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Abstract

During the DARPA Robotics Challenge (DRC) in 2015, robots had to solve tasks in a disaster scenario
motivated by the Fukushima nuclear incident. The robots had to be able to operate in an environment,
which was designed for humans. This encouraged the development of humanoid-shaped robots. One
task was to use a battery-powered drill to cut a hole in a wall. During the DRC, those tools were located
right next to the wall, but in real world scenarios, it cannot be assumed to find the proper tool directly
next to the place where it is needed. In most cases, the robot has to carry a tool across the site to com-
plete the task. Therefore, a humanoid robot must be able to carry a needed tool without falling down.
In this thesis, we investigate an approach how to enable a THOR-MANG robot to walk and carry ob-
jects without falling. We applied different walking approaches and finally decided to extend Missura’s
Capture Step Framework to enable the robot to carry tools. We present our technique how to tune the
Capture Step Framework and explain our modifications and difficulties. Afterwards we demonstrate how
to compensate grasped objects and prove the effectiveness with experiments.







Kurzfassung

In der DARPA Robotics Challenge (DRC) im Jahr 2015 mussten Roboter verschiedene Aufgaben in einem
Szenario 16sen, das von der Nuklearkatastrophe von Fukushima inspiriert war. Dafiir mussten die Robo-
ter in einer Umgebung operieren, die fiir Menschen entworfen wurde. Die meisten teilnehmenden Teams
haben den Wettkampf daher mit humanoiden Robotern bestritten. Eine Aufgabe war es, mit einem Ak-
kubohrer oder einer Handfrése ein Loch in eine Wand zu schneiden. Wahrend sich die Werkzeuge in der
DRC direkt neben dieser Wand befanden, kann dies nicht fiir reale Situationen angenommen werden.
Wenn ein Roboter ein Werkzeug an einer bestimmten Stelle einsetzen soll, muss davon ausgegangen
werden, dass dieses Werkzeug zunichst zum Einsatzort getragen werden muss. Der Roboter darf trotz
des Werkzeugs beim Laufen nicht umfallen.

Diese Masterarbeit untersucht Ansidtze mit einem THOR-MANG Roboter zu laufen und ein Objekt ohne
umzufallen zu tragen. Dafiir wurden verschiedene Laufalgorithmen angewendet und am Ende Missuras
Capture Step Framework dahingehend erweitert, dass der Roboter Werkzeuge tragen kann. Die Mas-
terarbeit zeigt eine Methode auf, wie die Parameter des Capture Step Frameworks eingestellt werden
konnen und wie das Framework erweitert wurde, um das Tragen von Objekten zu unterstiitzen. Zudem
werden die dabei aufgetretenen Probleme erldutert und die Funktionsfidhigkeit des Ansatzes anhand von
Experimenten belegt.
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1 Motivation

When the Chernobyl disaster occurred in 1986, many humans were contaminated trying to reduce the
effects of the explosion. Already in 1986 first attempts were made to use robots to clean up the most
hazardous places, but they failed due to the high radiation. Therefore, humans had to remove highly
radioactive rubble by hand. Today, those humans either are dead or suffer from radiation poisoning.
When an earthquake and the following tsunami damaged the nuclear power plant in Fukushima in 2011,
again robots were employed to limit the impact of the disaster and safe human life. Unfortunately, those
robots were not able to succeed on all tasks as they were not able to climb dusty stairs and get through
blocked doorways. Before the first explosion happened, robots would have been of great help and might
have been able to delay or limit the incident. The workers were not able to open a valve and release
pressure from the primary containment vessel, due to the high radiation [29].

The scenario of Fukushima was later adapted by the DARPA Robotics Challenge (DRC)!. During that
challenge, robots had to operate and perform multiple tasks in a fictional disaster scenario. For example,
the robots had to open a valve and cut a hole into a wall. The challenge started with the Virtual Robotics
Challenge (VRC) in 2013 and ended with the DRC Finals in 2015.

A robot designed for such a scenario must be able to move around the site. If that robot has a human-like
shape with two legs, it obviously has to be able to walk on two feet. Bipedal walking is an unstable kind
of locomotion. The high Center of Mass (CoM) of a humanoid robot and the small feet usually require
an active balance control. Human-like walking and running with bipedal robots has not been solved to
date. Compared to a humanoid robot, wheeled, track-based and quadruped robots usually can move
much faster and are more balanced while moving. These disadvantages of humanoid robots pose the
question, why we should use a bipedal humanoid robot in the first place.

The humanoid form has one great advantage over quadrupeds and wheel-based or track-based vehicles:
The humanoid form is much more versatile and can adapt to the environment in many different ways.
Pratt has compared the flexibility of humanoids to other robot forms [23]. For example, if we consider
obstacles like barriers, rocks, gaps or stairs, a robot of humanoid form can cope with much greater ob-
stacles. While a humanoid robot can easily step over gaps and barriers or climb stairs, a wheeled robot
needs very big wheels in order to not get stuck in a gap or climb an obstacle like a rock. This also applies
to track-based robots; the tracks have to be long enough to reach over the gap and the ability to climb
obstacles is also limited by the inclination of the tracks. An example for that problem can be seen in
Figure 1.1.

In contrast, when we consider a narrow passage the robot has to fit through, quadrupeds, wheeled or
track-based robots have to be very small. A humanoid however is flexible enough to walk through a
narrows passage sideways and even transform into a quadruped to crawl beneath a bar. An example for
that problem can be seen in Figure 1.2.

With respect to a disaster scenario like from the DRC, the humanoid form has further advantages. Usu-
ally, an environment like a nuclear plant is not designed to be accessible for a robot or even to be operated
by it. Stairs, doors, control elements and tools are designed for humans. Thus, by having arms, legs and
roughly the size of a human, we get much more intuitive options to operate in those environments. For
instance, the first task in the DRC Finals was to drive a mostly unmodified vehicle. Therefore, the robots
had to use the gas pedal and steer the vehicle with the steering wheel. While humanoid robots are able
to perform those actions due to their humanoid shape, this is often a very difficult task for non-humanoid
robots.

Obviously, it is possible to combine different forms of robots. For instance, we can attach wheels or tracks
to the legs of a humanoid robot like Team KAIST did for the DRC Finals. Their DRC Hubo had wheels on
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Figure 1.1: This image shows the minimal size for a humanoid, a quadruped, a wheel-based and a track-based
robot for climbing stairs. It can be seen, that a humanoid robot can climb very high objects while being
very small. The image is taken from [23].

—er

Figure 1.2: This figure shows the maximum size of robots to still fit through a narrow passage. While the humanoid
robot is flexible enough to walk through the passage sideways, quadrupeds, wheel-based and track-
based robots have to be very small. The image is taken from [23].
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the feet and on the knees and therefore could kneel down and drive on flat ground. The robot still had
a humanoid form and was able to step over objects, climb stairs, use tools and drive the vehicle. Team
KAIST made the first place in the DRC Finals, as they were able to perform the tasks quicker by driving
instead of walking.

Despite of the ability to drive on flat ground, the robot still has to be able to walk in order to benefit
from the humanoid shape easily. Otherwise, it would not be able to climb stairs or step over gaps and
experience the drawbacks that were already mentioned before.

When operating in a disaster scenario, we might face the problem that the robot has to use a tool to

complete the mission. For instance, the robot might have to cut a hole through a wall as in the DRC.
However, we cannot assume, that we always have access to tools right where they are needed, as it was
the case in the DRC Finals. The robot might have to pick up a tool from one place and carry it to the
target place. This means that the robot has to grasp the tool and walk with it to a different location.
Obviously, it is important that the robot does not fall during walking.
We can also imagine other scenarios where robots have to carry tools or other heavy objects. For instance,
a robot for home and industrial use might have to perform pick and place tasks to tidy up a room, sort
objects or pack them for shipping. Also in this case it is important, that the additional weight does not
cause the robot to fall over during walking.







2 Thesis Overview

We divide this thesis into two goals. The first goal is to get a robot walking by utilizing existing walking
approaches. The second goal is to extend the approach to enable it to carry objects without falling down.
At first, we will present some related work that has been published in both areas in Chapter 3. As we
want to apply all investigated approaches to our THOR-MANG robot, the robot setup is introduced in
Chapter 4. We will give an overview over both the hardware and the software in that chapter.

In Chapter 5 we will cover the most important principles of bipedal walking with robots. We will explain
different ways how to model a robot and how to balance it during walking. In Chapter 6 we will explain
three approaches to enable the THOR-MANG to walk without grasped objects. These approaches are the
Robotis Walk that comes bundled with the THOR-MANG robot, the Drake toolbox and Missura’s Capture
Step Framework. We will check how applicable those approaches are for our purpose and try to apply
them.

In Chapter 7 we will explain the steps we took in order to carry an object without falling based on the
approach by Harada et al. [6]. After that, we extend Missura’s Capture Step Framework in order to
utilize it to carry objects and take a deeper look on our modifications for the open-loop walk and the
closed-loop controller. In Chapter 8 we present our results and show experiments to evaluate how well
our system of carrying objects performs.

In Chapter 9 we conclude this thesis and in Chapter 10 we will give an overview over future steps in
order to improve the system.







3 Related Work

Bipedal walking is a deeply investigated research topic. In the last decades, walking controllers have
become more and more sophisticated. One common characteristic of almost all state of the art walking
controllers is the usage of the Zero Moment Point (ZMP) notion [31] to evaluate the balance of the robot
and control the gait [12, 18, 5, 8, 6, 38, 35]. A very popular approach is ZMP Preview Control [11],
where a ZMP trajectory is used to compute a CoM trajectory that reduces the tracking error. The robot
then tries to follow the CoM trajectory, e.g. by using a Linear Inverted Pendulum Model (LIPM) as robot
model. For the Model Predictive Control (MPC) approach, Wieber also computes a CoM trajectory from a
ZMP trajectory, but recomputes the entire trajectory after each iteration based on the current state [33].
This approach makes the controller more robust to perturbations. He uses a Quadratic Program (QP)
to compute the CoM trajectory, which is computationally expensive but still doable in real time. Mis-
sura has presented a pattern generated open-loop walk [1, 21, 18], which is a rather classical approach.
While a pure open-loop walk is not state of the art any more, he also developed a closed-loop controller
in parallel, that uses the pattern-based gait and balances the robot using Capture Steps [19, 20, 18, 22].
The idea behind Capture Steps is to compensate a disturbance by an adjusted step size when the robot
is pushed from any direction. Although this is a very intuitive way of disturbance rejection for humans,
the Capture Point was first formalized in 2006 [24] and even later used for walking [7, 4, 20].

In contrast to pattern-based walking, there are whole body controllers that can also be used for walking.
In general, a whole body controller uses all joints and links of the robot in order to achieve a pre-defined
task. For this purpose, a whole body controller usually has very detailed knowledge about the robot
dynamics. As classical control approaches are not applicable for a high DOF system, they often use QPs
to generate an optimal solution for a given cost function with respect to a set of constraints (e.g. joint
limits). For Instance, the DRC Teams IHMC and MIT are using whole body controllers for their bipedal
Atlas robots [9, 15, 30, 2].

To our knowledge, there are few publications dedicated to walking with grasped objects. Kanehiro
et al. described a robot that can carry objects while walking in 1996 [13]. Their walking approach is not
state of the art any more, as they use a pure kinematic pattern generator to generate movements and
only consider the ground projected CoM to stay within the support polygon, not the ZMP. For carrying
objects, they assume the size, weight and CoM of the object to be known.

A more recent approach to carry objects has been presented by Harada et al. [6]. They describe a robot
that can perform pick and place tasks. They assume not to know the mass of the object prior to picking
it up and utilize force / torque (F/T) sensors in the hands to estimate the properties of the objects.
Additional to special approaches for carrying objects, whole body controllers that use full body dynamics
support additional weights by design. As long as we can add a model of the grasped object to the robot
model, the controller can compute a pose that will prevent the robot from falling. In this case, the most
difficult task is to obtain a precise model of the object, as the robot would have to perform some kind of
calibration movement [6].







4 The Robot Setup

The author of this thesis is a member of Team Hector from Technische Universitdt Darmstadt in Germany:.
We participated in the DRC Finals with the THOR-MANG robot named Johnny 05. Thus, we are going
to use that robot for experimentation in this thesis. The robot was developed by Robotis and consists of
standardized, general-purpose actuators and structural components. We only made minor modifications
to the robot. We removed the additional head LIDAR, upgraded the onboard computer and its PSU and
added a wireless emergency stop and a router as required by the DRC Finals regulations. We also use
custom hands developed by the Virginia Tech. Those hands consist of a stiff wall on the one side and two
active fingers on the other side. The fingers are underactuated and allow for easy and secure grasping.

The robot is around 1.47 m tall and has a weight of 49.8 kg including all modifications and batteries.
The legs have 6 DOF, the arms 7 DOF and the torso 2 DOF.
Except for the hands and panning LIDAR, the robot completely uses Robotis Dynamixel Pro servomotors
in different sizes. The robot has a Logitech C920HD Pro Webcam in the head and a Microstrain 3DM-
GX3-45 IMU in the pelvis near the CoM. It is also equipped with ATT mini 58 F/T sensors in the ankles
and ATT mini 45 F/T sensors in the wrists. Figure 4.1 shows a photo of the robot.

Figure 4.1: The THOR-MANG robot
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Figure 4.2: We define the global coordinate system as shown in the image. When all joint angles are zero, the
robot stands upright with completely stretched knees and the arms hanging to the bottom. In this
pose, the joint coordinate systems are aligned with the global coordinate system. The image is taken
from [18].

We are using the Robot Operating System (ROS) [25] for operating the robot. ROS is a message-
oriented middleware that separates each component into a node. Nodes can publish messages to topics
and subscribe to topics to get messages from other nodes. This allows for easy decoupling of software
components; they might even be distributed over multiple machines and communicate over the network.
Communication via ROS topics is not coupled to the internal control loop, which is why ROS provides
the ros_control package. A ROS controller has to implement an update method, which is called at a
given frequency. Thereby, ROS controllers are kept synchronized with the internal control loop. We use
a 125 Hz update rate. ROS-Control also defines a hardware_interface for easy access to motors and
Sensors.

For simulation, we are using GAZEBO 6. GAZEBO can load robots as Universal Robotic Description
Format (URDF) files and is well integrated into ROS. As on the real robot, we can access simulated
hardware from a hardware_interface, execute ROS controllers and control the robot using ROS topics.
Therefore, we can use the same code on the real robot and in simulation with only few modifications.
For simulating dynamics, we use the default Open Dynamics Engine.

Unless stated differently, we will always assume the following coordinate systems. The robot’s coordi-
nate system is right handed with the x-axis pointing to the front of the robot, the y-axis to the left and
the z-axis to the top as shown in Figure 4.2. When all joint angles are zero, the robot stands upright with
completely stretched knees and the arms hanging downward from the shoulders. In this zero-pose, the
coordinate systems of all joints have the same orientation as the global coordinate system.
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5 Foundations of Walking with Bipedal Robots

In this chapter, we will give an overview over important concepts used in a lot of walking algorithms.
At first, we will explain two different approaches to model the dynamics of the robot. Most closed-loop
walking controllers use a dynamic model to keep the robot balanced. After that, we will give examples
of two concepts that can be used in order to estimate and preserve the balance of the robot.

5.1 Modelling Robot Dynamics

Not all bipedal walking algorithms use a model of the robot’s dynamics. For instance, Missura and
Behnke presented a pattern generator that creates a self-stable open-loop walk using only an abstract
kinematic model and hand tuned parameters [21]. Nevertheless, almost all closed-loop controllers re-
quire a model of the robot to estimate the impact of a disturbance on the robot and to calculate an
appropriate control signal.

There are two major classes of dynamic models: Models that only contain limited knowledge and mod-
els containing precise knowledge about the dynamic parameters [10]. Firstly, we will give an overview
over the Linear Inverted Pendulum Model (LIPM), which is part of the first family. The LIPM is the most
common limited-knowledge-model and is used in many walking and balancing concepts [11, 22, 5, 28].
In this thesis, we will utilize the LIPM in Section 6.3 to control the robot. Then we give an overview over
the concept of having a full dynamic model. That concept is relevant for Section 6.2 where we try to
control our robot using Drake [30].

5.1.1 Linear Inverted Pendulum Model

The Linear Inverted Pendulum Model is a simplified dynamics model that uses very limited knowledge.
It was first formalized by Kajita et al. [10]. The LIPM is derived from the (non-linear) Inverted Pendulum
Model. The Inverted Pendulum Model assumes the robot to be a point mass rotating around a stick as
shown in Figure 5.1a. For the linearization, we assume the mass never moving far from the pivot point.
Thus, we assume the point mass having a constant height at all time making the approximation look like
in Figure 5.1b. This leads to very simple dynamics:

¥=C%x (5.1)
with

—./&
C=y/5 (5.2)

where g = 9.81m/s? is the gravitational acceleration and h is the height of the point mass [18]. Kajita
et al. use a more complex definition by including external momentum in their equations [10]. Neverthe-
less, most walking concepts that use the LIPM neglect the effects of external momentum.

The linearization also decouples the x and y dimension. Thus, it is possible to construct a two dimen-
sional model by combining two one dimensional LIPMs [18]:
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(a) Inverted Pendulum (b) Linear Inverted Pendulum

Figure 5.1: The Inverted Pendulum models the robot as a point mass rotating around a stick. The Linear Inverted
Pendulum neglects the change of the height of that point mass. Both images show the one-dimensional
model.

Assuming an undisturbed LIPM, we can calculate both the location and the velocity of the point mass
at any given time in closed form [18]:

x(t) = xycosh(Ct) + % sinh (Ct) (5.4)

x(t) = x,Csinh(Ct)+ x,cosh(Ct) (5.5)

x, and x, represent the location and the velocity of the point mass at the time t = 0. We can also
calculate the time when the mass will reach a certain location or have a specific velocity [18]:

1 2
t(x):-ln(ﬁi x—z—c—z) (5.6)
C C1 g
1 x X2y
t(x)=—=—In| — 4| —+—= 5.7
() C (clc c2C2 cl) ©.7)
where
X
C1=Xg+ —, 5.8
1 ot (5.8)
Xo
Coy = Xg— —. 5.9
2 0T ¢ (5.9

Being able to predict the state of the pendulum in closed form is a great advantage when developing a
closed-loop balancing or walking controller, since we can estimate the future movement of the pendulum
at any time.

For modelling a robot as Linear Inverted Pendulum (LIP), we need to obtain its CoM. If the movement
of the robot is built around a static pose, we can obtain the CoM location as an offset from the robot’s
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pelvis in that static pose and assume it staying constant. This is applicable if the robot does not move too
far from that pose. In order to model movements that are more complex and induce a significant change
of the CoM, we would have to use models that are more complex. For instance, the Extended LIPM [36]
uses one LIPM for the torso and each arm of the robot.

Especially if the robot is walking, the constant height assumption of the LIPM might not be accurate any
more. Nevertheless, the LIPM has proven to be sufficient for most applications. Johnson et al. even use
a LIPM to step over cinder blocks [9], which obviously results in a great change of the CoM height.
Wieber has evaluated a whole dynamics model against a simple LIPM while walking with a ZMP-tracking
controller. The difference between both models stayed within 2 cm on a human sized robot, which was
within the range of admissible values [33].

The LIPM has also been used outside the robotics for human gait analysis and has proven to be sufficiently
accurate for that application [27].

5.1.2 Full Dynamic Model

In contrast to limited-knowledge-models like the LIPM, a full dynamic model does not make any as-
sumptions or approximations on the robot dynamics. Thus, the mass and inertias of every link has to
be known. Determining this model is a hard task, but once obtained it will be more accurate than a LIPM.

Since a full dynamics model contains more information, it can be used for more scenarios than the

LIPM. Stephens and Atkeson use a full dynamics model for their Virtual Model Control [28]. By using a
full dynamic model, they can directly compute the joint torques from given desired contact forces.
Similar to that application, a full dynamics model can be used to reduce the joint tracking error in a
feedforward manner. When using a PID controller, the control input is only generated from the error
term, i.e. if a PID controller is used to track a joint trajectory, there has to be a certain tracking error
to generate a torque in the motors. Even when tracking a constant point, that tracking error might not
vanish due to gravitational forces and friction in the joints [9]. In this case, a model can be used to
compute the expected error and compensate it.
Since a full dynamics model stays accurate even when the robot changes its pose, we can also use it
to obtain a lower dimensional model (e.g. a LIPM). Yi et al. compute the CoM of their robot from a
detailed mass model. During manipulation, the robot might extend its arms causing the robot to fall
even though the pelvis is not moved. By recalculating the CoM, they are able to move the pelvis in the
opposite direction and compensate that effect [38].

A full dynamic model depends on many parameters. When trying to achieve complex goals like walk-
ing, this complexity can lead to systems that cannot be solved analytically in real world scenarios, as the
analytic solution does not exist or it is infeasible to solve it. Therefore, some state of the art walking and
balancing controllers use numerical optimization (in the form of quadratic programming) to compute
desired joint torques that will fulfill given constraints in the next iteration. While walking, those con-
straints are the position and velocity of the CoM or the ZMP that can be computed from the full dynamic
model. This effectively reduces the full dynamics model to a LIPM again, but enables the controller to
compute a new LIPM in each iteration that better matches the current state of the robot and can include
effects like arm swinging or other external momentum. An example for a walking controller that uses a
QP to track a ZMP trajectory is Drake [30]. We will take a deeper look at Drake in Section 6.2.

5.2 Concepts for Preserving Balance

For this Thesis, there are two concepts of special importance. The first one is the notion of the Zero Mo-
ment Point (ZMP) [31]. The ZMP is used in almost all state of the art balancing and walking controllers
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Figure 5.2: A right handed coordinate system where the x-axis points to the front, the y-axis to the left and the
z-axis to the top of the foot. Moments and rotations around those axes act in the direction of the
circular arrows.

[12, 18, 5, 8, 6, 38, 35]. The second concept are Capture Steps [24]. Capture Steps can be used in
walking controllers to react to disturbances and regain balance after a push [4, 22, 18].

5.2.1 Zero Moment Point

The ZMP was first mentioned in 1972 by Vukobratovi¢ and Stepanenko in [32], although Vukobratovi¢
already used the concept in 1968. For the ZMP Notion, we assume the following system: The robot is
balanced, i.e. not falling or tipping around the edge of a foot. The coordinate system is a right-handed
system with the x-axis pointing to the front, the y-axis to the left and the z-axis to the top of the foot,
which is shown in Figure 5.2. When the robot is standing on the ground, the Ground Reaction Force
(GRF) consists of the linear force F = (F,,F,,F,) and the moment M = (M,,M,,M,). F,, F, and M,
represent the friction force and moment. Because we usually assume those being balanced, we are only
interested in the remaining force F, and moments M, and M,.

Using that definition, the ZMP is the point on the ground, where M, and M, are 0, i.e. they are com-
pletely expressed by the linear force F, [31].

This point can only exist within the support polygon, because F, cannot act on a point that is outside
that polygon. When computing the ZMP from sensor data, there are cases in which the result exceeds
the support polygon. In these cases, the robot will start rotating around the edge of a foot and the result
of the calculation is called Fictional Zero Moment Point (FZMP) [31]. When the ZMP exists, it is always
equivalent to the Center of Pressure (CoP) [31].

The notion of the ZMP is used in almost all walking and balancing controllers. When the controller
assures the ZMP staying within the support polygon of the robot at all time, the robot will not fall.
For walking algorithms, this leads to a trivial control scheme called ZMP tracking where the walking
trajectory is represented by a ZMP trajectory. The walking controller can track the ZMP trajectory in
different ways. For instance by using ZMP Preview Control [11], a CoM trajectory is computed from the
ZMP trajectory that reduces the ZMP tracking error and the CoM trajectory is tracked instead. Wieber
presented an approach which is called Model Predictive Control or Receding Horizon Control [33]. He
also computes a CoM trajectory from the ZMP trajectory using a QP. After each iteration, the entire
trajectory is recomputed based on the current state, whereby this controller can compensate stronger
perturbations than ZMP Preview Control.
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Whenever we compute a CoM trajectory from the ZMP trajectory, we need some kind of robot model.
When using a LIPM, the pivot point of the pendulum on the ground is the ZMP. As mentioned earlier,
many controllers use a LIPM.

5.2.2 Capture Steps

Pratt et al. introduced the concept of Capture Steps in 2006 as a concept for humanoid push recovery
[24]. They defined the Capture Point (CP) as the point on the ground the robot has step to in order to
come to a complete stop. They also defined the Capture Region to be the region of all possible CPs.

Computing the CP is very difficult for complex models. Thus, most publications use a LIPM for that
purpose [24, 4, 22, 34]. The CP can be calculated from the orbital energy of the LIP [24]:

E=—x"——x". (5.10)

When the orbital energy is 0, the CoM will come to a rest above the support point of the pendulum. Pratt
et al. calculate this point to:

Xep =X E (5.11)
g

By stepping to the point calculated in Equation 5.11, the robot can reject external disturbances and stand
still. We can also use the concept to analyze the current balance of the robot. When the CP is within the
support polygon, the robot is standing stable [34].

For walking, we usually not want the robot to come to a complete stop but rather return to a nominal

trajectory after it got pushed. Hof presented a controller that uses the CP for walking by calculating
a step duration and CoP position as a function of the CP. The concept was later used by Englsberger
et al. [4]. They expressed the walking trajectory as CP trajectory and developed two ways to control the
robot. Their CP End of Step Controller takes only the end of step CP into account and does not depend
on future step positions, while the CP Tracking Controller tracks the CP trajectory at all time and tries to
realign with the nominal trajectory after a disturbance.
Later Missura and Behnke utilized CP tracking for push recovery in their Capture Step Framework [20].
They presented a pattern generator for self-stable open-loop walking [21] and added a CP-based con-
troller that copes with disturbances by adjusting the step timing and step position. In contrast to Engls-
berger et al. [4], they first compute a desired CoM trajectory and compute the CP from that using a LIPM
[20].
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6 Walking with THOR-MANG

The first goal of this thesis is to stably walk with a THOR-MANG robot. Robotis already provides a
walking approach for the THOR-MANG which is deeper analyzed in Section 6.1. We also tried to adapt
both the Atlas Walking algorithm from Drake [30] and the Capture Step Framework by Missura [18].

6.1 Robotis Walk

The THOR-MANG robot already comes with a walking approach provided by Robotis named Robotis
Walk. It implements the ZMP Preview Control scheme that we have explained in the last chapter. The
Robotis Walk is proprietary, i.e. it is only available as binary with headers and we do not have access to
the source code. Additionally, there are no publications regarding this implementation, which makes it
extremely hard to adapt to situations it is not designed to work in.

The Robotis Walk uses IMU and F/T sensor data as feedback. The F/T sensors are used to always keep
the feet of the robot flush on the ground in order to prevent the robot from lossing traction. Effectively,
this results in a certain degree of simulated compliance when the robot gets pushed from either side
while it is standing. For instance, if the right F/T sensor measures a higher force than the left sensor, the
robot will slightly shorten the right leg.

This simulated compliance is a drawback when walking with grasped objects. If the robot has an object
attached to the right hand, it will apply more weight on the right foot F/T sensor. By shortening the right
leg, the robot will transfer even more weight on that leg and the robot will very likely fall while walking.
The desired behavior is to shift the pelvis to the opposite site to move the ground projected CoM in the
middle between the feet again. However, we might also be able to use the compliance to achieve that
behavior, by simulating different F/T data. We would only have to estimate the properties of the object
(mainly the mass and the CoM position with respect to the robot’s pelvis) and add or subtract an offset
from the F/T data prior to giving it to the Robotis Walk controller. Thereby, we are able to move the CoM
of the robot in the middle again, even if the robot is carrying an object.

Unfortunately, the F/T sensors of the robot did not function properly during this thesis and the Robotis
Walk is not available in any simulation. Thus, we were not able to investigate whether carrying objects
with simulated F/T data is possible.

6.2 Drake

Our first approach to get THOR-MANG walking with a different algorithm was using the Atlas Walk Al-
gorithm from Drake [30]. Drake is a toolbox for analyzing the dynamics of robots and building control
systems for them. It was developed by the Robot Locomotion Group at MIT, mainly by Tedrake.

Drake makes heavy use of optimization based control using quadratic programming. It is written in Mat-
lab but uses external .mex code and third party optimizers (SNOPT and Gurobi) for heavy computation
tasks.

The MIT used the Atlas robot during the DRC Trials and Finals. Thus, although Drake is a general-
purpose toolbox, it contains much functionality specific for the Atlas robot. They also used Drake to
control the simulated Atlas during the VRC. Among other things, Drake contains a walking controller for
Atlas that will be called Drake Atlas Walk for this section.

In the next subsections, we will give an overview over the most relevant parts of Drake. We will then
explain how we applied Drake to THOR-MANG and what problems occurred during the process.
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6.2.1 Overview

When controlling the Atlas robot with Drake, the controller consists of two parts, a planning part and a
control part. The planning part defines what the robot is trying to achieve. There are different prede-
fined plans, each with its own set of parameters. On THOR-MANG we used the Standing Plan and the
Walking Plan.

The Standing Plan aims to keep the pelvis of the robot at a desired position in 6D. For this, Drake uses
a PD position-controller and the Standing Plan consists mainly of the P- and D-gains. Additionally, it
contains PD gains for each joint, since the Standing Plan is executed in a position-controlled mode.

The Walking Plan is generated by a planner. For this purpose, the planner first generates a walking tra-
jectory as footstep locations. It then derives a ZMP trajectory from those locations by fitting a piecewise
linear trajectory that interpolates between those footsteps [16]. The planner generates the timing from
parameters like the swing speed of the feet and the double support time.

When executing the plan, Drake tries to track the planned ZMP trajectory. As an intermediate step, it
computes a CoM trajectory from the ZMP. Drake assumes linear CoM dynamics and fixes the height of
the CoM [16]. In order to follow the CoM trajectory, Drake uses a full dynamics model of the robot and
computes the desired motor torques and velocities using a Quadratic Program (QP). A QP solver then
computes an optimal solution of a cost function with respect to a set of constraints. When walking, these
constraints are for example joint limits and external forces like friction that must not be exceeded. The
cost function includes costs for the acceleration and velocity of joints. A higher cost will make the QP
solver move that joint less. For instance, the Drake Atlas Walk assigns rather high costs to the pelvis
joints of the robot. Otherwise, the QP Solver would try to track the CoM trajectory by tilting the upper
torso and not by moving the robot. As described in [16], the QP has 30 equality constraints and 112
inequality constraints and is solved for 90 decision variables. Obviously, the controller must only assign
external forces to parts of the robot that are in contact with the environment. While walking, those are
usually both feet during double support or one feet during the swing phase. In order to generate desired
accelerations of the robot’s pelvis and the feet as input for the QP, Drake controls those individually with
a PD controller. The feet follow a swing trajectory that satisfies the footstep locations computed by the
footstep planner. The pelvis is aimed to always have a constant height and the average yaw-rotation of
both feet. Drake does not control the pelvis position in the horizontal plane as this is already covered by
the CoM tracking.

As mentioned earlier, a full dynamics model eases the task of carrying objects. All torques and velocities
are computed from the dynamic model, so if we alter that model by adding an object, the controller will
still compute appropriate torques and prevent the robot from falling.

On real hardware, Kuindersma et al. use a mixture of torque and velocity control [16] for each joint.
They describe two scenarios. When the ground is not well known, they use torque-only control in the
ankle joints. This creates a certain level of natural compliance that might be beneficial if the ground dif-
fers from expectations. To increase the position-tracking accuracy, they are able to switch to a controller
that combines torque and velocity feedback [16].

6.2.2 Application to THOR-MANG

In order to use the Drake Atlas Walk for THOR-MANG, we had to modify it. We started by copying the
Matlab code of the Atlas class and modified the contained parameters to be applicable for THOR-MANG.
This mainly includes the name of individual joints and the desired balancing and walking parameters as
the pelvis height, the nominal step size and the double support time. We also had to make a few changes
within the controller itself, as there had been hardcoded joint names.

After that, we were able to plan walking trajectories and let THOR-MANG walk in the Drake simulator.
Figure 6.1 shows a screenshot of THOR-MANG following a footstep plan that moves the robot 2m for-
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Figure 6.1: THOR-MANG walking with Drake inside the Drake Simulator

ward and turn 90° leftward. By using Drake in open-loop mode, i.e. pre-planning the whole walking
trajectory as joint angle trajectories, we were also able to walk in the Gazebo simulator which is shown
in Figure 6.2. This shows that our modifications are correct, as the right model is used and THOR-MANG
is able to walk with the output generated by Drake. An open-loop pre-planned motion however cannot
react to disturbances in any way.

In order to send sensed joint positions from the robot back to Drake and send the commands from
Drake to the robot, we had to connect Matlab to ROS. We used rosmatlab! for that purpose. This soft-
ware allows to create ROS nodes from within Matlab and subscribe to topics or publish to them. As
mentioned in Chapter 4, ROS topics do not guarantee real-time communication and the usage of sepa-
rate topics for sensing joint-states and sending joint-commands keeps the Drake Controller and the robot
software unsynchronized. In simulation, we solved that problem by setting the simulation speed to a low
value (10% real-time worked well for us). This gives Drake enough time to perform its computations and
effectively result in simulated real-time communication. Nevertheless, if we had moved to the real robot,
we would have had to develop a much better communication method, for instance by implementing a
real-time ROS controller and bypassing the ROS event based communication. As walking with Drake did
not work on THOR-MANG, we did not use it on the real robot. The reasons are presented in the next
subsection.

1 https://github.com/tu-darmstadt-ros-pkg/rosmatlab
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Figure 6.2: Using a pre-planned joint trajectory without feedback, the robot can walk in Gazebo.

The output of Drake are desired joint torques and velocities for the two control schemes mentioned ear-
lier, while THOR-MANG is position controlled by default. Thus, we calculated the desired joint position
d4.s in each iteration by computing the integral of the velocity using the following equation:

Qaes =q + qdes “At (6.1)

Using position controllers, we were able to get THOR-MANG standing in simulation, but we were not
able to walk with position controllers. We will explain our problems in the next subsection.

6.2.3 Problems

We experienced several problems during development, but the major one was the conversion from joint
torques or joint velocities from Drake to joint positions as input for the robot. As mentioned, we tried to
integrate the velocity with Equation 6.1 in order to calculate the desired position. While this might work
in theory, it failed in practice, as the joints do not operate exactly.

In simulation, we use PID controllers for each joint. Those PID controllers take a position as input
and compute a torque for the corresponding joint. As a PID controller computes its output from the
positioning error, we actually need an error in order to get a nonzero output torque. Thus, if Drake
commands a desired velocity of zero, the joints will not apply any torque and gravity will most likely
move the joint away from its desired position. In a normal situation, the motor will come to a stop at
a position where the positioning error results in a torque that is equal to the negative torque caused
by gravity. Depending on the motor gains, this error is often very small. However, in our case we
control a position-controller (from the simulation) with the velocity output from Drake by continuously
recalculating the goal position from the inaccurate current position. When sensing an error, Drake will
apply more torque and thus a nonzero velocity on that joint to move it back to its intended position. If
the velocity is too small, this causes the new goal position to effectively lie in the middle between the
current position and the actual desired position. This causes the positioning error from the PID controller
to decrease and thus cause the motor controller to generate less torque than required for even holding
the position. Therefore, the current position further drifts away and the goal position will follow the
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current position rather than moving the joint back, as in every iteration it lays between the old desired
position and the current position.

For balancing without walking, we can change the joint PD gains Drake uses to compute the desired joint-
velocities. By applying high gains, the commanded velocities eventually get high enough to compensate
the effects of gravity. Thus, we were able to get THOR-MANG balancing in simulation. However, our
goal was to use the walking algorithm of Drake. As explained in Section 6.2.1, the walking controller
computes the desired velocities by assigning external forces, moving the feet with a PD controller and
solving a cost function with a QP. Thus, we do not have a per-joint PD controller and the robot does
not operate in a position-controlled mode. For the same reasons as before, the desired position follows
the current position and the robot sinks to the ground when we try to walk. We experimented with a
constant overcompensation variable and computed a new desired position ¢/, for the motors with the
equation

q:les =q+ (qdes ’ At) X (6.2)

where X can be chosen freely in order to overshoot the actual desired position and get motor torques that
would be high enough to at least hold the current position. Again, we were able to execute a standing
plan on THOR-MANG without the robot sinking to the ground. Even adaptation to disturbances worked
to a certain extent, as the robot would always try to keep the feet on the ground and the pelvis straight
upwards even if we tilted the robot. Nevertheless, that concept of constant overcompensation fails for
walking, since the external forces that act on the joints are not constant. Whenever the robot tries to
transfer its weight from the middle to the first support foot, the chosen X becomes too small for the
support leg and too high for the swing leg.

Since we have a position-controlled robot, we might not need Drake to keep track of the current motor
positions. Thus, we gave the desired positions of all joints back into Drake and left the actual tracking of
those positions to the robot itself. At that point, the only real feedback was the pelvis position measured
in world coordinates that Drake uses for the CoM tracking. This improved the motions of the robot, since
the desired position was not able to follow the current position any more. For the pelvis position however
we used the ground truth as computed from the simulator. While this value can be considered exact, it
does not match the internal model of Drake, which was built with the desired joint states rather than
with the actual ones. For instance, Drake now thinks that the feet slipped over the ground, as the robot
pose has changed, but the pelvis position stayed almost the same due to the actual error in the joints.
This causes Drake to not properly shift the pelvis of the robot resulting in a fall as soon as the robot
raises the leg. Obviously, we can try to solve that problem by also replacing the real pelvis position with
the desired one, but this would finally degenerate Drake to a pure planning approach with open-loop
execution. We did not try that, as we have already shown that open-loop walking with a pre-planned
trajectory is possible, but cannot react to external disturbances.

We were not able to solve the transformation from joint velocities to joint positions in a way that
worked for walking. We still think that it is feasible to use the Drake Atlas Walk on THOR-MANG. The
Dynamixel Pro Motors actually use a cascaded position controller that is also capable of velocity control,
so the next step would be to use the computed velocity as input for the robot. We also would have to
extend the simulation to accept a joint velocity as input. We could also try to incorporate the desired
joint torque without converting it to a position and run the motors in some kind of torque-controlled
mode. However, performing torque control on a position-controlled motor is a difficult task. It usually
means that we have to determine an accurate model of the motor including the controller and compute
a position that will make the internal controller generate a given torque. This requires deep knowledge
of the behavior of all mechanical parts like the gearing system, as well as the internal motor controller.
Different authors have claimed that torque control with position controlled motors is possible [3, 14],
but this would exceed the scope of this thesis. Anyway, considering the Dynamixel Pro motors, it might
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be easier to use those motors in current-control mode as the current is more directly related to the output
torque than the goal position.

Instead of investing additional time into Drake, we decided to use a different walking approach that has
been designed for position-controlled robots.

6.3 Missura’s Capture Step Framework

Our second attempt to get THOR-MANG walking was by using Missura’s Capture Step Framework [18].
The Capture Step Framework is a closed-loop walking algorithm for omnidirectional walking that targets
soccer robots in the teen-size humanoid RoboCup League. Although those robots are humanoid, they
notably differ from the THOR-MANG. Compared to the THOR-MANG robot, those robots are usually
lightweight and small. Since soccer includes few manipulation tasks and the robots play on flat ground,
arms and legs of those robots are usually build very simple and do not have as many degrees of free-
dom as the THOR-MANG. For instance, the robot Missura uses for his experiments has legs constructed
with parallel kinematics, which forces the foot to always stay parallel to the hip [18]. In order to in-
crease the walking stability, soccer robots often have quite large feet. They usually do not have F/T
sensors in the feet and are only equipped with an IMU. Additionally, soccer robots have low computa-
tional power due to restrictions of size. Thus, the Capture Step Framework does not use QP Solvers
as Drake, but solves all equations in closed form instead. While soccer robots never have to cope with
uneven or unknown terrain, they still have to react to sudden disturbances as the robots might hit
each other. As the name implies, the Capture Step Framework uses Capture Steps to reject those distur-
bances and keep the robot balanced. The framework also adapts the gait frequency and controls the ZMP.

As the Capture Step Framework uses a LIPM as robot model, we cannot simply add a model of our
grasped object as it would have been possible in Drake. Nevertheless, the simple design of the Capture
Step Framework along with good code documentation makes it much easier to modify. Thus, we might
be able to modify the framework and extend it for our purpose. The main advantage over Drake is that
the Capture Step Framework assumes a position-controlled robot. Therefore, we will not have to handle
the issue of torque to position conversion as in Drake.

Unless stated differently, all information regarding the Capture Step Framework in the rest of this section
are taken from [18].

The Capture Step Framework consists of two major components:

1. The Central Pattern Generator (CPG) [1, 21, 18] is a simple open-loop pattern generator that
creates basic leg movements. It takes a foot placement and a step time as input and creates an
omni-directional gait. By tuning many parameters, that gait becomes self-stable, although the CPG
cannot actively compensate disturbances.

2. The Footstep Controller [19, 20, 18, 22] actively balances the robot and rejects disturbances. It
uses a LIPM to generate a reference CoM trajectory. When the robot differs from that trajectory, the
Footstep Controller balances the robot by calculating appropriate foot placement and step timing
values as input for the CPG.

Figure 6.3 shows a block diagram of the Capture Step Framework. Both the Central Pattern Generator
and the Footstep Controller are interchangeable. For instance, we can use the CPG in open-loop mode
without any controller or use the Footstep Controller with a different open-loop walking algorithm, as
long as it accepts a foot placement and step timing as input. In the next two chapters, we will take a
look at both parts in more detail.
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Figure 6.3: The Capture Step Framework consists of the CPG and the Foostep Controller. The Footstep Controller
sends commands to the CPG in order to balance the robot.

6.3.1 Central Pattern Generator

The Central Pattern Generator (CPG) was originally created by Behnke [1] and further developed by
Missura [21, 18]. The CPG creates a walking motion by combining multiple motion primitives that are
expressed using an Abstract Kinematic Interface. The non-zero size of the robot’s feet causes the gait to
be self-stable, although the CPG is completely open-loop and does not accept any kind of feedback. To
create a self-stable gait, we have to tune many parameters that we will explain later.

The CPG consists of three layers: the Control Interface, the Motion Pattern and the Kinematic Interface.
We will only give an overview here and omit the equations, since they are not relevant for this thesis.

The Control Interface accepts a 3-dimensional desired step size S and a step time T as input from
an external application. The Control Interface will try to touchdown the foot at the given coordinates
at the given time, but it will also enforce a smooth motion. It computes a swing amplitude vector
A= (Ax,Ay,Ae) € [-1,1]® and a motion phase u € [—m, ] from S,T. Aand p will be used by the
next layer. The motion phase is incremented smoothly every control iteration. The swing amplitude
vector is relative to the maximum achievable swing amplitude the robot can handle. We can imagine the
swing amplitude as the walking velocity in x, y and 6 direction; i.e. if the swing amplitude vector stays
constant at A = (0.8,—0.5,0), the robot will walk forward with 80% of its maximum velocity, rightward
with 50% of its maximum velocity and it will not turn.

The Motion Pattern accepts A, u as input and generates stepping motions using abstract kinematic
parameters. Those parameters are the leg extension 1 € [0,1] and leg angle ®,,, around x, y and z of
each leg as well as the foot angle ®;,,, around x and y for each foot. The parameters are expressed
around a static halt position. The halt position can be considered as the center of all movements and as
the standing pose. Typically, the robot stands upright with slightly bent knees and the ground projected
CoM is in the middle between the feet. The Motion Pattern composes the leg motion from three primi-
tives. The Lateral Hip Swing uses the roll angle of the leg to sway the CoM and transfer the weight of
the robot from one foot to the other. The Leg Lifting shortens the swing leg and applies a small push
towards the ground with the support leg. The Leg Swinging swings the leg in an arbitrary direction
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using the swing amplitude and motion phase. When walking forward, the support leg moves backwards
with a linear motion and the swing leg swings forward with a sinusoidal motion to create a smooth gait.
To prevent the foot from scratching over the ground, the swing phase is delayed to start shortly after the
foot is lifted off the ground and ends before the touchdown.

The Abstract Kinematic Interface accepts the leg extension 7, leg angle ¢, and foot angle &, for
each leg as input and converts those abstract kinematic parameters to joint angles. The leg extension is
from the interval [0,1]. A leg extension of O represents a stretched leg, while 1 means that the leg is
fully retracted. The reference coordinate system for the leg angle and the foot angle is the robot’s pelvis.
This creates an easy way to express swing trajectories, because changing the leg angle for swinging the
leg forward preserves the orientation of the foot with respect to the pelvis without any additional cal-
culations. The Abstract Kinematic Interface is mainly model free. It only assumes the thigh and shank
of the robot having equal length and all joints being beneath each other on a vertical line when all joint
angles are zero. Thus, the actual outcome of the CPG as the step size or the step height depends on the
robot.

6.3.2 Footstep Controller

The Footstep Controller receives the current state from the robot, evaluates the current balance and cal-
culates appropriate inputs for the CPG. The Footstep Controller uses a LIPM, which is why the current
state of the robot is represented by the CoM state ¢ and consist of the ground projected centroid position
and the velocity. It is important to know, that the Footstep Controller does not aim to track the real CoM
of the robot but assumes the ground projected middle point between the hip joints to be the ground
projected CoM, instead. It also assumes the IMU sitting between the hip joints. Missura claims that this
is sufficient, as all disturbances that act on the CoM will also act on that point between the hip joints
[18]. Thereby, we can track any arbitrary point on the robot to evaluate its balance.

The Footstep Controller maintains three robot-states, each consisting of the ground projected centroid
position and velocity as mentioned above:

1. The rx-state is the state the Controller receives from the robot. The Controller does not directly
operate on that state.

2. The mx-state is the model state that aims to reduce noise. The model state is a mixture of the
real rx-state and a pure LIPM driven robot model. In each iteration, the controller computes a new
mx-state by assuming that the robot will behave like a perfect LIPM for the time of one control
iteration. Then, the Footstep Controller interpolates linearly between the mx-state and the rx-state
with a blending factor b. Thus, the Controller can base its calculations on the noise-free open-loop
model when the rx-state evolves as expected. It is also used closely before and after the support
exchange, as this causes additional noise.

3. The tx-state is the actual state the controller is working on. It is the expected state the robot should
have when the motors executed the commands. It is calculated by using the mx-state as start and
assuming, that the robot will behave like a perfect LIPM for the time span of a predefined latency
[. The latency is the complete latency of the system including communication latency and the time
the motors need to execute commands. We have to manually determine [ when tuning the Footstep
Controller. Compliant actuation has a significant effect on the latency, as the motors might need
more time to execute commands.

The connection between those three robot states is illustrated in Figure 6.4.
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Figure 6.4: This diagram shows the calculation of the tx-state the controller operates on. The circular blocks
represent a prediction of the future (one iteration or [ seconds ahead) under the assumption that the
robot behaves like a perfect LIPM.

In order to evaluate the balance of the robot and compensate disturbances, the Footstep Controller
tracks the CoM and steers it towards a reference trajectory. The Footstep Controller assumes the robot
acting as a perfect LIPM unless disturbed. As explained in Section 5.1.1, using a LIPM decouples sagittal
and lateral motions. Those motions differ notably from each other as shown in Figure 6.5. In the lateral
direction, the CoM oscillates between the two pivot points of the pendulum, but never crosses them. If
the CoM would cross the pivot point, the robot would fall. In the sagittal direction, the CoM crosses the
pivot point in each step. In order to describe the CoM trajectory, the Capture Step Framework uses four
parameters of which three are used to describe the lateral motion and one is used for the sagittal motion.

The lateral motion is shown in Figure 6.5a. The minimum lateral distance of the CoM to the pivot
point of the LIP is called a. This is the lateral pendulum apex and the lateral CoM velocity is zero at that
point. The lateral support exchange happens at a location from the interval [§, w]. We can consider this
the half step width. At the point of support exchange, the lateral CoM velocity reaches its maximum.
When not walking sideward, the support exchange always happens at the distance 6. When walking
sideward, the robot takes a larger leading step with a support exchange at a distance up to w. The
trailing step will again aim to cause a support exchange at 6.

We only need one parameter to model the sagittal motion as shown in Figure 6.5b. o denotes the max-
imum sagittal CoM distance from the pivot point and thus can be considered the maximum half step
length. The sagittal support exchange will happen at a distance within [0, o] depending on the sagittal
walking velocity. At that point, the sagittal CoM velocity is at maximum.

The Capture Step Framework aims not to force an unnatural oscillation on the robot. Thus, we have to
tune the parameters a, 6, w,o manually to represent the undisturbed movements of the robot as pre-
cisely as possible. In Section 6.3.3 we will explain how to obtain those parameters.

Since the ZMP is the pivot point of the pendulum, the Controller can use that point to influence the

movement of the CoM. It just has to enforce that the ZMP always lies within the support polygon of
the feet. Since the Capture Step Framework does not model a double support phase, the ZMP has to
be within the area of the current support foot. The Capture Step Framework always assumes the ZMP
staying constant during a whole step.
The lateral ZMP is computed, so that the CoM reaches the lateral support exchange location at the nomi-
nal step time. For this, the Footstep Controller uses the LIPM location predictor equation (Equation 5.4).
When the disturbance is strong enough, there are several cases when the nominal time, the nominal
support exchange location or both cannot be met. These cases happen because the foot size is limited
and the ZMP cannot be positioned outside the convex hull of the support foot. If the controller detects
such a case, it chooses another support exchange location and computes a new predicted step time. This
new predicted step time is used for all further calculations, so the lateral movement controls the timing
of the gait.
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a 0 (sidewards walking: w)

(@) The Lateral motion can be described by three paremeters. a is the minimal distance to the pen-
dulum pivot point, the CoM may have. When walking in place, the support exchange happens
when the CoM is at distance 6 to the pivot point. When walking sideward, the support exchange

happens at a distance from the interval [5, w].

(b) For the sagittal motion, we only need one parameter to describe the pendulum. o is the maximum
half step size, i.e. when walking forward, the support exchange happens at a distance from [0, o ].

Sagittal:

(o2

Figure 6.5: The lateral and sagittal motion of the robot behave notably different. For the lateral motion, the CoM
never crosses the pivot point of the pendulum, while for the sagittal motion, the CoM crosses that point
in every step.

The sagittal ZMP is computed so that the CoM will arrive at the sagittal support exchange location at
the predicted step time that is taken from the lateral direction.

It is notably, although Missura’s Capture Step Framework calculates the ZMP location in every control
iteration, this mainly remains a theoretical construct. The Footstep Controller does not enforce the ZMP
to actually be at that position. Measuring the real ZMP was not possible for Missura, since soccer robots
usually do not have F/T sensors in the feet. Thus, the computed ZMP is only used to check, if the foot
placement has to be modified, i.e. if the robot has to perform a Capture Step.

In order to calculate the footstep location, the controller uses the predicted step time and ZMP loca-
tion calculated in the previous step and the current CoM-state c. From those values, it calculates the
achievable end-of-step CoM-state ¢’ = (c; N ,c; , c’y) That achievable CoM-state might differ from the
nominal state, as the robot might not be able to compensate a disturbance completely by relocating the
ZMP.

For the sagittal footstep location, the controller first computes the sagittal velocity at the pendulum
apex that would result in the achievable end-of-step velocity using the LIPM velocity predictor equation
(Equation 5.5). Since sagittal steps are symmetrical, that velocity can be used with the LIPM location
predictor equation (Equation 5.4) to compute the end-of-step location. The controller calculates the
lateral footstep location so the CoM will pass the apex of the next step at the distance a. For this, it
assumes the orbital energy (Equation 5.10) to stay constant at all times, i.e. the orbital energy right after
the support exchange is equal to the orbital energy at the lateral apex.

The Footstep Controller does not control the rotation of the robot. It assumes the rotation being small
enough to have no effect on the robot’s balance and simply passes it through.
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6.3.3 Application to THOR-MANG

We successfully applied Missura’s Capture Step Framework to THOR-MANG. Although we had to make
some modifications on the Capture Step Framework, most of the work was tuning the Central Pattern
Generator and the Footstep Controller. This requires deep knowledge about the Capture Step Framework
and an understanding of what the robot is supposed to do and how the graphs have to look like in order to
achieve a stable gait. Some parameters have to be tuned in a certain order. In the following subsections,
we will explain how we got THOR-MANG walking, but the technique can also be applied to other robots.

Preparations

Missura provided us with his implementation of the Capture Step Framework, so we did not have to
reimplement it based of his papers. Nonetheless, we had to implement a communication interface be-
tween the robot and the Capture Step Framework. As it is quite simple to get the data out of the Capture
Step Framework using a UDP socket, our first attempt was to implement a ROS node that acted as a
bridge by converting data from the Capture Step Framework and sending it to the robot via ROS topics.
This was not suitable due to the limited real-time capabilities of the event based communication in ROS,
and we developed a UDP Controller as ROS-Controller instead. The UDP Controller runs on the robot’s
onboard computer and communicates with the Capture Step Framework application via UDP. The com-
munication is fast enough to stay synchronized with the robot’s main control loop at 125 Hz without any
problems, even though the Capture Step Framework runs on a different computer and is connected with
an Ethernet cable.

As mentioned in Section 6.3.1, the Abstract Kinematic Interface of the CPG assumes equal length
of thigh and shank of the robot, as well as all joints being on a straight vertical line when the angles
are zero. While THOR-MANG meets the first requirement, the knee motor violates the latter which is
illustrated in Figure 6.6a. Thus, we added an option to the Capture Step Framework to compensate the
misalignment by redefining the zero pose. The offset for the hip pitch and ankle pitch is

. ( 0.03 )
Aq =—arcsin| —————=
v/0.32 +0.032

=—0.0997rad (6.3)

and the offset for the knee is —2 - Aq. Figure 6.6b illustrates the new zero pose with compensated joint
misalignment. Obviously, the redefined zero pose also causes a change of the leg length which however
is not a problem, as the CPG does not use any robot model.

We discovered that the motor gains are of special importance for the gait quality, both in simulation

and with the real robot. We can set custom control-parameters in the Dynamixel Pro motors, but at the
time we started working with the robot, the onboard software did not provide an easy option for that.
Therefore, we implemented a ROS Dynamic Reconfigure server that enables us to configure control-
gains.
The Dynamixel Pro motors accept three gains that are called position P gain, velocity P gain and
velocity I gain. Since Robotis does not provide further information regarding the controller, we
reverse-engineered it experimentally. The controller is a cascaded velocity and position controller as
shown in Figure 6.7. When setting a desired position, the controller first computes a desired velocity
using a P-controller. The velocity is controlled using a PI control loop.
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Figure 6.6: The knee joint of the THOR-MANG robot has an offset towards the back. Since the CPG assumes all
joints being at a vertical line when the angles are zero, we have to redefine the zero pose.
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Figure 6.7: The controller of the Robotis Dynamixel Pro motors is a cascaded position and velocity controller. The
position control loop is a simple P-controller that computes a desired velocity. The velocity controller
is a PI controller.
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Tuning the Central Pattern Generator

The Central Pattern Generator is responsible for the open-loop gait of the robot. As mentioned earlier,
the open-loop walk has to be self-stable, as we determine the LIPM of the robot from this gait. The CPG
builds its motions around a static halt position, so we need to tune both the halt position and the motion
generation. In this section, we will go over the important parameters and explain how we tuned them.

At first, we have to tune an arbitrary halt position. There are only three constraints for that position:

1. The ground projected CoM of the robot has to be in the middle between the feet. Obviously, the
robot must not fall while standing.

2. The legs have to be spread apart slightly.

3. The knees must at least be bent slightly.

The halt position is expressed in abstract kinematic parameters as explained in Section 6.3.1. Originally,
the CPG offers the leg angle and foot angle that are both two-dimensional around the x and y axis and
the one-dimensional leg extension to express the halt positon. The weight of THOR-MANG’s upper body
is not centered above the hip joints, as the batteries and the computer are on the back. Thus, we found
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Figure 6.8: THOR-MANG in halt position with the legs spread apart by a few degrees, the knees slightly bent and
the torso tilted to the front.

it helpful to lean the upper body slightly to the front. Therefore, we extended the Abstract Kinematic
Interface with a torso angle around the y axis. As we can express the torso angle with a change of
the foot angle and leg angle, this did not require any further modifications. Figure 6.8 shows our halt
position in Simulation. Table 6.1 lists the corresponding values.

After we have chosen a halt position, we can tune the motion generator. We start by choosing arbitrary
values for leg lifting and leg pushing. The leg lifting parameter represents the shortening of the leg
during the swing phase, while the leg pushing parameter causes the support leg to extend further and
thus apply a certain push against the ground. There are no special rules for selecting these parameters,
but the leg pushing should not be too strong. We observed that the benefit of a leg push during the
support phase decreases when using stiffer actuation. Thus, we used a small leg pushing parameter for
the real robot and a leg push of zero for the simulation. The leg lifting should be tuned so that the step
height looks reasonable for walking.

Simulation | Real Robot
legAngleX 0.11 0.11
legAngleY -0.06 -0.02
torsoAngleY 0.18 0.2
legExtension || 0.05 0.05
footAngleX 0 0
footAngleY 0 0

Table 6.1: These are the values we chose for the halt position. The real robot and the simulated robot use very
similar halt positions. The differences are mainly caused by the batteries of the real robot, which are
not modeled in simulation
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The next step is to select arbitrary values for the lateral and sagittal swing slope. Those parameters
cause the robot to swing the leg in lateral or sagittal direction depending on the commanded gait velocity.
The value is mainly important for walking in open-loop mode where a gait velocity of one represents
maximum speed. Again, we tune those parameters, so that the outcome looks reasonable. When walking
at full speed, our THOR-MANG robot moves at approximately 0.2 m per step.

At last, we have to tune the step frequency and lateral hip swing. Those parameters are extremely
important for a stable open-loop gait and have to be tuned in parallel as they influence each other. The
goal of this step is to get a stable oscillation of the robot in lateral direction. This oscillation will later
provide the reference timing and CoM movement for the Footstep Controller. To our knowledge, all
robots the Capture Step Framework has been applied to, use a step frequency from 2.0 Hz to 2.5 Hz, so
it seems like good practice to start with a value from within that range. Without any lateral hip swing,
the robot will now perform a walking motion, but it will not shift its weight from one foot to the other
properly. Thus, we can raise the lateral hip swing, until we get a lateral oscillation that looks smooth.
The feet should always hit the ground in plane. If the feet lift at one edge, the lateral hip swing is too low
or too high. After this first rough tuning step, we can fine-tune the oscillation. The goal is to get a good
repetitive movement of the CoM. The support exchange should always happen at the same time and the
CoM should always be at the same location at that time. Figure 6.9 shows the CoM y component of the
CoM state and the roll angle of the robot as reported by the IMU for a non-perfect oscillation. The CoM
state is relative to the current support foot causing the graph to jump and displaying the time of support
exchange. The robot is walking in place at 2 Hz. We can clearly see the spikes of the CoM y value and the
local minima and maxima of each step being at different heights. This is undesired, since the Footstep
Controller will later estimate the balance of the robot based on those values. If they show irregular
behavior, the Footstep Controller will assume that the robot has been disturbed and try to compensate
the disturbance by adapting the step timing and foot placement. The IMU roll angle is not important for
the Footstep Controller, but we figured out that it is a good indicator to see if we found a good oscillation.
Figure 6.9 clearly shows an IMU roll angle with an irregular behavior. Figure 6.10 shows the same robot
after fine-tuning the CPG. The IMU roll angle shows a regular oscillation synchronized with the stepping
motion and the CoM y curve looks the same in every step. In this state, we can apply small disturbances
and the robot will return to that oscillation after some time. Getting this behavior requires exhaustive
tuning by modifying the lateral hip swing and step frequency. We achieved the result from Figure 6.10
mainly by trial and error, i.e. trying a different step frequency and retuning the lateral hip swing. We
figured out that a higher step frequency often requires a lower lateral hip swing and vice versa.

After we have created a stable lateral oscillation, the robot should be able to walk self-stable. If it
tends to tilt when walking forward or backward, we can adjust the halt position slightly to move the
CoM to the back or to the front. Table 6.2 shows our values for the simulated and the real robot. The
main difference between both are the lateral hip swing and the gait frequency, which are also the most
important parameters. The difference is primarily caused by different motor parameters for hip roll and
ankle roll motors, as the simulated robot uses stiffer actuation.

Tuning the Footstep Controller

As explained earlier, the Footstep Controller uses a CoM reference trajectory to analyze the balance of
the robot. It then computes a ZMP and adapts the step timing and foot placement to steer the robot
towards that reference trajectory. Since the Footstep Controller only receives the current CoM state from
the robot, we need to set all values representing the undisturbed robot manually. Those values are the
pendulum constant C2 from Equation 5.1, the latency [ from Section 6.3.2 and the values a, 5, w and o
that represent the CoM trajectory as shown in Figure 6.5.
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Figure 6.9: A non-harmonic lateral oscillation prevents the robot from walking self-stable. The CoM y value has
spikes at different heights and the IMU roll angle shows an irregular behaviour. The CoM position is
always measured with respect to the current support foot and thus jumps whenever the robot takes a

step.
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Figure 6.10: When we successfully tuned the lateral oscillation, the CoM y value will roughly look the same at
every step and all spikes are at the same height. A regular IMU roll angle is a good indicator to see
if we found the perfect oscillation. Again, we measure the CoM position with respect to the current
support foot.
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Simulation | Real Robot

gaitFrequency 2 2.3
pushHeight 0 -0.01
stepHeight 0.1 0.1
stepLengthYSlope 0.08 0.08
stepLengthZSlope 0.2 0.2
stepLengthXSlopeFwd || 0.2 0.2
stepLengthXSlopeBwd || 0.2 0.2
lateralHipSwing 0.096 0.132

Table 6.2: These are the values we chose for the CPG. The difference of the lateral hip swing and gait frequency is
mainly caused by different motor stiffness.
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Figure 6.11: By looking at recorded data of the robot walking in place open-loop, we can directly obtain the correct
values for a and §. 6 is the maximum CoM displacement and a is the minimum CoM displacement
for each step.

At first, we need to tune the lateral trajectory. As we have already tuned a self-stable CPG, we want the

Footstep Controller to replicate that motion as closely as possible; respectively we want the controller
not to adapt the foot placement unless the robot is disturbed.
We begin with tuning the pendulum apex a and the half step width 6. For this purpose, we let the
robot walk in place in open-loop mode and record the lateral CoM movement. As explained earlier, 6
is the half step width, respectively the maximum CoM displacement from the current support foot when
not walking sideward. Thus, we can determine & to be the maximum values of the recorded CoM y data.
Analogously, a is the CoM apex in lateral direction, respectively the minimum CoM displacement when
not walking sideward. Figure 6.11 shows the recorded lateral CoM data from the previous figure. The
dashed lines show the values for a and 6. The controller uses only one value a and 6 for both support
feet. Therefore, the walking trajectory must be symmetrical while walking in place. The figure shows
well how the local extrema and spikes of each step line up with the dashed lines both on the top and on
the bottom.

In the next step, we need to tune the maximum half step width . Again we can obtain that
parameter from walking in open-loop mode, but as w only affects sideward walking, we have to walk
sideward with maximum speed (the lateral walking velocity has to be 1). Figure 6.12 shows the CoM y
movement for a robot while walking leftward at maximum speed. Since the leading step is longer, the
larger spikes represent the maximum CoM displacement.
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Figure 6.12: Again, we can determine w from recorded open-loop data. When the robot is walking sideward at
full speed, w are the larger spikes of the CoM trajectory.

After we have tuned the lateral CoM trajectory, we can tune the LIP constant C2. This is the last
remaining value that has an influence on the timing. As stated in Chapter 5, we might assume the
robot being a perfect linear inverted pendulum and set C* = £ as in Equation 5.2. However, because
the robot will not act as a perfect inverted pendulum, this value will most likely not describe the real
system. Thus it has proven superior to fit a pendulum that behaves like the actual robot and determine
C? experimentally. Equation 5.2 still provides a reasonable initial value. We let the robot walk in
place again, but this time we use the closed-loop mode. The controller will use the lateral CoM reference
trajectory, which we have tuned already, and determine the step timing from that. While tuning the CPG,
we have already determined a good step frequency. Thus, we use C? to modify the timing generated by
the controller to achieve the same frequency again. A higher value for C? will raise the frequency as the
controller assumes the CoM to accelerate faster. Vice versa, a smaller value for C? will lower the step
frequency in closed-loop mode. After we have tuned the LIP constant, the controller should be able to
predict the support exchange time quite well and the mx-state should have a similar shape as the real
rx-state. Figure 6.13 demonstrates the behavior of the robot for different values of C2. In Figure 6.13a,
we set C? = 7, which is too low for the robot. This results in a gait frequency of about 1.75Hz. The figure
also shows the remaining step time computed from the received CoM state (rx-model) and estimated by
the internal LIPM (mx-model). Both lines do not line up well, because the robot’s movement substantially
differs from the LIPM. The opposite case with a C? that is too high can be seen in Figure 6.13b. We again
see that the rx-model time to step and mx-model time to step differ from each other. After tuning C?,
the graphs should look like Figure 6.13c. Interestingly, the LIP constant is very robust. Figure 6.13
shows the robot walking with C2 € [7,16] and the robot was able to walk in place with all of those
values. Considering a perfect LIP, the resulting range of the CoM height is between 0.6m and 1.4m.
Nonetheless, the correct value is mandatory for the controller to estimate the CoM movement correctly,
modify the step timing and reject disturbances.

To actually perform Capture Steps, we have to tune the latency [ of the communication-motor-sensor
loop. The controller uses that latency to estimate the robot state at the time when the robot has exe-
cuted the command. When using compliant actuation, the latency raises, as the motors need more time
to accelerate the robot and generate the needed force. We are using very stiff actuators in simulation,
whereby the latency becomes rather irrelevant. Figure 6.13c shows the mx-model time to step and rx-
model time to step already lining up very well. The rx-model time to step can be expected to be shifted
to the right by some milliseconds when compliant actuation is used, as the robot needs more time to
move. Missura determined a latency of 65ms for his robot [18], but for simulation we only get about
5ms, which is shorter than a single control loop iteration of 8 ms. For the real robot, we got a higher
latency, as the hip roll and ankle roll motors are configured more compliant.
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(a) If C? is too low, the robot steps too slowly. We can also see the poor estimation of the remaining time to step, i.e. the
robot does not behave like the internal LIPM. In this figure C? is 7.
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(b) If C? is too high, the robot steps too fast. Again, we can observe that the movement of the robot differs from the LIPM
by looking at the remaining step time. In this figure C2 is 16.
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(c) A correctly tuned C? value of 8.2 gives us approximatley the same gait frequency as the open-loop walk.

Figure 6.13: For tuning the LIP constant C2, we let the robot walk in closed-loop mode and try to reproduce the
step frequency that we have chosen originally when tuning the CPG. A higher C2? makes the robot
step faster and vice versa. This figure is from our simulated robot, so the CPG gait frequency is 2 Hz.
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Figure 6.14: Theoretically, o is the maximum CoM displacement when walking forward at full speed. In practice,
we determine a better value for o from push experiments.

Simulation | Real Robot
l 0.005 0.055
c? | 8.2 14.4
a 0.185 0.17
o 0.235 0.24
w 0.285 0.28
o 0.13 0.15

Table 6.3: These are the values we determined for the Footstep Controller. As the real robot and the simulated
robot use different open-loop CPG parameters, the footstep parameters are also different.

The last value to tune is the half sagittal step size o. The controller uses that value for the reference
trajectory generation. Just as the lateral parameters, we can tune o by recording the CoM movement in
sagittal direction by walking forward at full speed. Since o is the maximum CoM displacement, we can
directly determine the value from the maximum and minimum points on the graph. A sample graph is
shown in Figure 6.14. However, in practice it has proven better to determine o from push experiments,
since the controller only uses Capture Steps to balance the robot in sagittal direction. For tuning o, we
start with a high value and push the robot. Due to the high o, the control output will be very low, as
the controller expects the robot still to move at a great speed. We now lower o until we get a proper
disturbance rejection.

Table 6.3 shows our values for the simulated and the real robot. The differences between simulation
and real robot are caused by different open-loop parameters and different motor gains.
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7 Carrying Objects

At this point, THOR-MANG is able to walk stably and recover from pushes using Capture Steps. As
explained in Chapter 2, carrying objects with the robot is the second goal of this thesis. Considering
the disaster scenario from the DRC, the robot might have to use tools that are not located next to the
operation site.

Carrying objects was not that important for the DRC itself. The robots just had to cut a hole in a wall
using a battery powered DEWALT cutout tool or a drill. Those tools were located right next to the wall,
so the robots did not have to move much after grasping the tool. Additionally, many teams used the
Atlas robot from Boston Dynamics, which weights around 180kg. The tools only weight about 1.5 kg
in comparison. In this thesis, we will use a much lighter robot and assume heavier tools. We also as-
sume no model of the object to be known, i.e. we know neither the weight, nor the location of the CoM
or the inertia of the object. This applies to a real life situation where the robot has to use an arbitrary tool.

When a robot is carrying a grasped object, this object acts a constant force and moment on the robot.
Since we cannot assume the object being in the CoM of the robot, the additional weight causes a CoM
displacement in the corresponding direction. If the ground projected CoM position exceeds the support
polygon in a static stance, the robot will fall down. When the robot is walking, the effect of an additional
mass will be even more relevant because a gait is naturally less stable and usually requires active control
to balance the robot due to the smaller support polygon and external disturbances. Thus, an object might
cause the robot to fall when walking, even if the robot is still able to stand.

7.1 Approach by Harada et al.

As already mentioned in Chapter 3, not many publications dedicated to walking with grasped objects are
available. The approach by Kanehiro et al. is not state of the art anymore and assumes the size, weight
and CoM of the object being known [13].

In contrast, the approach by Harada et al. does not make those assumptions [6]. In order to measure the
properties of the object, they use F/T sensors in the hands. Although their hardware is able to measure
the moment created by the object, they neglect that effect and only include linear forces of the hand F/T
sensors in their equations. Thereby, they always assume the CoM of the object being vertically beneath or
above the hands. Obviously, this produces an inaccurate result whenever the robot grasped the object at
a different position. For walking, Harada et al. plan a ZMP trajectory without considering the additional
mass. Using the estimated weight of the object, they create a new model of the robot including the
object. By moving the robot’s pelvis, they compensate the CoM displacement prior to walking and use
their ZMP-tracking controller without further modification. Summarized, Harada et al. use three steps
to cope with grasped objects:

1. Estimate the mass model of the object while the robot is not moving
2. Fuse the robot model with the object to obtain a combined model (represented by a ZMP offset)
3. Move the waist to bring the ZMP in the middle between the feet again

Actually, we are not interested in a dedicated mass model of the grasped object, as we would just fuse
it with the robot model anyway. It might be possible to directly obtain the combined model using F/T
sensors in the feet, thus for this thesis we will reduce the three steps from Harada et al. to the following
two:

1. Obtain the combined model including the object
2. Compensate the effects of the object e.g. by moving the waist

We will take a deeper look on how to achieve those two steps in the next two subsections.
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7.1.1 Obtaining the new Robot Model

As already explained in Section 5.1, there are different types of models. If we are using a full dynamics
model, we just have to add the dynamics of the grasped objects to that model in order to obtain the
combined model. However, determining a precise model of the object is very difficult. Using 6-axis F/T
sensors in the hands, we can only measure the weight of the object and the CoM location in the horizon-
tal plane, i.e. we cannot calculate the height of the CoM from that data [6]. In order to determine the
centroid height, the robot has to turn the object, obtain another horizontal CoM location and compute
the 3D CoM location using a triangle equation. A full dynamic model would also require the inertias of
the object. In order to determine those, the robot has to perform calibration movements and measure
the resulting F/T data.

As we did not succeed in walking with Drake, our controller does not use whole body dynamics. For
Missura’s Capture Step Framework, we need to obtain the LIPM of the robot, which can be achieved in
easier ways.

If the controller relies on a low dimensional model like a LIPM or continuously reduces a complex
model to a single CoM, it might be sufficient to directly obtain the new CoM location. Estimating the
current CoM is a matter of state estimation. As state estimation is a very important part of every walking
and balancing controller, there are many publications regarding that topic.

Most state estimators need some kind of robot model that remains unchanged. For instance, Kwon and
Oh presented a CoM estimator using a discrete Kalman Filter [17]. They first predict the CoM location
with internal measurements (F/T sensor data with a LIPM) and use a precise mass model of the robot as
corrector. As we assume not to have a mass model of the object, we can only use the predictor step, i.e.
measure the CoM location of the robot in the horizontal plane.

Xinjilefu et al. developed a CoM-estimator that aims to reduce a modeling error [34]. In our case, the
modeling error would represent the grasped object. They performed tests with their robot using a quasi-
static test motion and observed that the CoM-offset would stay constant even if the robot is moving.
Thus, they calculated a corrected CP by adding their constant CoM offset to the original CoM location.
Measuring that constant CoM offset is not difficult. Schepers et al. use 6 axis F/T sensors to calculate the
CoP of humans from the measured ground reaction forces [26, 27]. They then use a LIPM to estimate the
current location of the CoM. As their approach is quite straight forward, we chose to use their equations
(with small modifications) to estimate the CoM of our robot.

7.1.2 Compensating the Center of Mass Displacement

When we attach an arbitrary object to the robot, this object will cause a CoM displacement and thus a
ZMP displacement when walking. In order to compensate the object, we have to modify the robot’s pose.
If our walking algorithm determines the robot pose by analyzing a dynamic model, this becomes an easy
step. We only have to create a sufficient model of the object and add it to the dynamics model of the
robot. In contrast, if the controller does not calculate its own pose but for instance builds the walking
motion around a manually defined zero position, we need to modify that. The most common way to
shift the CoM is to move the pelvis of the robot, because it is the heaviest part of the robot. Harada et al.
also chose that approach and were able to walk with a ZMP trajectory that had been planned for the
unmodified robot [6].

As mentioned in the last chapter, Missura’s Capture Step Framework builds its motions around the halt
position that we tuned for the CPG. Thus, modifying the halt position provides a convenient way to
induce a constant pelvis offset.
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7.2 Carrying Objects with Missura’s Capture Step Framework

In this section, we will apply our two steps from the last section in order to carry an object. As stated
earlier, we assume the weight and shape of the object being unknown to the robot. We also assume that
the robot has already picked up the object, thus this thesis does not focus on grasping and manipulation.
Since we do not know the dynamic parameters of the grasped object, we need to measure them using
the robot’s sensors. As THOR-MANG cannot measure torque in the motors, we must only rely on the
F/T sensors that are attached in the wrists and in the ankles. Unfortunately, the F/T sensors on the real
robot did not work properly during this thesis, so we had to perform all tests in simulation. Since the
simulation has proven to perform similar to the real robot, we claim that the technique presented in this
section would achieve similar results in reality.

7.2.1 Hip Offset for Open Loop Walking

Any object that is attached to either hand of the robot induces a constant CoM offset in the horizontal
plane. Therefore, we need to measure the offset and move the hip of the robot to compensate the effect
of the object. While Harada et al. use the hand F/T sensors of their robot to measure only the linear
forces and calculate a new CoM by neglecting a potential torque implied by the object [6], we chose
to measure the CoP of the robot directly using the ankle F/T sensors and implicitly include additional
moments as in [26].

When we have 6-axis F/T data, we can transform the force and the moment to an arbitrary coordinate
system using the following equations [26]:

2 _ ps2psl
F? =R7F° (7.1a)
M*? =R3M*" + p’F x F*! (7.1b)

where s1 is the origin coordinate system we measured the data in, s2 is the target coordinate system,
Rﬁ is the rotation matrix and pﬁ the translation vector of the affine transformation from the coordinate
system s1 to s2.

As the F/T sensors of THOR-MANG are attached at the ankles, we transform the data to the sole of the
robot. The F/T sensors are 8 cm above the sole. As the rotation matrix is the identity matrix, we can
calculate the force and torque in the sole with:

Fsole — Fankle (7.2a)
0
Msole — Mankle + 0 x Fankle. (7.2b)
—0.08

As explained earlier, at the CoP all moments are zero, because it is equivalent to the ZMP. Thus, we need
to find the point x.,p, where we can entirely express the moments with linear forces. This point can be
calculated by solving the equation

Msole = Xcop X Fsole (73)
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for xc,p. This leads to the result
Xeop = | Yx (7.4)

where M*°¢ = (Mx,My,MZ)T is the moment at the sole from the previous equation and F, is the force
at the gz-axis [26].
Missura’s Capture Step Framework does not model a double support phase, so using the F/T sensor
of the current support foot along with those equations might be enough for estimating the CoP while
walking. However, we already want to compensate the grasped object while standing, as we might not
be able to start walking and the additional movement would disturb the measurements. Thus, when
standing still, we calculate a global CoP by using the weighted average similar to the equation given in
[26]:

Fz,l

—xCoP,l t
Fz,l+Fz,r Fz,l+Fz,r

F,

z,r

Xcop = Xcopr- (7.5)

It should be noted, that for this equation we need to transform x¢,p; and x¢,p, to a common coordinate
system. We chose to express the global CoP with respect to the middle between the feet. Thus, for the
optimal case we get x.,p = (0,0,0)". Any object that is attached to either side of the robot will move
the CoP in the x-y plane. We can use one measurement of the CoP and move the CoM by the opposite
amount in order to compensate the static effects of the grasped object.

A very common way to modify the location of the CoM is to move the robot’s pelvis in the horizontal
plane [38, 37, 6]. The Abstract Kinematic Interface already provides functionality for this purpose, but
when setting a pelvis offset in y direction, it does not modify the length of the legs and thus causes
the feet to loose traction as they become inclined towards the ground. Thus, we modified the Abstract
Kinematic Interface to adapt the leg length when using a hip offset. Figure 7.1 shows one leg of the robot
from the front in normal configuration and with a hip offset. In latter case, the leg has to be shortened,
which results in the leg length I’. The original lateral distance between the hip joint and the ankle joint
is denoted by w and the lateral hip offset by o. The leg angle a is the value we have chosen for the halt
position during the CPG tuning process. From the known values [ and a and the desired hip offset o we
can compute the new leg length by:

I'=4/h2+ (w—o0)? (7.6a)

with:
h=cos(a)-I (7.6b)
w=sin(a)-1 (7.6¢)

For open-loop walking, we tested the system by applying a 50N force on the left hand of the robot.
The force always acts in negative z direction and thus simulates a grasped object without any dynamic
effects. Later we also performed experiments with objects having real dynamics in Section 8.2. For this
test, we measured the current CoP of the robot while standing and manually adjusted the hip offset until
the CoP offset was (0,0)”. We will automatize that procedure for closed-loop walking in Section 7.2.3.
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Figure 7.1: When moving the hip in lateral direction, we need to modify the length of the legs. In this example,
the left leg is the origin configuration that we have tuned as halt position for the CPG. The right leg
shows the target configuration. For displaying purposes we have fixed the hip joint in this image, while
in reality of course the foot stays fixed and the hip joint moves to the side.

Figure 7.2 shows a reference graph of the undisturbed robot. As the sagittal direction is barely influenced
by the simulated object, we only look at the lateral values. The robot is walking at 2 Hz. We can clearly
see the CoM y movement and the IMU roll angle being periodic for each step. The figure also shows
the lateral orbital energy from Equation 5.10. Unless the robot is disturbed, the orbital energy remains
constant at all times, so looking at those values is a good indicator to see if the robot is disturbed. When
not having a force acting on the hand, the orbital energy stays very constant at about —0.14.

When the force is acting on the hand, the robot cannot walk stably anymore. This can be seen in
Figure 7.3a, where the robot falls at 5s. We can clearly see that the robot is disturbed, as the steps are
not symmetric any more, the IMU roll angle shows that the robot is leaning to the left and the lateral
orbital energy is not constant. Figure 7.3b shows the same test with a hip offset. The gait stability has
improved significantly and the graphs look very similar to the completely unaltered robot. When looking
closely at Figure 7.3b, we can see the IMU roll angle slightly being shifted towards the negative area,
even though the shape looks the same as in Figure 7.2. Therefore, despite the hip offset, the force still
has an effect on the robot. However, as explained earlier, the IMU roll angle is not used for the reference
trajectory generation; it is only important that it is periodic and synchronized with the gait cycle.

7.2.2 Neglection of other Parameters

By now, we have only adjusted the halt position to move the ground projected CoM of the robot in the
middle between its feet again. We did not modify any parameters that directly affect the movements of
the robot. Missura’s Capture Step Framework has many more parameters that all affect the gait. When
the robot is carrying an object, the COM location and the weight of the robot is different from the original
robot we tuned the gait process for. The change in CoM height and weight causes the robot to act as a
different inverted pendulum, which will lead to different values for the CPG gait frequency, the pendu-
lum constant C2, the lateral reference trajectory parameters a, § and w, as well as the sagittal reference
trajectory parameter . We have tuned all those parameters manually for the unaltered robot. It actually
might be possible to tune the reference trajectory parameters automatically, as our tuning process mainly
consisted of recording data and reading the parameters from graphs. However, we cannot assume to be
able to run a complete calibration cycle to redefine all parameters whenever the robot grasped an object.
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Figure 7.2: These graphs show the movement of the robot without any weight attached. The movement is even
and the lateral orbital energy is (almost) constant at all times.

After looking at equations and measurements from the real robot, we claim, that the LIPM of the robot
is still applicable for the robot including the grasped object. If the LIPM does not change, all reference
trajectory parameters will also stay the same.

In the Capture Step Framework the LIPM is represented in 2 parameters, the gait frequency in the CPG

and the LIP constant C? in the controller, which also encodes the frequency as we used it to reconstruct

the open-loop gait frequency in close loop mode. A simple gravity pendulum swings at the frequency
f=omyft

where ¢ = 9.81m/s? is the gravitational acceleration and [ is the length of the pendulum. Obviously,
an inverted pendulum will not return to swing around the origin in the way a simple gravity pendulum
does. We can also express the frequency as the angular frequency

w= @ (7.8)

It should be noted, that the angular frequency w and the lateral reference trajectory parameter w are
two different values. The angular frequency of the pendulum is the same as the constant C from the
inverted pendulum Equation 5.2. Neither Equation 7.7 nor Equation 7.8 depend on the mass of the
pendulum. Thus, we can assume that in theory changing the robot’s mass does not have an effect on the
oscillation of the robot.

Both equations still depend on the length [ of the pendulum which corresponds to the CoM height h
of the robot. By looking at the robot, we claim that the effect on the CoM height and the corresponding
effect on the angular frequency of the pendulum are minimal and we can neglect those effects. For an
example we assume the robot to have a mass of 50 kg and the CoM to be at a height of 0.9 m. The robot
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Figure 7.3: When we apply 50N to the left hand of the robot, it falls very quickly. We can clearly see the CoM y
graph being inconsistent and the orbital energy having jumps. When we move the pelvis to shift the
ground projected CoM in the middle between the feet, the gait quality is similar to the unaltered robot
and the robot is walking stable.
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has grasped an object of 5kg. The hand has a height of 0.5 m from the ground. Thus, we can compute
the new CoM height hg;, to be

5kg-0.5m+50kg-0.9m
5kg+ 50kg (7.9)
=0.864m.

h5kg =

So, the rather heavy object has only shifted the CoM height by 3.6 cm to the bottom which is an error of
4.1%. We can also calculate the original angular frequency and the angular frequency with the grasped
object:

9.81% rad
= =3.302— 7.10
Porig \ 0.9m s (7.102)
981% rad
= =3.370 —. 7.10b
@skg \ 0.864m s ( )

We can see, that the object only altered the angular frequency by 2.0%. As explained in Section 6.3.3,
we observed C? to be very robust to wrong values, even if they do not reassemble the original gait fre-
quency. Therefore, we assume that we can reuse the inverted pendulum that we have tuned without a
grasped object. This also causes the reference trajectory parameters to stay the same and modifying the
halt position as we already did will be sufficient.

In real situations, the robot will hardly carry an object heavier than 5kg. Considering the initial DRC
scenario, we want to carry tools, that weight around 1.5 kg (e.g. a cordless drill) to 4.5 kg (e.g. a cordless
hammer drill or a sledgehammer).

7.2.3 Closed Loop Walking

For closed-loop walking, we now have the problem that the controller uses a wrong CoM location. As
explained earlier, the Capture Step Framework always assumes the CoM to be in the middle between
the hip joints, as tracking and controlling that point is sufficient to also control the unknown real CoM.
For this section, we will call that point between the hip joints the virtual CoM, as we need to distinguish
it from the real CoM. By moving the hip, we compensated the real CoM displacement caused by the
grasped object, but caused an error for the virtual CoM. When the robot has an object attached to the
left hand, the controller will perform an early touchdown of the right foot and a late touchdown of the
left foot, as we had to shift the hip (and the virtual CoM) to the right.

Figure 7.4a shows the robot walking in place with a 50N force acting on the left hand. As the timing
is the most important stabilizer for the lateral direction, we can see that the robot is walking rather
unstable by looking at the time to step. The time to step of rx-model and mx-model do not line up well.
This causes the gait frequency to differ significantly from the nominal 2 Hz. It should be noted, that the
CoM y graph shows the virtual CoM and therefore is shifted in the negative direction, because we had to
shift the hip to the right. We can also see that the CoM y position of the mx-model is different from the
rx-model, so the robot does not behave as expected.

For Figure 7.4b we shifted the virtual CoM back by the negative value we used to shift the hip. We can
see that the CoM y graphs for mx-model and rx-model line up well and the time to step looks similar to
the unaltered robot (Figure 6.13c). Additionally, the gait frequency is very close to the desired 2 Hz.
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(b) After compensating the virtual CoM offset, the robot is walking stable again

Figure 7.4: The hip offset we use to compensate the grasped object creates an offset in the virtual CoM. Thus, the
controller estimates wrong values and creates bad control output.
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7.2.4 Automatic Determination of Lateral and Sagittal Offsets

For the previous experiments, we have manually corrected the hip offset until the CoP offset of the robot
became zero. In order to automatize that procedure, we assume that the lateral and sagittal directions
are uncoupled, i.e. we can move the CoM independently in x and y direction by shifting the hip. The
hip offset we implemented for Section 7.2.1 uses the Abstract Kinematic Interface from the CPG. As
explained earlier, the CPG is mainly model free, i.e. it does not know the size of each link. However,
we measure the CoP with the sensors of the robot and thus get a CoP offset measured in meters using
the actual robot model. Therefore, we need a conversion from the measured CoP offset to the abstract
kinematic hip offset.We chose to use a simple linear function of the form

Ay hip 0 ky Ycop
The constants k, and k, have to be chosen manually. After setting those constants to appropriate values,
the robot can measure the current CoP and determine the appropriate hip offset by only one measure-

ment. When automatically applying the hip offset, we move the pelvis at a very low speed to avoid
swinging that could cause a fall.

7.2.5 Importance of Motor Gains

While we worked on adapting the Capture Step Framework for THOR-MANG, we figured out that the
motor gains have a significant impact on the quality of the gait. We tuned the gait parameters multiple
times during that process and realized that the motor gains usually have an even bigger impact than
most of the Capture Step Framework parameters.

Missura uses the small Dynamixel EX-106, RX-64 and RX-28 motors on his robots [18]. Those Dynamix-
els support only two compliance parameters (one for clockwise and one for anticlockwise rotation). The
Dynamixel Pro motors of THOR-MANG use a much more complex controller that was already shown in
Figure 6.7. Thereby we have more possibilities to fine-tune the individual motors, as we can set all three
gains (P, Pyer» I¢) to arbitrary values. The same applies to the simulation where we can set the P, I
and D gains for each motor.

Similar to Missura’s approach we first started with very soft joints using low gains. The advantage of that
approach is a natural compliance without the need of any additional feedback loop. However, we expe-
rienced that using compliant actuatation with our robot and Missura’s Capture Step Framework makes
walking extremely difficult. The problems that we faced were:

1. The robot cannot walk open-loop at all when using compliant sagittal actuation

Compliance from low motor gains cannot be influenced by the walking controller. The advantage is
that the robot will not push itself too hard if the ground is not even and an unexpected ground contact
occurs. It also dampens vibrations, which is the reason why Missura used compliant actuation. However,
THOR-MANG is much taller than Missura’s robot. When walking open-loop, the robot relies on having
a small basin of attraction around the normal walking position, so it can already compensate minimal
disturbances [18]. Missura’s robot did have that basin, even when the joints had an error, due to the
robot being lightweight and having large feet. For THOR-MANG this basin is very small due to its size
and weight. By allowing an error in the sagittal joints, we allow the robot to slightly lean forward or
backward. When walking, the support leg always has large errors in its joints, while the other leg is
very accurate. When the robot is leaning forward due to a hip joint error, the swing leg will be stretched
backwards and thus contact the ground behind the support foot at each step. Thereby, we lose the basin
of attraction on THOR-MANG when using compliant sagittal actuation.
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2. The closed-loop Capture Steps become inaccurate when using compliant sagittal actuation
The sagittal motion is mainly stabilized by Capture Steps. In each control iteration, the Footstep Con-
troller calculates a ZMP to stabilize the robot as mentioned earlier. If the robot cannot be stabilized with
the ZMP, the Footstep Controller modifies the foot placement to steer the CoM towards the reference
trajectory. As the CPG and the Footstep Controller are decoupled, the controller does not directly rely
on the accuracy of the foot placement. For instance, if a commanded step of 0.10m only results in
a 0.08 m step, we automatically compensate that error when tuning «w and o. However, these values
cannot be changed on the fly, so if the executed step size varies, the foot placement becomes inaccurate
and the footstep controller performs insufficient Capture Steps. When using compliant sagittal actuation
on THOR-MANG, this mainly happens due to hip joint errors analogously to the previous point. For
instance, if the robot is leaning to the front, the support leg will bend at the hip joint, while the swing
leg stretches backwards and contacts the ground behind the support foot. Although the controller com-
mands Capture Steps, this will not prevent the robot from tilting, because we determined all reference
trajectory values for the un-tilted robot.

3. Carrying objects is very hard when using lateral compliance

We actually were able to walk with THOR-MANG while not carrying an object, even though we used
compliant actuation in the lateral motors. As the arms are on the side of the robot, the greatest impact
of a carried object is on the lateral motion. When the robot is carrying an object with the left hand,
we have to shift the hip to the right. Perfectly accurate motors would not be influenced by the stress
applied on them, but using compliant actuation causes an additional error. This error will be greater on
the opposite side of where the object is carried (in our example on the right side), as that leg becomes
more perpendicular to the ground. Thus, the force of the hip swing acts more on the motor itself and
is not exerted towards the ground as it is the case for the inclined other leg. Similar to the sagittal
motion in the second point, the controller relies on symmetric motions of the robot. If the robot swings
asymmetrically, the timing becomes inaccurate and thus destabilizes the lateral oscillation. Figure 7.5
shows an example of that problem. Figure 7.5a shows the hip roll of the robot carrying a 50 N simulated
weight in the left hand. Here, the selected gains are P = 1000,D = 0, = 0. The right hip roll error is
much higher than the left hip roll error. Therefore, the timing became bad and the robot did not walk
stable. We solved that problem by applying higher gains. Figure 7.5b shows the same experiment with
the gains P = 2000,D = 60, = 0. We can still see a higher error on the right hip roll motor, but the
accuracy is much better and the robot is walking stable.

After all, we ended up using very stiff joints. We do not achieve natural compliance, but the robot is
walking much more stable. We would not have been able to carry objects with low motor gains.
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Figure 7.5: When carrying an object, the lateral hip motor on the opposite of the object is under more stress. Thus,

compliant actuation produces a bad timing due to a high joint error. The dashed lines represent the
commanded joint values.
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8 Results and Experiments

In the previous chapters, we have adapted Missura’s Capture Step Framework to THOR-MANG, tuned
all parameters and extended it with a hip offset to carry objects. For this purpose we had to extend
the Abstract Kinematic Interface and modify the Footstep Controller. In this chapter, we will show
experiments and evaluate how well the system performs on THOR-MANG.

8.1 Walking

After tuning the CPG as described in Section 6.3.3, THOR-MANG is able to walk open-loop both in sim-
ulation and in reality. The walk is omnidirectional, i.e. the robot can walk forward, backward, sideward
and turn. When walking at a reasonable speed, we can combine all three walking dimensions without
falling down. We also tuned the Footstep Controller, that uses the CPG in order to stabilize the robot.
We presented our methods in Section 6.3.3. When walking forward at full speed, the step size is approx-
imately 0.2m. Considering an undisturbed open-loop step frequency of 2 Hz in Simulation and 2.3 Hz
in reality, the robot walks with approximately 0.4 m/s in simulation and 0.46 m/s in reality. It is actually
possible to walk open-loop at full speed, as long as we keep the acceleration at a reasonable level. Of
course, a disturbance will very likely cause the robot to fall in that situation.

As long as the robot is not disturbed, the closed-loop gait does not look much different from the open-
loop CPG. This is not surprising, as we tuned the Footstep Controller by fitting it to the undisturbed
open-loop gait. Thus, in order to evaluate the controller, we need to disturb the robot and observe its
movements.

Figure 8.1 shows the robot being pushed from behind in simulation. The push strength in this experiment
is 200 N acting on the robot’s pelvis for 100 ms. Directly after the push, the Footstep Controller notices
the push from the sagittal CoM velocity and the resulting wrong CoM position. The controller uses the
CPG to make sagittal Capture Steps and stabilize the robot. During the recovery phase, the robot uses
a much greater step size as usual, as the disturbance was very high. This shows that we have tuned
a stable CPG and correctly fitted the Footstep Controller. With insufficient parameters, the Controller
would not have been able to estimate the movements of the robot correctly. This had resulted in wrong
Capture Steps that would not stabilize the robot.

Figure 8.2 demonstrates that the system also works with the real robot. For safety reasons, we pulled the
robot from the front instead of pushing it from behind. Again, we can see the robot making appropriate
Capture Steps and compensating the disturbance.

We also conducted statistical push experiments with the simulated robot in order to show the proba-
bility of a fall at different push strengths. For this chapter, we define a push to be a linear force acting on
the robot pelvis for 100 ms. We consider the robot to have successfully rejected the disturbance, if it was
still walking after 10 s. To make the experiments statistically relevant, we had to perform a huge amount
of pushes. For this purpose, we developed a Push Experimenter Tool that can be seen in Figure 8.3. The
tool provides options for the timing of the experiment, the push force and the number of repetitions. It
also provides functionality to detect simulation issues that may occur during simulation in Gazebo. A
statistical comparison between the open-loop CPG and the closed-loop Footstep Controller can be seen
in Figure 8.4. In that figure, each colored square represents 50 pushes and the color shows the empirical
probability to fall down. We can see, that the closed-loop controller stabilizes the gait as expected, while
the open-loop robot falls more often, especially when being pushed from the side. Interestingly, we can
see in both images, that the robot is more likely to fall if it got pushed from the left. This is most likely a
simulation artifact from starting the gait with the left foot.
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Figure 8.1: The robot can recovery from rather strong perturbations by taking Capture Steps. This shows, that the
CoM reference trajectory is correct.

(a) Pulling (b) 055 ©1s (d) 1.55 (€) 2.55

Figure 8.2: The push recovery also works with the real robot, but we cannot perform pushes as strong as in
simulation without risking to damage the robot.
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Figure 8.3: The custom Push Experimenter enabled us to perform the huge amount of push recovery experiments.
For this this thesis, we performed 34600 pushes using that tool.
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Figure 8.4: We let the robot walk in place both in open-loop and in closed-loop mode and pushed it from different
directions and with different strength. The colors show the empirical probability to fall determined by
50 pushes per square.

8.2 Carrying Objects

During development, we simulated an additional weight by applying a vertical force on the hand of the
robot. Therefore, those tests neglected any dynamical effects of the grasped object. In this section, we
will perform experiments using different objects with full dynamics. As our motivation was to carry a
tool, we performed experiments with a cordless drill that has a weight of 1.5kg and a sledgehammer
with a weight of 5kg. Additionally, the sledgehammer sticks out to the front and thus adds a large
sagittal CoP offset. Figure 8.5 shows the robot with those two objects.

First, we let the robot walk in place with each grasped object and analyzed the graphs of the CoM y
position, the estimated time to step and the closed-loop gait frequency similar to our previous method.
The graphs are very similar to Figure 7.4b, where we have experimented with the linear 50N force.
Thus, the dynamical objects have a very similar effect on the robot as the non-dynamical force. However,
in practical situations it is not important that the graphs are looking good, but the robot shall walk stable
and must reject disturbances. Therefore, we performed push experiments with the simulated robot at
different push-strength and with different grasped objects and compared the results with and without
the hip offset compensation.

Figure 8.6 shows the relative frequency of falls when the robot was pushed having a drill attached to
the right hand. We performed 6600 pushes for that figure, so each bar represents 100 pushes. For this
experiment, we let the robot walk in place for a few seconds including a random factor to average out
the effect of the current step state, before applying a push from the front or from the back. We can
clearly see in Figure 8.6a, that the automatic compensation of the weight using the hip offset increases
the stability of the gait. The figure also shows the perormance without grasped object as reference. We
can see that the performance with the hip offset compensation is about as good as not carrying any
object at all. When pushing the robot from the front, the hip offset does not have a noticeable effect on
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(@) THOR-MANG with a drill (b) THOR-MANG with a sledgeham-
mer

Figure 8.5: For experiments we attached a drill with a weight of 1.5 kg and a sledgehammer of 5 kg to the robot.
The sledgehammer sticks out to the front and creates a great CoM offset in the sagittal direction.

the stability, because the drill causes a small positive sagittal CoM displacement when not compensated.
This CoM displacement passively compensates pushes from the front. Moving the ground projected CoM
in the middle between the feet again increases the accuracy of the Footstep Controller, but removes the
passive stability gain from the undesired CoM displacement.

When carrying a heavier object than the drill, e.g. the sledgehammer, we can see the effects more
clearly. Figure 8.7 shows the same experiment as the previous figure, but with a sledgehammer attached
to the hand. Again, each bar represents 100 pushes which sums up to a total of 4400 experiments. We
can see that the robot always falls down when we push it from the back without compensation, because
the hammer moves the CoP very close to the toes when standing. The robot is not able to recover from
pushes in that configuration. It should be noted, that even walking in place is very difficult without
compensation. In this experiment, we had to move the sledgehammer to the left hand. The robot starts
walking with a hip swing to the right, so attaching the hammer to the right hand causes the robot to
fall over immediately. After starting to walk, the robot still walks very unstable. We always restarted the
experiment if the robot had fallen prematurely, so the figure only shows the cases when the robot was
able to walk for at least a few seconds.

When pushing the robot from the front, the large CoM offset to the front helps to stabilize the robot at
least a few times, even when not actively compensating the hammer with a hip offset. We can still see
in Figure 8.7b that the hip offset improves the gait stability significantly. Even when pushing from the
front, the robot will usually fall forward when not compensating the hammer.

Interestingly, when comparing the results from the compensated sledgehammer in Figure 8.7a to Fig-
ure 8.6a, we see that the hip offset for the hammer actually increases the gait stability compared to the
robot without grasped object. There are multiple reasons that could cause that effect. Firstly, the robot
becomes heavier when carrying an object, so the acceleration is smaller when pushing with the same
force. We might also have not perfectly tuned the CPG or the footstep controller, so the sledgehammer
actually makes the robot behave more like the pendulum we have tuned and the robot’s movement better
matches the movement estimated by the controller. Since we use a simulation, we also have to consider
numerical reasons. We are using rather high D-gains for the ankles, which results in shaky feet whenever
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Figure 8.6: This figure shows the robot walking in place with a cordless drill attached to the right hand and being
pushed with different strengths.
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they are in the air. This also causes small disturbances of the support leg. The additional force from the
sledgehammer makes the feet more stable when on the ground. Further testing is needed in order to
determine the actual reason for this effect, but from experience the latter reason seems to be the most
plausible.

If we push the robot from the side we get similar results as in the previous experiments which can be
seen in Figure 8.8 and 8.9. For these figures, the robot had the weight attached to the left hand. In Fig-
ure 8.8, we can see that the uncompensated drill has a bigger impact on the lateral than on the sagittal
push recovery. This is comprehensible, as the drill does not stick out to the front or the back and thus
mainly shifts the CoM to the side. The lateral motion is primarily stabilized by the step timing. With the
drill attached, the step timing becomes inaccurate and the robot is more likely to fall, when pushed from
the side. When we push the robot from the left, we again get the result that even without compensation
the robot is still walking stable. The reason is the same as before; a weight on the left side passively
compensates a push we apply from that direction.

We repeated the experiment with the robot walking forward and pushed it from the back. While
walking in place as in the previous experiments usually can be done open-loop as well, walking forward
requires a controller to be reliable. The results can be seen in Figure 8.10. We were not able to perform
uncompensated tests with the sledgehammer, as the robot falls immediately when trying to walk forward.
Even the drill reduces the reliability of the push recovery significantly, because the controller already has
to actively balance the robot to prevent it from falling over. When the robot does not behave as expected,
the controller cannot properly track the reference trajectory and thus is not able to reject disturbances
well. After compensating the drill, the robot walks almost as reliable as without object. We do not
observe the hammer-anomaly from Figure 8.6a and 8.7a this time, but we can see that carrying the
sledgehammer is much more stable than carrying a drill without compensation.

8.3 Limits

We reached our goal of carrying objects with THOR-MANG without falling. Nevertheless, there are
some limitations to the system. The greatest limit is that the robot can only walk on flat ground. This
limit is inherited from Missura’s Capture Step Framework, as it was only intended to work on soccer
playfields. Therefore, the robot can neither walk on slopes, nor step over objects or climb stairs. All of
these situations might occur in a disaster scenario like in the DRC. Another limit of the Capture Step
Framework is the migration effort for a different robot, as all parameters are tuned manually. We had
to retune the CPG and the Footstep Controller multiple times during this thesis, as the results were not
sufficient for the next step. If we now want to modify the robot, e.g. by adding additional hardware,
we would have to retune the system again. Also starting and stopping the gait with the Capture Step
Framework is not trivial. While the CoM trajectory is well defined when the robot is walking, the
controller does not model the initial and the last step. Starting the gait happens mainly open-loop
by swinging the hip and raising one foot. Afterwards, we let the controller compensate the resulting
disturbance. Depending on the configuration of the robot, this initial step might already cause the robot
to fall over.

In addition, our hip offset calculation also assumes that the robot is standing on flat ground. When the
robot stands on sloped terrain, the left and right F/T sensor will measure different weights. Thus, the
controller will compute a wrong hip offset. We also had to add further parameters for the conversion
between a CoP offset and the appropriate abstract kinematic hip offset. These parameters have to be
tuned by hand as well and thus increase the effort to use the system on another robot. At last, a
compensation with a hip offset only works, if the robot has grasped an object, that can be freely moved
with respect to the feet. For instance, if the robot has grasped a railing and pushing against it, we would
get a CoP offset away from the railing. This would cause the robot do move the hip towards the railing
and eventually bring the robot to a fall.
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Figure 8.7: When the robot has grasped a sledge hammer, the effect of a hip offset can be seen more clearly. When
pushing from the back, the robot always falls down if we not compensate the hammer.
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Figure 8.8: In this figure, the robot had a drill attached to the left hand and was walking in place. We pushed

it from the side with different push strength. As the lateral motion is sensitive to wrong timing, the
uncompensated drill has a greater effect if we push the robot from the side.
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Figure 8.9: For this figure, the robot had a sledgehammer attached to the left hand and was walking in place. We
pushed it from the side with different push strength. As in the drill-experiment, we can see that the
hip offset improves the walking stability significantly.
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of the 1.5kg drill, that the hip offset greatly improves the ability to recover from perturbations. We
were not able to perform the experiment with the 5kg hammer without compensation, as the robot
was not able to walk forward in that configuration.
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9 Conclusion

The goal of this thesis was to get the THOR-MANG robot walking without falling while carrying a grasped
object. As developing a walking controller is a lot of work, we focused on adapting existing approaches.
Our first attempt was using the Atlas Walk controller from the Drake toolbox. Drake uses a full dynamic
model of the robot, solves a cost function with respect to a set of constraints with a QP solver and
then outputs joint torques and velocities. We adapted Drake to a level that the planning would produce
reasonable trajectories. With those pre-planned open-loop trajectories, THOR-MANG was able to walk
in simulation. However, as converting a torque or a velocity to a joint position is a difficult task, we were
not able to get the closed-loop controller running on the position-controlled robot.

Our second approach was to use Missura’s Capture Step Framework. This Framework was developed
for rather small and simple soccer robots that are usually position-controlled as well. Thus, the outputs
of the walking controller are joint-positions that we can use directly. The controller stabilizes the robot
using Capture Steps; i.e. if the robot gets pushed, it takes one or multiple steps to compensate the
disturbance. We explained how we modified the Capture Step Framework for our THOR-MANG robot,
but the main work was to tune the parameters. Some of those parameters are hard to obtain and have
to be tuned in a certain order. We presented our approach of tuning the CPG and the Footstep Controller
and achieved a stable open-loop gait as well as a good closed-loop disturbance rejection. The presented
approach of tuning the parameters is also applicable for other robots.

The second challenge of this thesis was to carry an object without falling down. We have met that
challenge by compensating the CoM displacement in the horizontal plane with a hip offset. For that
purpose, we used the F/T sensors in the ankles to obtain the CoP of the robot while standing. We then
used the CoP offset to move the hip of the robot and thus bring the ground projected CoM back in
the middle between the feet. We also had to modify the closed-loop Footstep Controller to work with
a hip offset. Even though a grasped object impacts the CoM position in the horizontal plane and also
alters the height of the CoM and the dynamical parameters of the robot, we claim that compensating the
CoM offset in the horizontal plane is sufficient. We gave an exemplary calculation for a Linear Inverted
Pendulum Model and showed, that when the robot is carrying an object with the weight of 5kg the
angular frequency only changes by 2%.

We conducted experiments with the open-loop CPG, the closed-loop Footstep Controller and different
weights to show, that our approach of tuning the parameters and compensating grasped objects works.
For this purpose we performed push experiments from different directions. Our statistics show that the
weight compensation with a hip offset in the horizontal plane improves the gait quality significantly.
When carrying an object, the probability of a fall does not increase compared to when not carrying any
object.
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10 Future Work

The approach presented in this thesis enables THOR-MANG to walk, carry an object and still reject dis-
turbances with Capture Steps. Of course, there is still room for improvements.

While our approach requires the robot to stand still when measuring the CoP, we might also want to
grab an object during walking. Thus, we could improve the system to be able to compensate the CoM
offset during a gait. By measuring the CoP of the current support foot and comparing it to the nominal
ZMP of the unaltered LIPM we could determine our hip offset even while walking.

At the current state we think that the walking algorithm itself provides much more room for improve-
ments than our weight compensation. As stated in Section 8.3, tuning the CPG and the Footstep Con-
troller manually is a lot of work. Thus, one step in improving the system would be to automatize that
procedure. If we have a detailed dynamical model of the robot, we might be able to automatically com-
pute many parameters that we had to determine manually during development. For certain, we can
automatize the determination of the controller parameters, as our approach is mainly based on letting
the robot walk open-loop and read the correct values from graphs. The goal for this step would be to im-
plement a one-click-solution that starts a calibration cycle and automatically determines the parameters
either by computing them from the robot model or from automatic experiments.

Additionally, our motivation was to carry a tool in a catastrophic scenario. Obviously, we cannot assume
to always have flat ground in that scenario, but Missura’s Capture Step Framework was developed for
soccer robots and cannot cope with uneven ground. The robot cannot step over objects, climb stairs or
even walk on slopes. That drawback occurred because we used a walking algorithm for a situation it
was not intended to work in. This issue needs to be fixed if we really want to apply the system in a
scenario like the DRC. We could either solve that problem by extending the capabilities of the Capture
Step Framework or by choosing a different walking algorithm. Drake does not have that drawback, but
as explained earlier the conversion from joint torques and velocities to joint positions did not work. We
think that enabling the robot to walk on uneven ground and step over objects has to be next step in order
to improve the system.
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Appendix

Final Motor Gains

The following table lists the motor gains that we used for the simulation.

Motor Gains for Simulation

P D I
shoulder_pitch || 500 0.5 3
shoulder_roll 1000 0.5 0
shoulder_yaw 500 0.5 0
elbow 500 0.5 1
wrist_yawl 150 0.1 0
wrist_roll 150 0.5 0
wrist_yaw2 150 0.1 0
waist_pan 1000 20 0
waist_tilt 1000 20 0
waist_lidar 50 0.01 0
hip_yaw 1000 0 0
hip_roll 2000 60 0
hip_pitch 2000 10 0
knee 3000 10 0
ankle_pitch 500 20 0
ankle_roll 1000 5 0

Capture Step Framework Parameters

The following tables contains all parameters that we have already shown in Table 6.1, 6.2 and 6.3, as

well as additional parameters that were not important enough to be explained in the thesis.
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Halt Position

Simulation | Real Robot
armAngleX 0.35 0.35
armAngleY 0 0
armExtension || 0.1 0.1
legAngleX 0.11 0.11
legAngleY -0.06 -0.02
torsoAngleY 0.18 0.2
legExtension || 0.05 0.05
footAngleX 0 0
footAngleY 0 0
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CPG Parameters

Simulation | Real Robot
gaitFrequency 2 2.3
gaitFrequencySlopeY 0 0
gaitFrequencySlopeX 0 0
firstStepDuration 0.3 0.3
firstStepHipSwing 0.3 0.3
stoppingVelocity 1 1
swingStartTiming 0.39 0.39
swingStopTiming 2.3876 2.3876
liftStartTiming 0 0
liftStopTiming 3.14159 3.14159
pushHeight 0 -0.01
pushHeightSlope 0 0
stepHeight 0.1 0.1
stepHeightSlopeX 0.05 0
stepHeightSlopeY 0 0
virtualSlope 0.01 0.02
armSwing 0 0
armSwingSlope 0 0
stepLengthYSlope 0.08 0.08
stepLengthXPushout 0 0
stepLengthYPushout 0 0
stepLengthZPushout 0 0
stepLengthZSlope 0.2 0.2
stepLengthZVPushout 0 0
stepLengthXSlopeFwd 0.2 0.2
stepLengthXSlopeBwd 0.2 0.2
lateralHipSwing 0.096 0.132
lateralHipSwingSlope || O 0
tiltSpeedFwd 0 0
tiltSpeedBwd 0 0
tiltRotLean 0 0
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Controller Parameters

Simulation | Real Robot
latency 0.005 0.055
C 8.2 14.4
alpha 0.185 0.17
delta 0.235 0.24
omega 0.285 0.28
sigma 0.13 0.15
maxComPositionX 0.5 0.4
maxFrequency 5 5
maxAcceleration 6 3
maxGcev.x 4 3
maxGcevy 2 2
maxGev.z 1 1
virtualSlopeGain 0.1 0.1
virtualSlopeMinAngle 0.25 0.35
virtualSlopeDepletionFactor 0.504 0.504
noiseSuppression.stepNoiseTime 0.07 0.07
noiseSuppression.gain 0.15 0.15
noiseSuppression.maxAdaptation 0.5 0.5
noiseSuppression.minDeviation 0 0
noiseSuppression.minFusedAngle || O 0
comOffsetX 0.04 -0.01
comOffsetY 0.09 0.11
gamma 1 1
zmpXMax 0.05 0.03
zmpXMin -0.03 -0.03
zmpYMax 0.04 0.001
zmpYMin -0.04 -0.001
gaitControl. GCVNormP 1 1
gaitControl.accelerationBackward || 0.4 0.4
gaitControl.accelerationForward 0.4 0.4
gaitControl.accelerationRotational || 0.6 0.6
gaitControl.accelerationSideward || 2.4 2.4
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Hip Offset Parameters

Simulation
hipOffsetXRatio 1.06
hipOffsetYRatio 1.9
minHipOffsetX -0.2
maxHipOffsetX 0.2
minHipOffsetY -0.2
maxHipOffsetY 0.2
adaptationPerSecond | 0.05
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