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Abstract

Musculoskeletal robots are a unique variant of soft-robots that imitate biological
musculoskeletal systems by replicating the overall structure of muscles with tendons
attached to bones with passive joints. While such robots exhibit interesting dynamic
properties, they are hard to control. The non-linearities resulting from their actu-
ation call for new adaptive control strategies as purely model-based control hardly
copes with the complexities of effects such as muscle-wrapping, hysteresis from fric-
tion and the co-actuation of several muscles per joint - at times even bi-articular,
influencing several bones per muscle. Amalgamating the results of the original robot
Roboy as well as the EU FP7 project MYOROBOTICS, a humanoid robot called
Roboy 2.0 was developed at TUM. This thesis describes the development and eval-
uation of the low level control infrastructure, necessary to achieve high-frequency,
high-fidelity control of the robot. Towards this goal, an external tracking system
based on the consumer virtual reality system HTC Vive was reverse engineered. It
can be used to track arbitrary objects in a room-scale setup. The external tracking
provides a cheap, yet accurate alternative to expensive commercial tracking systems
like camera-based infrared retro-reflective marker tracking systems. Conclusively,
the combination of the new control infrastructure coupled with this external visual
tracking allowed for external verification and calibration of the robots’ propriocep-
tive control system.
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Chapter 1

Introduction

1.1 Musculoskeletal Robots

Building robots that exhibit comparable dexterity and flexibility to animals and
humans are a longstanding goal of robotics. Already, our economy hinges centrally
on the automation of manual tasks that made mass-production of goods - from
cars to consumer electronics - possible. However, to date we still heavily rely on
human labor whenever the task is not repetitive to an extent where the robot’s
end-effector trajectory can be programmed statically.[1] Similarly, robots that cope
with our everyday environment are still out of scope, albeit with recent promising
results in robots with legged locomotion.[2, 3] In contrast, every animal is able to
survive in its native environment, even when the control system is simplistic such
as in cockroaches.[4]

To shed light on this gap in capabilities and extract the essential control paradigms
that allow for such versatile interaction with the environment, a useful approach is
to mimic the structure of the capable system and build a model that implements
key similarities.[5] To this end, musculoskeletal robots comprise a skeleton, passive
joints and actuators that exhibit a behavior similar to biological muscles.[6]

The robot project Roboy Junior[7] is such a musculoskeletal robot and was built as
a successor to the ECCE robots[8], developed in the EU-FP7 Project ECCEROBOT,
between 2012 and 2013 at the Artificial Intelligence Laboratory of Prof. Dr. Rolf
Pfeifer in Zürich, Switzerland. MYOROBOTICS - an EU-FP7 project succeeding
the ECCEROBOT projects as well - is based on the same results, however with the
goal to provide researchers with a modular toolkit for musculoskeletal robotics[9]
rather than creating an integrated humanoid robot.
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1.2 Low-level Motor Control System

Roboy 2.0 unites the learnings from both of these projects and advances the tech-
nology. One of the key limiting factors of Roboy Junior was that its CAN based bus
system was severely limited to below 10 Hz overall control frequency due to the 48
motors that had to be controlled concurrently[7]. MYOROBOTICS addressed this
by replacing the daisy-chained motor driver boards with an intermediary control
board, termed MyoGanglion, that directly controlled four motor boards through an
SPI bus and was connected to other MyoGanglia as well as the controlling PC by
the industrial field bus FlexRay. This allowed for a 500Hz overall control frequency
of up to 24 Motors. [9]

However, as the FlexRay network was statically configured and MYOROBOTICS
only implemented and exposed a subset of the FlexRay standard to users, the net-
work was difficult to extend. Furthermore, Roboy 2.0 has more than 24 motors -
which is not addressable by the previous system.

As FlexRay has lost importance in recent years due to the advent of Ethernet
based buses such as EtherCAT[10] or Powerlink[10] that provide higher data rates
and flexibility, replacing the infrastructure with a more flexible low-level control
system was one of the central goals for the project.

The technical requirements for the low-level control of Roboy 2.0, deduced from
the experience with MYOROBOTICS and Roboy Junior were:

1. Deterministic control - ensuring repeatability of experiment

2. At least 1kHz control frequency over all motors - allowing for fast, centralized
control from the controlling PC and therefore for easy controller development.

3. At least 50 motors addressable - allowing to control all motors of Roboy con-
currently

4. Simple extensibility and integration of additional sensors - addressing the re-
search nature of the system

5. Co-existence with Robot Operating System (ROS) User Datagram Protocol
(UDP)/Transmission Control Protocol (TCP) packages - allowing the non-
real-time communication for higher-level control to use the same cabling as
the real-time bus

6. Open-source, royalty free protocol - keeping the development of Roboy unre-
stricted

The first and fifth requirement together enforce Ethernet based bus systems, leav-
ing EtherCAT as well as PowerLink as possible candidates that fulfill all the re-
quirements 1 - 5. However, there are no free EtherCAT implementations, leaving
PowerLink as the sole candidate short of implementing a custom bus system. The



1.3. EXTERNAL TRACKING SYSTEM 7

development of a PowerLink based low-level motor control system is outlined in
Section 2.2 and 3.3.

1.3 External Tracking System

Furthermore, another key aspect to evaluate the performance of a musculoskeletal
robotics toolkit is to verify its performance in terms of repeatability, control precision
and accuracy. Additionally, having an external reference of a robots state in space
is highly useful for control development.

Generally, external tracking can be divided into two variants, model-based and
marker-based tracking. In model-based tracking, a 3D model of an object of in-
terest is required. Algorithms such as Efficient Perspective-n-Point Camera Pose
Estimation (EPnP) [11] or Dense Articulated Real-Time Tracking (DART) [12] can
be used to estimate the 6-degrees of freedom (DOF) pose of a model from 2D monoc-
ular images or depth maps, respectively.

In marker-based tracking, an object of interest is physically augmented with some
form of markers, that are distinguishable by the tracking system. The markers can
be colored balls in combination with monocular cameras. Commercially available
systems typically use retro-reflective markers in combination with infrared spotlights
and infrared sensitive cameras. These systems enable very accurate tracking down
to several millimeters accuracy [13]. Depending on the tracking area size, many
infrared cameras with spotlights are required, which makes theses systems very
expensive (ten thousands of Euros). Another disadvantage is the required calibration
of these systems. Whenever a camera is moved, even slightly, the systems needs to
be recalibrated. The price and the static nature of those systems restrict their usage
to research labs with a dedicated tracking space.

In robotics and especially for Roboy, it is necessary to change the tracking envi-
ronment frequently, for example when testing new behaviors and interactions with
changing environments. Therefore, a static system like the camera based marker
systems was not very appealing. Recently, HTC in a cooperation with Valve has
released a commercially available virtual reality (VR) equipment called Vive [14].
The Vive provides a VR experience, where in contrast to so far available systems,
the user can freely move around in a designated room-scale area. The tracking is
very accurate, which the Vive achieves by using specialized hardware consisting of
infrared emitters and infrared sensitive sensors. The Vive tracking system needed
to be highly mobile, since it is a commercially available VR equipment for the con-
sumer market, the customer could not be bothered with time intensive calibration
routines whenever the system is set up. The Vive system circumvents the calibra-
tion elegantly, which was the reason we chose to reverse engineer this system for
application in Roboy and robotics in general.
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Chapter 2

Theoretical Background

2.1 Myorobotics and Roboy 2.0

In summer semester 2017 the second version of Roboy was developed by the Roboy
student team at TUM. Significant improvements compared to Roboy Junior have
been implemented. The upgrades cover the mechanical design, electronic hardware,
and control which will be outlined in the following sections.

2.1.1 Hardware

Roboy 2.0 uses hardware and electronics from the MYOROBOTICS toolkit (MyoToolKit)[15].
The MyoToolKit was designed as a modular toolkit for tendon based robots. The
actuators are called muscle units. The muscle unit depicted in Figure 2.1a shows
its main components. A Brush-less Direct Current Motor (BLDC) is connected to
a motor board which controls the motor. The motor rolls up a tendon, which is
routed via a pulley connected to the spring shaft. When load is applied on the
tendon, the spring is compressed. On one hand, this protects the motor gear box
from destruction by jerks, on the other hand this gives the muscle unit an inherent
elasticity and recuperation characteristics, similar to a mammal muscle. The spring
displacement is measured with a sensor and gives a direct feedback on the force
applied on the tendon.

Apart from the muscle unit, the MyoToolKit consists of the following components,
ordered the way they are connected from the host PC to the robot, as depicted in
Figure 2.1b.

• USB-FlexRay Bridge: A custom PCB that can be connected to the host PC
via USB. It features a FlexRay bus (common in the automobile industry) pro-
viding hard real-time communication with the MyoGanglia at up to 10Mbit/s.
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(a) muscle unit with motor board

(b) system overview

Figure 2.1: MYOROBOTICS muscle unit and system overview (images from [9])

Additionally, it has a CAN bus. The board is depicted in Figure 2.2a.

• MyoGanglion: A custom PCB featuring a TMS570LS20216 from Texas Instru-
ments running at 140Mhz. This floating point processor implements commu-
nication and control for up to four muscle units connected to it. It handles the
FlexRay communication and runs four PID controller. The communication
with the motor board is via SPI. The MyoGanglion is shown in Figure 2.2b
on the bottom.

• Motor board: Another custom PCB that drives the BLDC motor of the muscle
units. The motor board is depicted in Figure 2.2b on the top. The motor board
reads the following pieces of information about the muscle unit:

– motor position: An optical encoder attached to the back of the BLDC
motor measures the motor position in encoder ticks.




























































































































































