ratio and machineability. An Attitude
Heading Reference System (AHRS, MicroStrain, Williston, VT, USA) connected to
the frame measures robot inclination, orientation, and acceleration. Internal elec-

tronics can be shielded with plastic covers.

5.1.3 Power & Communication

The Dreamer electrical system is composed of two parallel systems joined

by a central communications hub (Fig. 5.2). It can be powered either tethered
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(120 VAC) by plugging in the relevant AC/DC converters, or by battery power
(24 VDC) housed in the lower base, if disconnected from AC power. Plugging in
to AC power will also recharge the lead-acid batteries. DC/DC power distribution
boards operate in both the lower and upper body, smoothing voltages coming from
the battery and AC/DC converters and switching power modes as needed. Two
emergency stops can cut off power at this level for the lower body, and one can do

so for the upper body.

The base and upper body each have smaller power boards that further dis-
tribute different levels of DC power and send and receive communication signals.
An EtherCAT hub (Beckhoff, Verl, Westphalia, Germany) connects to a real-time
PC and communicates between the PC and the upper and lower body hardware.
EtherCAT (Ethernet for Control Automation Technology) is a high-speed fieldbus
system based on Ethernet physical infrastructure but optimized for faster commu-
nications [18]. Human-centered robotic systems are moving toward more EtherCAT

communication protocols (Tables 1.1, 7.1).

The real-time PC (2.67 GHz Quadcore i5, 6GB RAM) runs Ubuntu with Real
Time Application Interface (RTAI) for Linux. RTAI is an open-source interface that
patches a standard Linux kernel and adds real-time capabilities. Other recent robots
have used this operating system (Tables 1.1, 7.1). Commercial control software (M3,
Meka Robotics, San Francisco, CA) runs in Ubuntu-RTATI and uses shared memory
to send and receive joint-torque signals between higher level WBC software on the
PC and the Dreamer motor controllers. Various sensor data also is sent to the PC

through the the M3 software via EtherCAT.
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Figure 5.2: Block diagram of Dreamer system wiring and electrical connections.

5.2 Whole-Body Compliant Control (WBC)

Modified WBC software [25] was built into Dreamer, integrated onto the
lower-level M3 motor controller already built into the Meka Robotics hardware.
The WBC software architecture operates the robot dynamics in three decreasing
tiers of priority: first the body center of mass (CoM), then the hand (end effector),
and then the torso posture. Control of the CoM constrains control of the hand, and

both CoM and hand constrain control of posture.

The mathematical foundation of WBC for humanoids was detailed previ-
ously [28]. Briefly, if link and motor mass-inertia and sensor data are accurate, they

determine the Jacobians that transform joint torques to whole-body dynamics. The
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general control equation for the system is:
T=1J onchom +J Zignthand +J ;Z;tureFPOStUTe (5.1)

where 7 is the output joint torque matrix, and the J* matrices are the prioritized
constraint-consistent Jacobians of the CoM, hand, and posture, respectively. The
Jacobians must be found recursively, CoM first and posture last. The matrix sizes

reflect the degrees of freedom in the robot.

The controller uses joint torque feedback to determine joint positions and
guide the CoM, hand, and posture to desired configurations, while minimizing joint
accelerations (and torques) if desired. The closed-loop dynamics follow linear control
equations (Fig. 5.3). More information on accessing the open-source WBC code is

in Appendix C.

5.3 Automatic Balancing

Most humanoid robots previously described in the literature are only meant
to move in flat, level surfaces. However, human-centered robots should foreseeably
be able to traverse sidewalks, city streets, and other non-flat or non-level terrains
that people use. For these reasons basic behaviors were implemented to help keep

Dreamer balanced and stable on sharp inclines, similar to a person.

The incline of the robot base is measured directly via the Attitude Heading
Reference system (AHRS), which contains an inertial measurement unit sensitive
to gravity. The posture can then automatically adjust to compensate for measured

saggital tilt.
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Figure 5.3: Block diagram of prioritized, closed-loop, whole-body compliant con-
troller for Dreamer. Joint torque outputs are adjusted based on desired and actual
CoM, hand, and posture positions, prioritized Jacobians, and controller gains, fol-

lowing the general linear control equation & + Kye + Kq& = 0. Image courtesy of
Kwan Suk Kim.
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More advanced balance techniques have not yet been implemented but can
use the CoM position. The CoM coordinate can be estimated in real-time and
adjusted to stay over the triangular base along the line of gravity. Furthermore,
algorithms similar to those described in Section 4.4 should also be implemented in
the future, in order to update safe robot operating limits in real-time. These more

complex algorithms on center of pressure are not detailed here.
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Chapter 6

Test Results

6.1 Component Calibration
6.1.1 Torque Limiters

During the design of Trikey Versions 2 and 3 (see Chapter 2), the torque
limiter slipping torques were tested using a basic setup of custom fixtures (Figs.
6.1-6.2). The test consisted of systematically applying greater torque load to the
device until it slipped. Hanging weights were successively added to a moment arm
fixed to a central rod that was rigidly attached to the torque limiter on one end. The
torque limiter was rigidly clamped to a table to prevent it from turning. Slippage
was observed when the torque limiter rotated from the starting static position. All
three torque limiters were shown to slip at the desired 60 Nm threshold during the
design of Trikey 2, and then at the desired 25 Nm threshold during the design of

Trikey 3.

6.1.2 Torque Cells

The torque cells were calibrated (Fig. 6.3) similarly to the torque limiters
(see Section 6.1.1) so they could be properly integrated with the BLDCMCs (Fig.
2.5). For this test, though, loads were both successively increased and decreased
in both positive and negative moment directions, in order to find any complicating

hysteresis behaviors. The expected linear relationships were confirmed between
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Figure 6.1: Torque limiter limit test setup (top view).

Figure 6.2: Torque limiter limit test setup (side view).
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Figure 6.3: Torque cell basic calibration test setup. The setup required a multimeter,
a 5 VDC power source (or the HCRL motor controllers, supplied with 24 VDC),
custom test fixtures (see Appendix), the torque sensor and connector, 0.5in square
keys, rope, weights, S-hooks, 6in C-clamps, and shim. An alternate, more robust
calibration method would use a materials testing frame but would require more
elaborate fixtures.

torque and output voltage, with very minimal offset and hysteresis, as shown in the

following results.

The nominal sensitivity of each sensor was 2mV/v at a 500in-lbs load - i.e.
2mV per excitation volt, per 500 in-lbs. Approximately 5V excitation was supplied
to the sensors via the HCRL-BLDCMCs, implying an expected linear voltage-to-load
relationship of 0.02 mV/in-1b for each sensor. The actual voltage-to-load relationship

was measured (Fig. 6.4) and compared with the expected relationship (Table 6.1.2).
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Figure 6.4: In-house raw calibration data for the three Trikey torque cells in March
2011, matching well with manufacturer data supplied in Summer 2010.
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Table 6.1: Calibration data for the three Trikey torque cells in March 2011, matching
well with manufacturer data supplied in Summer 2010.

Torque Excitation =~ Nominal = Measured %
sensor voltage (V) mV/in-lb  mV/in-lb  Difference
1 4.935 0.01974 0.0211 7.08%
2 4.937 0.01975 0.0193 -2.49%
3 4.934 0.01974 0.0203 3.01%

The measured calibration curves matched well with the manufacturer’s sup-
plied calibration data, with differences of <10%. This may be reasonable, because
errors are likely also due to the nature of the testing fixtures, which had to be set
up completely by hand each time. These relationships could be used in determining

proper sensor gains later in the system design.

Additional data were measured after signal conditioning via the HCRL-
BLDCMCs in both March and December 2011, but not shown here, since they

indicated similar healthy results.

The Meka signal conditioners were eventually used in the Trikey Version 5
design (see Chapter 3). Initial indications suggest that the torque sensors continue
to function properly, but that the Meka signal conditioners may have too small a
gain or an ineffective filter. Currently work is being done to solve this problem and

quantitatively confirm the calibration curves again with the new electronics.

6.2 Investigation of Original Gearbox Failures

Observations and testing showed that the original motor-gearbox assembly

that was used up to Trikey Version 2 (see Section 2.2) showed inferior performance
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Figure 6.5: Original motor-gearbox assembly from Trikey 2 that exhibited poor
mechanical performance.

and had to be replaced. It consisted of the MOOG motor and gearbox described pre-
viously [15] and transmitted rotation downstream to the torque sensor and wheels
through a rigid monoblock aluminum coupler (Fig. 6.5). Qualitatively, the as-
sembly was very noisy and felt mechanically erratic to the touch. Specifically it
exhibited high backlash when changing rotary direction, and it gave nonconstant

torque, current, and speed readings even when given a constant driving signal.

The root causes of this inadequate performance were unknown at first. Hy-
potheses of the causes were presented and ruled out one by one via reasoning, more
observations, and tests. The HCRL-BLDCMCs and wiring were deemed not a main

cause because they ran other types of motor-gearbox assemblies smoothly and mea-
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sured smooth signals. The clutch and torque cell were ruled as unlikely causes,
since they were OEM parts, and upon isolation from the wheel-motor assembly,

they moved smoothly without problems.

When the wheels were isolated from the motor-gearbox and tested manually,
laxity in the keyways of the wheels, axles, and miter gears were found to be one
significant contributor to backlash and inconsistent torque. Attempts to tighten the
laxity by filling gaps with shim appeared to mitigate the problem for the wheels, at
least temporarily, suggesting a partial mechanical solution. However, when isolating

the motor-gearbox from the rest of the assembly, some complications arose.

When isolated from everything else, the motor-gearbox was observed to move
mostly smoothly and with much less noise. This suggested lower internal friction
and good operation for these two components. When they were connected to the
rest of the assembly, however, they appeared to be much noisier and again showed
inconsistent current from the HCRL-BLDCMUC readings, even when the lower axles

and wheels were disconnected.

Following this evidence, it was hypothesized that the motor-gearbox hous-
ing was becoming misaligned only upon fixation in the assembly, and that the mis-
alignment was exerting undesired forces on the planetary gears of the gearbox and
increasing friction. Opening the gearbox (Fig. 6.6) gave evidence supporting this
hypothesis. The gears were found to bind more when the central rotor saw side
loads, especially at particular angular positions where gears would “catch” the side
more. Greasing the gearbox did not solve the problem. It also was hypothesized

that further operation while misaligned would cause more wear over time and higher
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Figure 6.6: Original planetary gearbox from Trikey Version 2, open and greased.

friction.

The misalignment could have been caused by loose tolerances in the original
aluminum plates and coupler; the aluminum fixtures were likely not square enough.
An aggravating factor was that the gearbox housing was not robust, as it was shown
to be relatively easily detachable from the front face, even by hand. Given all these
observations, the decision was made to replace the motor-gearbox components. Ad-
ditionally the monoblock coupler was to be changed to a more robust OEM coupler
that would allow some shaft misalignment between the gearbox and the torque cell,
to help avoid unwanted stresses in components that could cause misalignment. The
changes were detailed by Gupta [15] and implemented in Trikey Version 3 (see Sec-

tion 2.3). Tests at that point showed much smoother operation, less backlash, and
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less noise than the old motor-gearbox assembly, and the project could proceed with

the new designs.

6.3 Whole-Body Compliant Control (WBC)

We conducted physical experiments on Dreamer to test the performance and
safety of the control algorithm and overall robot design. The most sophisticated
example of demonstrated successful WBC thus far was a human-robot interaction
task where the experimenter guided the robot up a small incline (Fig. 6.7). The
CoM and posture positions were set to low impedance, while the relative hand
position was set to high impedance. An experimenter could move the whole robot
with minimal force by dragging the hand only, while the hand remained stable in the
local robot coordinate frame. Similar experiments showed the ability to have “soft”
control of various joints. These tests are detailed in other upcoming publications of

the HCRL.

6.4 Auto-Balancing on Inclined Terrain

Use of the AHRS sensor to aid in automatic posture adjustment for balance
was successfully demonstrated over multiple trials (Fig. 6.8). This behavior is
a proof-of-concept that encourages further software development. Currently the
feature was only practical up to inclines of 10°, even on the high-friction test surface
of wood with sandpaper (Fig. 6.9). The robot wheels could not function properly at
greater inclines under force-guided motion. This suggests that the act of adjusting

the CoM position may be overloading a wheel, which can prevent normal spinning.
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Figure 6.7: Demonstration of whole-body compliant control experiment. Dreamer
body and posture position could be altered by a human (center) without altering
the relative hand position (right). Image courtesy of Luis Sentis and Josh Petersen.

Future designs should consider the overload case, especially if the robot is intended

to cross inclined terrains.

6.5 User Experience

An additional qualitative result from these tests was that people could rea-
sonably safely and comfortably handle the robot under compliant control. The effort
required to displace the robot hand in Figs. 6.7 and 6.9, for example, were minimal,
since the control algorithm modulated all the joint torques to aid robot movement
along a path. Future work should address the issue of unexpected forces or dis-
placements on the heavy main body or base, since the compliant control algorithm

may have limited safety benefits in those crash cases. Tests showed that the wheel
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Figure 6.8: Example demonstration of automatic balancing. The torso adjusts to
account for base tilting measured by an inertial measurement unit. Image courtesy
of Luis Sentis and Josh Petersen.

Figure 6.9: Example demonstration of force-guided motion up a ramp, where
Dreamer is led by a human. Tests were run tethered to AC power here.
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actuators can function well in force-control mode, too; however, having a “floating”
heavy, high-momentum base that can be bumped around a room easily may not be
safe. To address that concern, other behaviors must be developed. Also, additional

soft and smart electromechanical structures could be attached to the outer frame.
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Chapter 7

Design Evaluation & Method Recommendations

7.1 General Dreamer Evaluation

According to the literature (Table 7.1), recently developed robots similar to
Dreamer have much potential to improve their human-centeredness. The AZIMUT-
3 [12], Walbot [32], and DLR-Biped [23] robots are or have the capability to be
compliantly controlled, but they do not have a humanoid upper body nor multi-
link manipulators. This lack of human-centered characteristics (see Section 1.2)
can be disadvantageous for working among people. The Justin robot [37] has a hu-
manoid upper body and may have the potential for WBC, but this has not yet been
published. It also has a complex system of reconfigurable actuators that add func-
tionality at the cost of much greater mass than an average human. The humanoids
LOLA [22] and ASIMO [26] are lightweight, but they demonstrate position control

instead of compliant control.

The Dreamer system was designed mainly for implementing safe whole-body
compliant control (WBC) in a humanoid mobile robot for the first time, and ex-
periments have demonstrated this capability (see Chapter 6). In comparison to the
published specifications of other human-centered robots (HCRs), Dreamer is novel
mainly for its WBC capability, as shown in Table 7.1, which compares Dreamer to

related precursor HCRs across a range of characteristics. The robots were chosen
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for comparison because they all have similar structures or goals of working among
people, are mobile, and appear in recent research publications. Dreamer uniquely
implements control code that was only previously simulated, and it is open for future

hardware and software upgrades for continually improved performance.

Table 7.1 also indicates several design directions for HCRs. Basic traits show
that they should be lighter, have more DOF's, and use less power for a longer battery
life. Other desired human-friendly characteristics include WBC, configurable limbs
or terrain adaptability, and an as-yet undefined set of increasingly complex senses
and behaviors. No single robot thus far excels in all these criteria. Robotics is
moving toward better human-centeredness with increasing integration of approaches,
but ideally all approaches would be taken. In the future, these criteria could be a

checklist or metric for human-centeredness.

Future redesign avenues for Dreamer, and for HCRs generally, should aim
to improve each of the criteria in Table 7.1 and ultimately expand the criteria list.
In the short term, more complex WBC tasks will be programmed into Dreamer
given the existing hardware, including picking up and placing objects, writing on
a chalkboard, and navigating. In the longer term, future work will encompass
advanced perception and sociability, making use of the head DOF's and sensors for
object recognition and facial communication. Mechanical redesigns should include
replacing the wheels to accommodate larger obstacles, and replacing structures with

lighter plastics or composites to approach the masses of LOLA or ASIMO.

Other redesigns should only be made conditionally, depending on practical

considerations. For example the wheel control algorithm could potentially improve
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if it incorporates wheel-floor slip. However, this may only be effective for a more
robust, dirt-resistant wheel design; the current design will not tolerate dirty outdoor
surfaces in the first place, where slip is present. As an educational tool Dreamer
will see multiple users and redesigners, and these design forks that the users may

address must be monitored for efficient development.

In the long term, design advancements will come from resolving the many
conflicts in HCR design criteria. Example conflicts include the tradeoff between
increasing the number of DOFs and increasing mass and control complexity. Ef-
ficiency and battery life also tend to decrease when other capabilities are added.
These conflicts offer numerous opportunities to mine creative design methodologies

[24] for solutions.
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7.2 Proposed Dreamer and Trikey Applications

Another metric of robot human-centeredness besides objective specifications
(Table 7.1) is the amount of realistic applications there are for a robot. Given the
current states of the Trikey and Dreamer robots, real-world applications will re-
quire more development work, particularly in software. However, several achievable

applications are proposed here for future testing.

To date, the Dreamer robot has demonstrated a set of basic abilities that
theoretically can be used in everyday environments. These include compliant control
at all its actuated joints, the ability to adjust center of mass according to inclines,
the ability to calculate joint and end-effector loads in real-time, the ability to grasp
lightweight objects, and the ability to use facial actuators for potentially emotive
expression. This set of skills can be expanded with further programming. Even
with these limited and minimally robust abilities, however, it potentially could per-
form many human tasks: wipe tables and windows by hand, deliver papers and
objects, inspect the masses of objects on an assembly line, give facial “expressions”
in response to sensed forces, assist and support elderly or disabled persons walking
through a building, and walk a dog, for example. In the broader scope, these tasks
suggest potential niches for Dreamer-like robots in service industries, or perhaps
entertainment industries. A more expansive set of skills will lead to even more

applications in other industries.

The Trikey robot, even detached from the Meka upper body, also has many
potential applications. It can be controlled compliantly as well. If additional sensors

were added, it could perform tasks like couriering payloads of at least 41 kg, leading
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or following moving objects, or crashing into obstacles with controlled energies.
Such skills could be useful for service industries, or in rescue or demolition activities

where obstacles must be cleared.

The most obvious and immediate application of both Trikey and Dreamer
is in research and education. The robots have already been used to develop and
refine new control software, as well as educate many students. If the user interface
of the robot can be improved, then more people may be able to access the robot
for experimentation. The open structure of the Trikey base allows further sensor
additions, and the open documentation of its systems here and in Gupta [15] allow

others to critique, duplicate, and branch from previous work.

7.3 Trikey Design Evaluation

Construction and experimentation revealed a set of design advantages and
disadvantages to the Trikey robot, which is the foundation of this work. The ad-
vantages mainly relate to speed of fabrication, implementation of compliant control,
safety controls, flexible and modifiable design, and simplified design for educational
purposes. The disadvantages mainly relate to wheel and transmission robustness,
weight or mass, user-friendliness of assembly and disassembly, suboptimal electron-

ics placement, and suboptimal geometry for integration with the Meka upper body.

The speed of fabrication was greatly improved by designing for fabrication
(or manufacturability). Choosing more easily purchasable and machinable materials,
designing smaller parts with simpler geometries, and using OEM parts when possible

all contributed to the ease of construction. These design decisions also carried some
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disadvantages, such as decreased robustness and looser tolerances for several custom
parts. Nevertheless, if the design accommodated these looser tolerances, this was
acceptable, such as when the shaft couplers were used in Trikey Version 3 onward
(see Chapter 2). A second related disadvantage is that the robot is still heavy,
and the materials could be further optimized for higher strength-to-weight ratios.
However these lighter composite or smart materials are more difficult to fabricate
and machine and are more appropriate for future redesigns. Finally the overall form
of the base challenged modular design, because many alignment angles between
parts were 60°. A four-wheel design would allow more 90° connections, which would

likely allow more OEM parts.

The base accounts for safety in a few different ways. Its mechatronics were
successfully controlled compliantly, both when Trikey was alone and when it was
integrated into Dreamer. As noted in Chapter 1, only a few mobile robots meant to
interact with people have been shown to be compliantly controlled. Currently this is
an advantage for the base, although in the future such control methods are expected
to be more commonplace. Besides the control algorithm, the two emergency stops
add another physical layer of safety for the system, since it can be shut off up close
or remotely (Section 5.1.3). Finally the potential to program kinematic limits in
software based on models adds a third layer of safety (Section 4.4). The only clear
disadvantage thus far for safety is that its mechanical design is not soft nor light

and could cause damage upon impact if the compliance algorithm fails.

As predicted, another main advantage of Trikey is its simplified three-wheeled,

omnidirectional structure. Being holonomic, Trikey does not have to account for re-
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dundant actuators, and under ideal conditions there is only one set of wheel inputs
to obtain a whole-body output. This was demonstrated in motion tests of the base
and Dreamer. Persons with a general engineering background can refer to the design
models of Chapter 4 to get an idea of its equations of motion. It is a good initial plat-
form for testing compliant control algorithms before testing them in more complex

nonholonomic or redundantly actuated systems.

Regarding design modularity, Trikey succeeded in some components more
than others. The electronics module is the most easily removable module of the
entire design, even when considering the electrical connections. It requires the least
amount of tooling and complex steps to remove and replace as an independent
unit, compared to the other modules, other than perhaps the EtherCAT module.
However, the other parts of Trikey are not as modular and generally cannot be

modified independently of the rest of the design.

One of the reasons for the lack of modularity in some parts of the design
was a lack of an integrated design plan at the start of the project, which is not
uncommon for open-ended projects. In other words, the Trikey base and Meka
upper body were conceived separately, and the Trikey base had to be retrofit for
the upper body beginning in Trikey Version 4. Consequently the basic frame of the
base turned out too small to easily fit to the waist of the Meka upper body. The
wheel modules specifically obstructed potential fixation holes and also blocked the
upper body from easily being fixed to lower heights. This reduced design choices,
leading to reduced modularity. These problems attest to the value of defining design

specifications and early project planning whenever possible.
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A final observed disadvantage is that the electronics module is currently
placed in a vulnerable position on the outer edge of the baseplate. If the base
crashed into a low ledge, such as a coffee table in a home, the electronics module
could take direct damage before the wheels have time to react. The module was
placed there to make room for all four planned batteries, but better layouts on the

base might be possible in the future.

7.4 Trikey Redesign Avenues

Based on the observations, tests, and literature presented in previous chap-
ters, several possible redesign avenues are compiled below, categorized approxi-
mately by overall purpose. The most recommended functional redesigns are listed
first in each category, ranked subjectively by decreasing importance and ease of

implementation. Possible features that can execute the functions are given for each.

7.4.1 Safety Improvements

1. Decrease damage caused by collisions with the robot. Although whole-
body compliant control greatly aids collision safety, the current design
has many hard surfaces and corners on the outside that can still cause
damage.

How to implement: Attach a bumper along the entire lower base edge made
of rubber or another compressible material. Cover other protrusions. At-
tachment holes do not currently exist along the outside, so the easiest

attachment solutions may be to connect bumpers with Velcro, or to ma-
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chine an undersized pocket or detent in the bumper that snaps over the
baseplate edge.

Challenges: If drilling new holes in the baseplate, the electronics must be
protected from debris. Bumpers must also avoid interfering with the

ADHR inertial sensor.

2. Increase the mechanical security of emergency stops. The current push-
button e-stops (nominally /normally open) can sometimes unexpectedly
pop up and turn the machine on, if the button sees an impact.

How to implement: Replace the push-button e-stops with twist-button e-
stops, which require a twist and a pull to reset. The extra twist step
decreases the likelihood of popping open on its own. The remote e-stop
particularly should be replaced.

Challenges: Some work is required to connect the new e-stop to the Ether-

CAT connection.

3. Implement real-time knowledge of safe acceleration limits in software.
Currently control software places hard global limits on robot acceleration.
Smarter limits can be implemented that change according to intended
motion direction, so as not to sacrifice as much performance. Especially
unstable acceleration directions can be avoided entirely.

How to implement: One option is to program behavior into the robot sim-
ilar to the algorithm described in Section 4.4. Another option is to con-
tinue using the existing WBC algorithm to calculate the contact forces at

the wheels, which are then used to calculate the real-time center of pres-
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sure or zero-moment point [27] of the robot. The point can be controlled
to remain within the footprint of the base.
Challenges: This requires good knowledge of the current WBC code to prop-

erly integrate new code.

4. Protect the electronics better. The electronics module is somewhat ex-
posed (Section 7.3). It also may be susceptible to vibration.

How to implement: Attach a shield around the outside of the base, or just
around the electronics module with room for cable connections. Move
the electronics module inward on the baseplate, and stack the batteries
on top of each other to make room for this. Add a suspension system
between the wheels and the electronics, or suspend the electronics module
itself in a padded or compliant holder.

Challenges: A suspension or compliant case for the electronics requires sig-

nificant redesign and testing.

5. Decrease mass while retaining strength. A smaller robot mass would de-
crease the energy stored in the moving system, making it safer upon
accidental impact.

How to implement: Replace aluminum parts with lower-density and higher-
strength materials, such as titanium or carbon-fiber-reinforced compos-
ites. Replacing some plates with beams or more open structures might
also help. The wheel-motor modules take up the most weight (Table 3.2)

and could be lightened by changing the motor-gearbox assembly.
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Challenges: Better materials will cost more and may be more difficult to
machine. Lighter actuators with the same performance are currently
difficult to find, based on the original search of OEM products. A custom

actuator may be ideal.

6. Decrease the chance of tipping. The center of mass of the Trikey base is
positioned approximately halfway up its height, but a lower center of
mass would help balance even more, especially when it carries a payload.
A moveable center of mass also could counter instability caused by high
accelerations.

How to implement: Upper structures can be selectively made lighter. Ad-
ditional batteries or counterweights may be added to the lower structures.
A new internal system could be added that actively moves a counter-
weight in response to sensed loads. Sensors added in line with the wheel
contact points can help indicate load imbalance, or when the robot is close
to lifting off from the ground, and trigger the counterweight to move.

Challenges: Adding weight, even if only on the lower structures, counteracts
the alternate goal of decreasing the system weight. Ideally existing struc-

tures can be shifted lower to the ground, such as electrical components.

7. Inform surrounding people of robot presence and status. Currently the
status of the robot is only known to the user at the controlling computer
workstation. If all people around the robot know the states of the robot,

people can more safely react to it.
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How to implement: A screen or set of LED signals can be added to the
structure. It should communicate the robot on/off status, load condi-
tions, battery or power usage status, inertial measurements, current ob-
jective, and other information that may be useful to onlookers. A basic
highly visible error light should be added to warn people when the robot
is experience a problem, so that they can alert others or clear away if
necessary. Some audible chimes could be added to the robot to make
people aware of its presence as it moves.

Challenges: Requires hardware and software development.

7.4.2 Performance Improvements

1. Improve the transmission between gearbox and wheel. Although sev-
eral transmission issues were already improved between Trikey Versions
2 and 3 (Chapter 2), the miter gears between the torque limiters and
wheels too easily become misaligned after use, increasing backlash and
friction.

How to implement: Replace the miter gears with a pre-aligned, pre-assembled
component. Replace the wheels with a more robust design without key-
way laxity. This may also aid user-friendliness of assembly and disassem-
bly procedures.

Challenges: Increased cost and potential mechanical redesign necessary. Choos-

ing an appropriate OEM 90° geartrain may be difficult.

2. Improve wheel performance and robustness. Relatively small obstacles
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can obstruct the wheel, if the obstacle approaches perpendicular to the
wheel face. Rotational backlash results from laxity in the wheel keyway.
The soft aluminum wheel hub is susceptible to deformation and wear over
time at the keyway, which mates with a steel key and axle. The design
exhibits vibration and noise. The bolts holding together wheels are prone
to vibrating loose when attached without locking washers.

How to implement: Redesign the wheel to address all issues. If keeping the
omniwheel concept, then increase the minimum radius on the omniwheel,
replace the hub-axle interface material with steel to match the axle and
key, and improve the amount of continuous contact between the wheel
and ground. Consider the optimized omniwheel design previously de-
scribed by Byun [8]. Choose a roller material with better ground-friction
properties for increased traction.

Challenges: A new wheel redesign requires weeks of design, construction,

and testing steps.

3. Resist instability and vibration from rough terrain. The internal elec-
tronics are currently not isolated well from ground irregularities. Trikey
functions best on smooth ground. Also since it has three wheels, it must
keep contact with the ground at all wheels at all times to remain stable.
Other bases with comparable mass already have suspension systems to
address this issue (Table 1.1).

How to implement: Redesign the lower structures to leave room for a spring

and damper system between the motor-wheel module and the rest of the
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base. Alternately the spring-damper system can be incorporated between
the wheel axle and gearbox, within the wheel-motor module, itself. These
two cases are very different, both in terms of mechanical design and in
terms of frequency response. The ratio of the sprung-to-unsprung mass
may be different enough to affect the amount of vibration seen in the
main body [38].

Challenges: Requires major hardware development and testing, and possibly
vibration modeling of the system. A suspension may not fit in the current

Trikey setup.

7.4.3 User-Friendliness Improvements

1. Improve ease of assembly/disassembly. The assembly/disassembly steps
for Trikey and Dreamer (Section 3.7), though improved, are still tedious.
Wheel-motor module assembly steps are particularly difficult and require
a fair amount of practice and time to perform well. The wheel-motor
module cannot be assembled completely before attaching to the base-
plate.

How to implement: Completely redesign the original frame parts from Trikey
Version 1, including the baseplate and wheel-motor module support plates.
Make it possible to completely assemble one wheel-module independently
and then attach it to the base. If possible, expand the space available for
the Meka upper body waist by moving the motors outward. Parts B14

and B17 (Fig. 3.10) should be one single part. Replacing the miter gears
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with one part as described above will diminish alignment difficulties.
Challenges: Redesign for further modularity is a large, adaptive overhaul

that can affect many other components. If this is performed, other re-

designs should be considered simultaneously. Care must be taken not to

expand the size of the robot too much.

2. Add teleoperation capabilities. All control currently is performed via typed
commands at the main workstation computer. Kemp [19] notes that the
ability to be operated easily by a human is a growing trend in robotics.
Teleoperation, preferably wirelessly, could greatly simplify user experi-
ence..

How to implement: Incorporate mouse control, joystick or gamepad con-
trol, or control with an inertial controller such as a Wii controller or
smartphone. Develop a display or user-interface that helps a human un-
derstand and control the robot.

Challenges: Many design directions are possible, so difficulties depend on

expertise of the developer.

3. Improve aesthetics to make the robot more likeable. The industrial de-
sign of the base does not match the quality of household products and
may make people uncomfortable. Market research on consumer robotics
[39] shows that everyday users, particularly children, base their percep-
tion of a robot on its looks. Also users have a desire to personalize or

customize robots.
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How to implement: A screen or display could be added that shows a face
or other anthropomorphizing trait. A mechanism for attaching different
skins or anthropomorphizing decals could be added to make the robot
more personalizable and likeable. Square geometries could be replaced
with curves, or the outside could be covered in a plastic shell to reduce
the industrial look. Add color to the shell.

Challenges: Requires mechanical design and possibly new electrical parts

and software.

7.4.4 Feature Additions

1. Develop machine vision and object sensors. Currently Trikey has no long-
range or visual perception capabilities. Even as part of Dreamer, machine
vision and object avoidance has not yet been integrated.

How to implement: In Dreamer, use the monochrome cameras in the eyes
for perception. In Trikey alone, add laser scanners similarly to other
robots (Table 7.1). Alternately, other sensors can be added, such as a
camera, capacitance sensors, or microphones.

Challenges: Requires major hardware and software development.

2. Continuous external sensing (artificial skin). Continuous sensation across
the whole robot gives the potential for reflex behaviors, self-preservation
behaviors, and increased intelligence.

How to implement: Smart materials or another custom device can be laid

over all external surfaces to detect pressure, light, temperature, humidity,
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electromagnetic fields, strains, or other environment data. The data can
trigger intelligent responses, such as stopping when detecting unexpected
touches or impacts.

Challenges: Requires major hardware and software development.

3. Add self-reconfigurability. Trikey remains the same shape, height, and
form at all times unless manually adjusted, which takes significant time.

How to implement: Add actuators to allow height or wheel configuration
adjustment, or the ability to cross obstacles and climb or descend stairs.
Challenges: Requires major hardware and software development, and likely

a complete rebuild.

7.5 Method for Prioritizing Potential Redesigns

For this robot, and likely for any complex human-centered robot, a very
large number of redesigns are possible, but it may not be practical to implement
them all. In these cases it can be difficult to choose which redesign to address first.
A systematic method for organizing, ranking, and grouping the specific redesign

options may be needed. One suggested method is given below.

To sort the possible feature additions or changes, each feature can be given
a score that says approximately how many different functions it can achieve, and
how well. First all the desired functions of the new system are listed, and then all
the possible features to achieve these functions are listed. Then a simple matrix
inspired by, but different from, the House of Quality method [24] can be made to

score potential redesign projects. An example is given below (Fig. 7.1) based on
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the redesigns in Section 7.4.

In the top row, all the desired high-level functional improvements or changes
are listed. This row can also include desired system constraints, such as low cost or
mass, or development time. On the left column, all the possible feature additions
that could cause the functional improvements are listed. In each cell, a score is given
for how well the feature is predicted to address each functional improvement. Larger
positive scores mean they promote the function, while larger negative scores mean
they undermine the function. A priority score is given for each feature by summing
the entire row. Each column or function can be weighted differently to emphasize the
importance of some functions more than others. The end result is a priority score for
each feature, where higher scores mean that the feature will address the most desired
functions. These high-scoring features are recommended for initial implementation
projects. Features that can be implemented relatively easily, requiring minimal time

and costs, are also recommended for initial implementation.

Features then should be grouped together appropriately, if they are similar
in structure. For example, in Fig. 7.1, if the desired function of “informing people
of robot presence and status” were weighted very highly, then the additional screen
or display feature might be the highest-priority feature. When implementing this,
other similar features can be combined into the same project, such as warning or
error signals, a user-interface to aid human control, and anthropomorphic decals,

since all of these features could potentially be integrated into one display.
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Example Ranking of Redesign Options
Desired functional improvements/changes
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Possible feature additions olelclslalalElElEl S| O] Sl Elalald].d
weights] 3 [3[3[3|3|3|3]2]2]2]2]1]1
Rubber bumpers 2 1 (-1 -1 1]14]lo]lo
Cover protrusions 2 1]13]7]lo]lo
Replace e-stops 2 2|6]lo|flo
Program simplified safety limit algorithm 2|1 1 4112
Program center-of-pressure algorithm 2|1 1 4112
Shield around base 1 2| -1 -1 1]2]5]|loflo
Move electronics inward, stack batteries | 1 2 1 1]5]13] lo
Add suspension, outside wheel module 11-2]1 2 (-1 1] 2] hi hi
Add suspension, inside wheel module 1(-2]1 2| -1 11 2] hi|hi
Suspend electronics in compliant case 2| -1 1 (-1 1] 3] hi|hi
Replace parts with lighter materials 2 2|1 1(-1]1 4 |11] hi| hi
Replace motor-gearbox with lighter one 1 2] -1 1(-1 2] 6] hi
Lighten upper structures selectively 1 2]2 1 6 |17] hi| hi
Active counterweight at base -1 2] 2 1]-1 -1]-3] hi| hi
Vertical load sensors in wheel modules 1 2 -1 2| 7] hi
Screen/display for information, face 2 -1 1]12]14]7]hi|hi
Warning/error lights, chimes 1 2 1]11]5]|11]lo|lo
Replace miter gears with prealigned part 2 2 418]|hi
Larger wheels, steel, higher quality -1 122 417 hi|hi
Independent wheel-motor modules 11 2 418 hi
Move motors outward, increasing space 1 112
Integrate joystick, mouse, smartphone 2 212 hi
User-interface for aiding human control 1 2|11]14]6 hi
Anthropomorphizing decals -1 211]0]lo
More curved geometries 1 112]4 lo
Colored non-metallic outer shell 1 -1 1 -1 212]3]lo

Figure 7.1: Example design feature priority matrix. Feature ideas are on the left.
Desired functions are at the top. Each cell scores how well a feature can achieve
a function. For example adding rubber bumpers (1st row) can decrease damage in
collisions (42 score) but also increase robot mass (-1 score). The final score for each
feature is the weighted sum of row scores. High-priority features are highlighted in
yellow. Low-cost and low-development time features are highlighted in green.
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7.6 Method for Measuring Quality of Redesigns

Any future redesign project should objectively compare the old system to the
new system, to confirm and quantify functional improvements. If several redesigns
are concurrent, one method of organizing the improvement metrics was previously
described by Otto [24] as the House of Quality matrix. An example is shown in
Fig. 7.2 for evaluation of safety improvements. On the left side are all the desired
new functions related to safety, detailed in Sections 7.4-7.5. On the top row are
quantitative metrics that can be found for the new and old system, where each
function corresponds with at least one metric. In each cell is an arbitrary weight
for how well a function can be judged by a given metric. Higher scores mean
that the metric measures that function better. At the top, the up- and down-
arrows indicate the desired direction of values for the metric; for example system
mass should be lower and has a down arrow. The triangular region at the top is
an approximate correlation matrix, which shows which metrics are positively and
negatively correlated. For example, better system mass likely means that the robot
is smaller, which might make the robot less noticeable to people. The negative sign
at the top indicates this negative correlation between better system mass and better
noticeability. At the bottom is a set of desired values for each of the metrics. The
philosophy behind the matrix is that the only relevant improvements of a system

are the ones that can be measured.

If a safety redesign of the robot is implemented, this example matrix gives
a set of tests that can be run to help evaluate quality of the redesign. The resulting

metrics before and after the redesign can be ranked. Specific desired functions then
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Example House of Quality For Safety Functions
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Increase mechanical security of e-stops 3 9
Real-time knowledge of safe acceleration 3 9
Protect the electronics better 3 9 9
Decrease mass; maintain strength 319
Decrease chance of tipping 3 3] 9 9
Inform people of robot presence/status 3 9
Technical Difficulty 211142343 [1]2]8
Measurement Units kg |GpalkPa|l % | % | % | m | # | # | #
Object Target Values o[ 0] 0] 0| 0100 0] 0|0 |TBD

Figure 7.2: Example “House of Quality” matrix for desired functional improvements
in robot safety. Desired functions are on the left. Metrics of quality for these
functions are at the top. The first function (1st row) of “decreasing damage caused
by collisions” corresponds well with lower system mass, lower elastic moduli at the
exterior, and lower stresses in crash tests, and hence scores 9 for those metrics.
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can be compared before and after using weighted averages of the relevant rankings.
Ideally other robots in the literature could be compared as well, but oftentimes such

data is not published, as implied by Tables 1.1 and 7.1.

7.7 Metrics of Human-Centeredness

Based on the review of literature, design process, analysis, testing, and eval-
uations performed in this work, below is a set of recommended functions to incor-
porate into an ideal, all-purpose human-centered robot (HCR). For each function,
suggested metrics are given, based on the principle of measurable quality in Section
7.6. One main goal of this list is to provide more comprehensive design guidance for
robot developers, especially students. It details and adds to the suggestions of Kemp

[19], which already outlines many desired functions for new manipulator robots.

The second goal of the list is to suggest common measurements for all HCR
developers to make, across different institutions, so that robots can be better com-
pared in the future. This is analogous to how biologists compare organisms according
to lifespans, bone stiffness, running speed, and other quantifiable traits. The fea-
tures that produce these functions will probably be varied and numerous, just as
genetic markers, bone structures, and muscle physiology all differ in organisms to

produce different performance.

The metrics of robot function below can give an overall idea of the human-
centeredness of a robot, and additional ones are possible. Each function and metric
can address multiple issues of safety, performance, user-friendliness, and intelligent

behavior. The following is the list of desired general functions and associated metrics

156



for an ideal human-centered robot:

Minimal damage in unexpected collisions: System mass (kg), average elastic
moduli of exterior materials (GPa), highest stresses resulting from crash tests
and simulations (kPa), head-injury criterion [40] and/or manipulator safety
index [30] associated with maximum manipulator and robot velocities and
impact accelerations.

Ability for safe, fast system shutdown: Longest time necessary to trigger the
emergency stop and for the robot to stop all motion (ms), braking time to stop
from 1m/s to 0m/s and remain stable, chance that an emergency stop button
will unintentionally reset upon impact (%).

Real-time knowledge of safety limits: (Artificial vestibular system) Percent er-
ror between detected and actual accelerations (%).

Protected electronics: Number or area of exposed electronic circuit boards, amount
of sprayed water that seeps through external protective housing (m?).

Lower mass / human mass: System mass (kg), system density (kg/m?).

Minimal loss of balance: Height of system center of mass in standard and ex-
treme body configurations (m), horizontal distance of center of mass to closest
tipping edge (m), chance that the robot falls over with sudden side and front
loads resembling a human push (%).

Inform people of presence and status: Time needed for a person to recognize
that robot is present or arriving for a standard task, such as cleaning or de-

livering items (s).
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Energetic efficiency: Power usage (W), motor efficiencies for individual joints
(%).

Long untethered operating time: Battery lifetime at rated power (min).

Protection from vibration: Root-mean-squared of vibration profile measured by
an accelerometer internal to the robot near the electronics (m/s2).

Easy assembly/disassembly: Assembly time (min), disassembly time (min), num-
ber of parts, number of required fasteners, number of independent modules.

Easy to maintain and clean. Number of parts, number of exposed parts, num-
ber of parts exposed to or interfacing with the ground, fatigue life of cyclically
loaded parts.

Teleoperation capabilities. Lag time between controller and plant for straight
motion, decelerating, and other standard motions (ms), maximum distance
possible between user and robot during operation (m).

Ability to carry a payload. Maximum payload the robot can safely pick up,
move, and set down (kg); maximum payload the robot can carry directly
over its center of mass (kg); power consumption rating when carrying 1, 10,
and 20 kg payloads.

Complex / human kinematics. Number of degrees of freedom in the system,
individual limbs, the hands, and the head; number of limbs; number of fingers.

Mobility in home environments. Maximum linear and rotational velocity and
acceleration ratings on flat, smooth or carpeted ground (m/s, rad/s m/s2 rad/s2)
time needed to climb 10 stair steps (s).

Mobility in city environments. Maximum linear and rotational velocity and ac-
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celeration ratings on flat and 10° inclined ground with street roughness (m/s,
rad/s m/s2 rad/s?) maximum passable incline and decline (°), maximum pass-
able obstacle height and width (m).

Aesthetics for likeability. Surveys on robot likeability for children, adults, and
elderly, before, during, and after robot operation.

Acceptance by humans as a coworker. Survey results about acceptance of a
robot as coworker; amount of time that a group of human workers are dis-
tracted by a robot from their own jobs, such as in a restaurant or cleaning
situation (s).

Continuous exterior sensing. (Artificial skin) Area covered by external sensors
(m?), number of types of data measurable by outer sensors (e.g. thermal,
pressure, radioactivity, etc) and their ranges.

Continuous internal sensing. (Artificial proprioception system) Number of in-
ternal pressure, heat, and vibration sensors and their sensor ranges.

Chemical sensing. (Artificial nose) Number of chemicals or particle types that
are detectable by the robot, sensitivity of robot nose to each.

Active visual perception. (Smart actuated eyes) Number of degrees of freedom
for the eyes or cameras, time needed to focus on an object (s).

Visual object recognition. (Machine vision) Number of objects that a robot has
learned or can categorize, time needed to recognize and object (ms).

Tactile perception. (Machine touch) Time needed for the robot to recognize the
size, shape, weight, roughness, and type of an object on a table, based on

tactile feedback (s).
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Intelligent grasping. (Smart artificial hand) Number of different grasp configu-
rations that the hand can take to manipulate different objects; time needed to
safely grasp and pick up off a table a glass of water, a pen, an envelope, and
an exercise weight (s).

Fast decision-making and reaction times. (Capability for reflexes and compu-
tation) Processor speed (Hz), control loop frequency (Hz), joint actuator fre-
quency response (plot of actuator gain versus input control frequency).

Speech recognition and response. Number of verbal commands recognized, per-
cent accuracy of word or phrase recognition (%), time needed to understand

commands (s).

Desired functions near the end of the list approach more human-like behav-
iors. Methods from developmental psychology could be explored to quantify robot

performance of these functions.

7.8 Method for Designing a Human-Centered Robot

Based on the experience of this thesis and background research, a high-level

12-step process for designing a human-centered robot is recommended as follows:

1. Decide on a set of desired prioritized functions for the robot. Iden-
tify the problems that the robot should address. Identify the desired envi-
ronment, roles, and system constraints for the robot. Also decide whether
a humanoid or non-humanoid structure is desired, which is discussed in Sec-

tion 1.2. Safety, performance, user-friendliness, and capability for intelligent
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behavior all should considered, as described in Section 7.7.

. Identify possible metrics for each desired function, as described in
Sections 7.6-7.7. This includes finding objective goals for each metric. The
goals may come from analogous human or robot performance, as obtained
from literature or biological experiments.

. Break down the robot functions into possible modules to explore
more independently. Translate system-level concerns into manageable module-
level concerns. Examples include modules for head/perception, legs/mobility,
power supply, etc; or as in Table 3.2. Each module to explore should have a
defined, limited set of functions. Design teams could be allocated by module.
Lay out plans and requirements for module integration.

. Generate a large number of concepts for features in each module.
Obtain ideas from observations of people and existing robots, literature and
patent searches, consultation with experts and interested parties, group brain-
storming, and other systematic concept generation techniques [24]. Examine
the features and trends of existing robots with similar functions, as in Tables
1.1 and 7.1, and identify new candidate technologies. Identify necessary bod-
ies of knowledge (electronics, mechanical engineering, biology, etc), resources,
time, and people needed to fully explore each concept.

. Decide on a limited list of features and modules to explore, which
can execute the desired functions. If the possible function and feature lists
are very large for each module, which is likely for a human-centered robot,

prioritize the features as in Section 7.5. Generate manageable combinations
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10.

11.

of robot functions and features to include in initial prototype designs.

For each module, generate and evaluate a few different prototype
designs with different features for achieving the functions. Evaluate and
rank the features based on the metrics chosen in Step 2. At this stage, simpler
metrics will be used, such as number of parts, degrees of freedom, number
of sensors, or system mass, as well as modeling/simulation data as needed.
Always evaluate the potential for manufacturing, assembly, and user-interface
complications. If necessary, build simple prototypes and run physical tests.
Iterate on the prototypes to focus on a final set of modules and
features. Rule out ideas and add or change functions and features as needed,
depending on whether the metrics of human-centeredness are improving, or if
they meet system constraints such as cost or development time.

Organize the development of the final robot, based on a final set of
modules and features. Plan the design, modeling, construction, and testing
tasks for each module, as well as for the integrated robot, as in Fig. 1.3. Define
a final set of quality metrics for each function.

Design and construct the detailed modules. Record and/or update a
bill of materials, maintenance suggestions, assembly and disassembly steps,
and safety recommendations, as in Chapters 3 and 4.

Run necessary detailed tests and analyses on modules to evaluate the
metrics of human-centeredness, i.e. if a module can perform desired functions.
Draw design improvements from the results.

Integrate the detailed modules and perform additional testing on
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the integrated design. Draw more insights into design improvements.
12. Iteratively optimize and finalize the detailed design based on the pre-
vious tests and models. Build, test, and integrate the new detailed design

until the metrics of human-centeredness meet target values.

The method above reflects a systematic implementation of the design process
in this thesis. Software development will lie on top of this process and is not detailed
here, since that is not the focus of this work. The core principles of the method above
are organization of complex processes, quantifiable metrics of performance, iterative
design and testing, design and modeling for safety, design for manufacturing, and
design for assembly /disassembly. As technology expands what is possible in robotics,

such systematic approaches to design will become more essential.
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Chapter 8

New Design Concepts

Chapter 7 gives redesign ideas for the existing Trikey and Dreamer robots.
Concepts for two of the possible redesigns were drawn in CAD and described below:
one for a new omnidirectional wheel, and another for a suspension system. Both
concepts intend to let a wheeled robot move into rougher and more irregular terrains.
Although the designs are not final working models, they are novel ideas that have
potential to work well. They also are meant to inspire future research and design

projects.

8.1 Tracked Omniwheel Concept

After design evaluation, a new 10 in-diameter wheel idea was conceived that
specifically addressed three main functions: omnidirectionality, the ability to tra-
verse obstacles in multiple directions, and ease of assembly. To a lesser extent
it addressed ease of fabrication. Areas of improvement are specifically needed for
weight, cost, strength, vibration resistance, and cleanability, as these issues were
not considered in this concept. This new wheel idea was not seen in any literature

reviewed so far.

The design builds off previous omniwheel ideas that use rollers to allow

lateral motion. The rollers alone are inherently restricted in how tall of a side
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Figure 8.1: CAD of tracked omniwheel concept.

obstacle they can cross. However, this new concept uses rubber treaded tracks on
rollers instead of rollers alone. The tracks turn the wheel into an almost spherical
shape, allowing a much larger side radius than using rollers alone (Figs. 8.1-8.3).
In effect the wheel is predicted to be able to cross 5in high obstacles from the front
and approximately 3in high obstacles from the side. This translates to an ability to
cross obstacles from the side that are 60% as tall as the main wheel radius, which
is better performance than the currently used wheels, and theoretically better than

the optimized roller omniwheel by Byun [8].

A tracked wheel concept could easily be unmanufacturable and rendered
useless. One specific challenge to manufacturability was considering how to attach

the roller-tracks into a supporting frame. Several designs were considered where
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Figure 8.2: Side view of concept wheel.

Figure 8.3: Front view of concept wheel.
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assembly would be practically impossible without an all-in-one 3D printing solution.

The design that had the best property of ease of assembly is described here.

Although the ease of assembly of this concept is not perfect, it addresses
design for assembly by separating the wheel into four main layers around the axle
(Figs. 8.3-8.4). The layers separate the roller-tracks into small components that
prevent interference among different tracks, ultimately making the wheel easier to
assembly. These layers are not independent modules, though, because they cannot
be assembled as separate units. They must be assembled at the same time in order
to properly access the spaces between layers, which require fasteners. This poses
an area of improvement, since truly independent modular layers would aid ease of
wheel assembly. Closer views of the inner and outer layers of the wheel show other

design features to aid ease of construction, as shown in the next sections.

The design only minimally addresses reduction of vibration. The design
should allow constant contact with flat ground in the forward-backward direction.
The two inner layers are fixed onto the central axle with slight angular offsets, so
that tracks from either side of the inner layer will alternately contact the ground.
However, in the side directions, there would be gaps in ground contact. Presumably
this is acceptable, since the side our outer layer rollers will only contact the ground

some of the time in rough terrains.

8.1.1 Inner Layer

For the inner layer (Fig. 8.5), although there are many parts, they can

be assembled systematically starting from the center hub to the outer roller-tracks
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Figure 8.4: Exploded view of wheel concept modules.

(Fig. 8.6). The parts have clearance from the rollers to allow free movement (Figs.
8.7-8.8). The roller tracks are held in place by clamping fixtures, which have tapped
holes to allow their own attachment to the supporting frames (Figs. 8.9-8.10). The
clamps could be fabricated from a single sheet of metal using a water cutter, followed

by some milling.

8.1.2 Outer Layer

The outer layer is the smaller, side-most layer of the wheel (Fig. 8.11). In
this concept, the outer later tracks are the same dimensions as in the inner layer, and
so fewer tracks fit in it. The exposed spaces between tracks are then covered with
plastic material (shown in orange) that can help reduce friction if it slides against a

surface. Removing these panels exposes a similar frame structure to the inner layer
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Figure 8.6: Exploded view of the inner layer of the wheel concept.
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Figure 8.7: View of inner layer from the side, with the outer frame or ”spokes”
removed to reveal the clamping fixtures.
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Figure 8.8: Zoomed view of the inner layer from the side, showing clearance from
the roller-tracks.

(Fig. 8.12-8.13). Unlike the inner layer, the outer layer central hub only has a single
flange and support frame (Fig. 8.14). Similar to the inner layer, the tracked rollers

can be held in place using a set of clamping fixtures (Figs. 8.15-8.16).

8.1.3 Tracked Rollers

The same types of tracked-roller subassemblies are in both the inner and
outer layers. A closer view of the tracked rollers shows their function (Fig. 8.17).
A flexible rubber track about 1in wide runs around two metal rollers (Fig. 8.18),
which rotate about their own axes. An inner sleeve bearing lets the roller spin about
a central steel rod. The shapes of the rollers and tracks should minimize the chance

of the tracks slipping off the rollers. For this reason, a ditch in the roller shape is
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Figure 8.9: Front view of the inner layer frame and tracked-roller construct. The U-
shaped upper part of the clamp connects the lower clamp and side frames together.
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Figure 8.10: Exploded front view of the inner layer frame and tracked-roller con-
struct.

Figure 8.11: Outer layer of the wheel concept.
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Figure 8.12: Outer layer of the wheel concept, with plastic panels removed.
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Figure 8.13: Exploded view of the outer layer of the wheel concept, with plastic
panels removed.
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Figure 8.14: View from the inner direction of the outer layer of the wheel concept,
with plastic panels removed.

Figure 8.15: Front view of the outer layer frame and tracked-roller construct.
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Figure 8.16: Exploded front view of the outer layer frame and tracked-roller con-
struct.

meant to accept a thicker protrusion coming out the inside of the track, helping
stabilize the track on the roller. This design calls for additional improvement and
experimentation. Materials and geometries could be changed significantly for better

function.

Multiple tracked rollers are fixed together in a ring shape in each layer. In
this concept, the central rods of the rollers are joined via small cylindrical fixtures
with obliquely milled pockets on both endfaces that accept the central rods of the
rollers. Setscrews can help fix the rods into these cylinders. This fixation method
also has room for improvement. One weakness of the current cylindrical fixture
designs are that they may be difficult to align properly around the wheel. Secondly,

the very last tracked roller assembly may be difficult to assemble around the wheel
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Figure 8.17: Exploded front view of the outer layer frame and tracked-roller con-
struct.

circumference.

8.2 Suspension Concept

No matter what wheel is used, a suspension can also help a wheeled robot
access rough terrains. A concept suspension is shown below including the novel wheel
concept described previously. It features an independent-wheel design, meaning that
it does not require any direct rigid coupling of more than one wheel. It also can be

completely assembled separately and attached to other base frames or wheels.

Its basic structure is not novel, following a MacPherson strut linkage model
[1]. The linkage allows the wheel to move up and down as it crosses an obstacle,

while a shock absorber composed of a spring and damper smooths the transmission
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Figure 8.18: Exploded front view of the outer layer frame and tracked-roller con-
struct.

Figure 8.19: Independent wheel suspension concept module.
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Figure 8.20: Side view of the suspension concept.

of oscillations to the body frame resting on the top plate (Fig. 8.20). The drive
shaft that transmits rotary motion to the wheel is the lowest bar in the module.
Not shown is the required universal joint at the end of the drive shaft in this design.
A U-joint is needed between the drive shaft and the wheel motor, also not shown,
housed in the main base. It transmits rotary motion from the motor to the drive

shaft while allowing the wheel suspension to move up and down.

The geometry of specific parts was defined for ease of fabrication at the
University of Texas facilities. Other factors to consider in a practical application
are strength of parts, as well as masses and constitutive properties of the shock
absorber components, to optimize resonant frequencies in a system. Nevertheless
the overall simple design here can be constructed and tested with relatively few

parts (Figs. 8.21-8.22), so it is suitable for initial prototyping.

In future development, other linkage structures besides the MacPherson strut

can be tested, such as the double-wishbone suspension concept in modern cars. New
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Figure 8.21: CAD of the suspension module, without a wheel.

Figure 8.22: Exploded side view of the suspension module, without a wheel.
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Figure 8.23: Generic robot possible using the wheel and suspension concepts.

active shock absorption technologies may also be tested, such as metallorheological
dampers [29]. The purpose of this concept is to give a general overview of the

necessary factors to consider when including a suspension into a wheeled robot.

A generic omnidirectional wheeled robot structure using the design concepts
presented here is shown in Fig. 8.23. This shows how a suspension could be imple-
mented. The main robot baseplate carries robot motors (not shown), which would
have to be placed near the center of this design and protrude below the plate. U-
joints transmit rotation to the wheels. The wheels and suspensions are modules

that can be independently replaced in the robot.

A robot structure such as in Fig. 8.23 can be used to help characterize rough

terrains, before actually building a full rough-terrain robot. Inertial measurement
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units similar to the AHRS sensor in Trikey can be attached to the baseplate, and
as the robot is dragged along various rough terrains, the ride characteristics can be
measured. This work could help in future work on rough-terrain robots, whether

human-centered or not.
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Appendix A

CAD Files and Selected Drawings

Presently the latest 3D models and draftings of the Trikey and Dreamer
robots are stored at the University of Texas at Austin Human Centered Robotics
Laboratory (HCRL) file share, with backup files on local hard drives in the HCRL

and the HCRL network share.

Draftings/drawings are given below for selected parts, beginning with plates
used for the electronics and ending with upper body fixtures between Trikey and
Dreamer. These parts may be more likely modified or referenced for future projects,
as opposed to other parts that are either easy to model or that would be replaced

entirely. Additional drawings are stored with the CAD file archives of the HCRL.
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Figure A.1: Electronics baseplate, part Cl1.
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Figure A.2: BBB PCB plate, part C2.
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Figure A.3: PWR PCB plate, part C5.
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Figure A.4: ELMO PCB plate, part C8.
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Figure A.5: Load cell PCB plate, part C13.
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Figure A.6: Ethercat hub plate, part E4.
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Figure A.7: Back panel, part F6.
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Figure A.8: Assembly of the following Meka upper body attachment fixtures.
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Figure A.9: Top bracket for upper body fixation, part B19.
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Figure A.10: Upper vertical plate, part B17.
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Figure A.11: Main upper body fixation plate, part G1, sheet 1.
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Figure A.12: Main upper body fixation plate, part G1, sheet 2.
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Figure A.13: Main upper body fixation plate, part G1, sheet 3.
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Figure A.14: Front upper body fixation plate, part G2.
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Figure A.15: Left and right upper body fixation plates, parts G3 and G4.
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Figure A.16: Motor-wheel module inner vertical plate, part B14
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Appendix B

Matlab Code for Kinematic Limit Simulation

%/ notes
% Pius Wong 2/12

% Model of kinematic limits to prevent tipping over flat terrain...

% Inputs in "define vars" section--

% CoM = center of mass coordinate from CAD model

% SolidWorks gave (y,z,x) positions

% M = total mass of robot (Trikey + payload)

% deltaall = angle directions to test

clear all

%

%% define vars

CoM = ...% CoM position
[
-0.058112842 0.780890116

% -0.021980762 0.724379206
1;

M = 94.66096009; % mass of robot
deltaall = [0:pi()/100:2%pi()*.999];

x = CoM(3);
y = CoM(1);
z = CoM(2);

rw = 0.102 ; % wheel radius
R = 0.288925 ; ¥ leg radius

0.172030703 % extreme

0.117328453

alpha = deg2rad([0,120,240]); % leg angle offsets

for i=1:3
w(i,:) = [R*cos(alpha(i)), Rxsin(alpha(i))];
end
E12 = w(1,:) - w(2,:);
E23 = w(2,:) - w(3,:);
E31 = w(3,:) - w(1,:);
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c = [x,y];

ni12 = cross([0,0,1], [E12,0]);
n12 = ni12/norm([E12,0]);

n23 = cross([0,0,1], [E23,0]1);
n23 = n23/norm([E23,0]);

n31 = cross([0,0,1],[E31,0]);
n31 = n31/norm([E31,0]);

%
%% critical directions
for i=1:3

% delta(i) = atan2(R*sin(alpha(i))-y, R*cos(alpha(i)- x] + 180 deg
deltavector = ¢ - w(i,:);
deltai(i) = atan2(deltavector(2),deltavector(1));
if deltai(i)<0
deltai(i) = deltai(i)+2*pi();
end
end

%
%% find safe a’s for all deltas
clear alimit

% note: no code was added for considering when delta approaches a critical
% angle; in reality you would want to add this for safety
for i=1:size(deltaall,l);

delta = deltaall(i,1);
% find tipping edge Epq
if (deltai(l) < delta) && (delta < deltai(2))

Epq = E12;
npq = nl2;
p=1;q=2;

elseif (deltai(2) < delta && delta <= 2%pi()) ||
(0 <= delta && delta < deltai(3) )

Epq = E23;
npq = n23;
P =2 9=3;
elseif ( deltai(3) < delta ) && ( delta < deltai(l) )
Epq = E31;
npq = n3l;
p=3q9=1;
else
error (’special angle not coded for yet...’)

end
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% find tipping moment arm 1
1 = dot(npq, [w(p,:),0]-[c,0]);

% find apq limit
apq = 9.81%1/z;

% find safe a limit
alimit(i,1) = apq / (dot([cos(delta),sin(delta),0],-npq) ) ;
1i(i,1) = 1;

end

%

%% visualization

% positions

wheels = [w;w(1,:)];

normalsl = [0,0; n12(1:2)];

normals2 = [0,0; n23(1:2)];

normals3 = [0,0; n31(1:2)];

for i=1:size(deltaall,l)
ax2(i,1) = alimit(i,1)*cos(deltaall(i,1));
ay2(i,1) = alimit(i,1)*sin(deltaall(i,1));

end

figure(1);

hold on

plot(wheels(:,1) ,wheels(:,2),’-7,
c(1),c(2),’0’,

ax2,ay2,’-’)
% normalsi(:,1),normalsi(:,2), ’-7,
% normals2(:,1) ,normals2(:,2), -7,
% normals3(:,1),normals3(:,2), ’-’

axis square equal

A

%% angular veloc limit
for i=1:1;
delta = atan2(-y,-x); 7% remember first argument is y term
if delta < O
delta = delta + 2*pi();

end

% find tipping edge Epq
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if (deltai(l) < delta) && (delta < deltai(2))

Epq = E12;
npq = nl2;
p:l’q=2,

elseif (deltai(2) < delta && delta <= 2xpi()) ||
(0 <= delta && delta < deltai(3) )

Epq = E23;
npq = n23;
p=2;9=3;
elseif ( deltai(3) < delta ) && ( delta < deltai(1) )
Epg = E31;
npq = n31;
p=3;q=1;
else
error(’special angle not coded for yet...’)

end

% find tipping moment arm 1
1 = dot(npq, [w(p,:),0]-[c,0]);

% find apq limit
apq = 9.81%1/z;

% find safe a limit
alimit2 = apq / (dot([cos(delta),sin(delta),0],-npq) ) ;
omegalimit = sqrt(alimit2/sqrt(x"2+y~2));

end

%
%% Display metrics

maxalimit = max(alimit); Ymaximum acceleration limit
minalimit = min(alimit); %minimum acceleration limit
[maxalimit, minalimit, omegalimit] %angular velocity limit
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Appendix C

Accessing Whole-Body Compliant Control Code

Different versions of whole-body compliant control (WBC) source code repos-
itories are available in three locations: Sourceforge, github, and Meka Robotics. The
Meka Robotics repository is only open to customers of the company. The Stanford
University releases are available at:

http://sourceforge.net/apps/wordpress/stanford-wbc/

(Fig. C.1)
and

https://github.com/poftwaresatent/stanford_wbc

(Fig. C.2)
downloadable through the appropriate links there. The code must run on a Linux
kernel and requires several installation steps, detailed in the Stanford WBC github
website. An alternate github repository maintained by the University of Texas at
Austin is available at;:

https://github.com/poftwaresatent/utaustin-wbc
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SourceForge.net: Project stanford-wbg¢

advanced control for human-centered robotics and mobile manipulation

Presentation at IROS 2011
September 28th, 2011

Here are the slides for the elevator pitch [2MB] and the interactive
session [4.4MB] during IROS 2011 in San Francisco.

stanford-wbc.sf.net
csxo,  Roland Philippsen, Hamstad University, Sweden
+ Luis Sentis, University of Texas at Austin, USA
Oussama Khatib, Stanford University, USA

Configurabiliy, Reflaction |
Kty

o

Tags: doc, tutorial
Posted in Uncategorized | No Comments »

doc
= API doc for jspace
* API doc for opspace
# API doc for tao
% Archive of announcement list
# Archive of users list
% Subscribe to announcement
list
# Subscribe to users list

Robotics
» Stanford Robotics

Source Code
# download releases
» stanford_wbc git repository
= whole_body_control git
repository

Tags
docjspace
opspace pra I’e|ease ros
source tao tutorial

Figure C.1: Sourceforge Stanford-WBC website, April 2012.

github
@ poftwaresatent / stanford_whc

Code Hetwork Pull Reguests 0

Whole-Body Control framework developed at the Stanford Robotics and Al Lab — Read more
fi Ji Js ford-whcl

Signup and Pricing

Explore GitHub  Features Blog Login

©Watch 4 Fork |@3 42

2 Stats & Graphs

i ZIP | | HTTB| GitRead-Only heccps://github. com/poftwarssatent/stanford wbe. | [E) Read-Only access

4 branch: master - Files Commits Branches 1

(@) Latest commi to the master branch

update readme

, Roland Philippsen authored a month ago

stanford_wbc /

name age message

Tags 12 Downloads

[B] commit daslssdbss

history

=1 3reinarhy amnnth ann Pull atest-1 & 0 ffinm hitn-eoda annale comin/annnlstest/) intn IRaland Philinneanl

Figure C.2: github Stanford WBC website, April 2012.
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