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Abstract

The recent increased usage of robots in society brings about unique challenges, such
as endowing these robots with the ability to operate in a manner similar to humans.
These challenges are well structured for humanoid robots, as they provide the complexity
that may allow them to replicate human behaviours. Locomotion is a key challenge for
humanoid robots, as being able to move from one place to another is crucial in being
able to operate in ways that humans do on a daily basis. Complex environments that
humans regularly operate in, such as industrial workspaces, may contain uneven terrain
or stairs that need to be climbed to operate in hard-to-reach areas or perform tasks at
varying heights. Humanoid robots will naturally need the ability perform such tasks if
they are meant to work alongside humans in these challenging workspaces. For instance,
giving HRP-4 the ability to enter a plane via its stairs [4] is a prime example of challenging
human-like locomotion applied to a humanoid robot.

The present work is focused on performing multi-level maneuverability, which is per-
formed on a set of stairs that were assembled in a static environment, and implements an
open loop control system in which the planned motion is generated and then tested on
the robot. We are targeting the performance of stair walking on the REEM-C Humanoid
Robot, which would provide a better understanding of the humanoid’s capabilities and
accessibility to hard-to-reach locations by a human subject. The evaluation of the hu-
manoid stability would be through its repeatability and consistency when executing the
task. The planned motions of the humanoid robot were executed on simulation for varying
stair heights, which were then verified by execution on the real robot. The main goal
of this study was to improve the planning time of motion generation, in an attempt to
integrate it into a real-time controller scenario. Optimizing the C++ code improved the
performance, in contrast to using Python libraries, providing us with an improvement of
70% in planning time. The motions were performed on the robot for varying stair heights;
2, 4, 6, and 8 cm with the time of step being 25 seconds, which is faster than the previous
implementation of 60 seconds per step at the University of Heidelberg[32]. Although the
improvement in computations was successful, implementing it within a real time controller
was not achieved yet.

In addition, an update to the mass, center of mass and moment of inertia for each link
in the robot model was performed using the combined information from PAL Robotics
[24] and Felix Aller from the University of Heidelberg[2], to accurately reflect real-life
robot behaviour and to lessen the gap between simulation and real-life. Furthermore, to
gather additional information to evaluate the experiments performed by the robot, an
implementation of torque computation using the motor current measurements and inverse
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dynamics was used to determine if the experiments were performed safely by comparing
the computations to the joint torque limits.
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Chapter 1

Introduction

In the simplest manner of explanation, we may say that we are surrounded by robots on a
daily basis. According to the dictionary, a robot is ”A machine that can be programmed
by a computer and is capable of carrying out a series of complex actions.” The word
”robot” originated from the Czech word robota meaning ”forced labour.” This implies
that everything that performs some labour for an outcome is a robot. These robots have
developed over the decades and entered new aspects of life to help humans in their daily
tasks, enabling them to integrate with the environment depending on their structures,
abilities, and limitations. In the attempt to familiarize the robots and make them human-
friendly and relatable, the idea of humanoid robots emerged. Humanoid robots have a
strong resemblance to normal human beings as most consist of 2 parts: an upper body
with arms, torso and head, and a lower body with legs. To introduce humanoid robots
to the public, a couple of projects were initiated by Honda, Toyota, and other research
institutes to present the robot in a friendly manner; an example of these projects is the
humanoid robot orchestra in which the robots would play the drums, trumpet, and violin
in synchronization. By observing these humanoid robots, we can find them divided into
two categories with regards to locomotion; legged or wheeled robots, each of which has a
different manner of interacting with their environments.

As mentioned earlier, one form of locomotion for a humanoid robot is by utilizing their
two legs; this bipedal motion enables these robots to maneuver any area that is accessible
to humans. This can even apply to situations where tasks are dangerous or repetitive for
humans, and thus require a robot alternative. As a result, robot locomotion is considered
one of the most critical problems to be solved. These humanoid robots must perform
locomotion efficiently and accurately to reach their next goal position in the workspace.
This issue has been introduced and can be solved using the famous Kajita [13] approach,
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which allows the robot to travel from one place to another using bent knees. Another
problem that emerged when using these robots is the access to various levels of ground and
the ability to maneuver over rugged terrains. This would enable the humanoids to have
access to more complex workspaces and provide versatility, especially regarding hard-to-
reach areas or dangerous surroundings for humans to be in. Naturally, endowing humanoids
with the ability to walk up stairs to reach these areas becomes an important locomotion
problem in the field of robotics.

Motivated by these causes, the DARPA robotics challenge was developed to exploit
and encourage research institutes worldwide to develop creative and efficient solutions to
counter certain situations that the humanoid robots would face in the industrial/actual
environment[5]. The challenges range from manipulation to locomotion tasks, like navi-
gating rough terrains such as stairs or uneven platforms.

1.1 Thesis Scope

The project’s main goal was to enable humanoid robots to access different heights, such
that they may operate on varying levels of ground with humans. This project tested the
capability of the REEM-C Humanoid robot to perform the stair walking motion and to
pinpoint its limitations, as well as what can be improved in further implementations.

The approach taken within this thesis was the implementation of an open loop control
system, in which the motion would be generated through the known approach of Kajita
[13], in which the footholds are used to generate the center of pressure and center of mass
positions as conditions for the motion. Inverse kinematics is then applied to generate the
configurations on the robot that satisfy the specified conditions.

1.2 Thesis Contribution

This thesis focuses on implementing the stair walking algorithm on the current version of
REEM-C in University of Waterloo and exploiting the capabilities of the robot’s motor lim-
its. The main contribution is improving the computation time during pre-planning stage,
through optimizing the algorithm in C++. This improvement aims to help implement
an online pattern generator, that would compute the steps while the robot executes the
action. The experiments are designed as follows, the humanoid robot’s motion starts from
an initial position in front of the stairs to the final position at the top, with all the points
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being generated with reference to the initial position. Finally, the development of the mo-
tion, in addition to the torque calculation scheme, provides an evaluation of the robot’s
capabilities and highlights the areas of development needed to perform better motions.

1.3 Thesis Organization

Chapter 1.4 overviews the REEM-C humanoid robot used throughout this thesis. Chapter
2 provides background on robotics and motion generation, then presents the state-of-the-
art implementations in stair walking for humanoids. Chapter 3 overviews the process of
updating the robot model using partial information from two sources, then evaluates the
torque calculation using both motor current readings and inverse dynamics on the REEM-
C model. Chapter 4 displays the implementation of the Kajita [13] stair-walking algorithm
as an open loop system and discusses the results for various stair configurations. Chapter
5 presents the conclusion and discusses future work.

1.4 REEM-C

REEM-C is a bipedal humanoid robot developed by PAL Robotics in Spain in 2013. PAL
Robotics was founded in 2004 and has been developing humanoid biped and mobile robots
over the years[24]. Their mission is to provide robots that interact with humans and sup-
port various aspects of their lives. PAL Robotics provides the robots and their integrated
software to be used within industries and research institutes worldwide. One of the hu-
manoid robots that were also provided to the University of Waterloo was TALOS, which
differs from REEM-C as it is torque controlled rather than position controlled, and is larger
in size and in torque limits.

In the upcoming sections, we will cover the specifications, the physical properties, and
the actuators of the REEM-C humanoid robot. The highlight would be the legs of the
robot, as they are the main focus of locomotion for humanoids.

1.4.1 Robot Specification

This section is based on the handbook provided for the robot [28]. The diagrams and the
values provided in this section are taken from the handbook directly. This section provides
an overview of the essential features used on the robot during this thesis.
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Figure 1.1: REEM-C.

REEM-C is 1.65 m high and weighs around 80 kg (including the battery)[27]. It is
slightly heavier than an average human being of that height, which could introduce some
difficulties when performing some tasks and would need the use of a crane to ensure safety.

The humanoid can be seen in Fig1.1. REEM-C is supported with 68 degrees of freedom
(DOF), allowing various movements to be implemented. The DOF are distributed around
the whole body as seen in Table 1.1. Due to the large number of degrees of freedom, the
robot has lots of potential for performing different tasks and would be suitable for use in
both research and industry in a wide variety of applications.
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Table 1.1: Degrees of Freedom.

Link Name DoF
Head 2
Left Arm 7
Right Arm 7
Left Hand 19
Right Hand 19
Waist 2
Left Leg 6
Right Leg 6

1.4.2 Kinematics

The kinematic structure of the robot is shown in Fig1.2 and 1.3. Each frame is located
at the joint origin, with each diagram having the tree structure begin at the base link of
the robot, which is located at the pelvis where the centre of mass lies. The figures show
all the joints as well as their rotation axes. The z-axis indicates the direction of the joint
rotation. REEM-C’s joints are all revolute with varying rotation directions.

For the intent of this thesis focused on locomotion, the lower body part which includes
the legs, is of most importance. Fig 1.4, 1.5, 1.6 and 1.7 shows the position of each joint
of the legs of the REEM-C. These joints will be the focus of the stair-walking motion, as
will be explained in the upcoming chapter [28].
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Figure 1.2: Upper-body kinematics.
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Figure 1.3: Lower-body kinematics.

Figure 1.4: Left leg joints (I)
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Figure 1.5: Left leg joints (II)

Figure 1.6: Left leg joints (III)

Figure 1.7: Left leg joints (IV)

8



1.4.3 Dynamics

This subsection provides a quick review of the robot’s dynamics, specifically the output
torques that can be provided at each joint for each degree of freedom. The motors in the
leg of the robot are either driven by a harmonic gear drive or through a belt system to
provide higher torques when needed for various motions. Table 1.2 shows the nominal and
maximum torques that each motor can provide during its operation on a full battery.

Table 1.2: Joint Torques at full charged battery.

Joint Name Nominal Torque[Nm] Max Torque [Nm]
Leg joint 1 50.7 127
Leg joint 2 64 76
Leg joint 3 62.9 127
Leg joint 4 140.4 284
Leg joint 5 91.7 147
Leg joint 6 64 76

1.4.4 Motors

REEM-C is provided with a large number of motors. These motors are supplied with 48
V from the internal battery of the robot. The robot’s degrees of freedom are powered by
electrical motors, except for the fingers, which are under-actuated. Table1.3 provides the
torque constants of each joint motor, which will be used and discussed in the upcoming
chapters.
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Table 1.3: Motor Torque constants.

Joint
Torque constants

(mN.m/A)
leg 1 joint 185.3
leg 2 joint 149.9
leg 3 joint 254.6
leg 4 joint 154.8
leg 5 joint 254.6
leg 6 joint 149.9

1.4.5 Sensors

In addition, the robot contains several sensors which can be used to capture data about
the external environment. These sensors include the IMU, camera and four six-axes force
sensors that can be found in the ankle as well as the wrists. These provide us with a
better understanding of the robot’s state, its position in the workspace, and its velocity
and acceleration. The IMU is placed on the hip of REEM-C in the same position as the
base link. The specifications of the two force sensors at the ankle can be found in Table1.4.

Table 1.4: Force Torque sensors in the ankles.

Fx,Fy range 2800N
Fz range 6800 N

Tx, Ty range 120 Nm
Tz range 120 Nm

Fx.Fy resolution 3/4 N
Fz resolution 1 N

Tx, Ty resolution 1/50 Nm
Tz resolution 1/80 Nm
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Chapter 2

Literature Review

This literature review will cover robotic manipulation, humanoid control and motion gen-
eration. This chapter overviews the concepts covered in the thesis in more detail, followed
by a glimpse of the state of the art.

2.1 Robotic Basics

This section is dedicated to providing a fundamental background for robotics. The topics
discussed would cover open-loop systems that do not include feedback to determine the
upcoming actions. The discussion would involve revolute joints, as REEM-C’s joints are
revolute by design.

2.1.1 Kinematics

From Siciliano and Khatib [30, ch. 1.2], the definition of the position and orientation of
a body in space is a common issue that needs to be addressed to have an understanding
of where a certain body is located. In the case of robotics, determining the end-effector
position is achieved by knowing the joint angles in the single chain of N DoF. This process
is referred to as forward kinematics. The most common convention used in robotics
is the Denavit-Hartenberg (D-H) parameter convention, which requires knowledge of the
frames of the robot. The (D-H) parameter is an efficient convention as it only requires four
parameters to locate the frame of each joint relative to the other.[17]
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The parameters are defined as :

• The link length ai

• The link twist αi

• The joint offset di

• The joint angle θi

The homogeneous transformation matrix [30, ch. 1.4], T i−1
i from frame i-1 to i can be

represented as follows for a robot chain seen in Fig 2.1, where the Ri−1
i is the rotation

matrix from frame i-1 to i and xi−1
i is the translation vector from frame i-1 to i.

T i−1
i =


cosθi −sinθi 0 ai

sinθicosαi− cosθicosαi −sinαi −sinαidi
sinθisinαi cosθisinαi cosαi cosαidi

0 0 0 1

 (2.1)

=

(
Ri−1

i xi−1
i

0 1

)
(2.2)

To describe the position of the end-effector of a manipulator of N joints using forward kine-
matics, concatenate the transformations between frames by multiplying them sequentially
as follows: [30, ch. 1.6]

0TN = 0T 1
1T 2

0T 3...
N−1TN (2.3)

On the other hand, another problem is computing the joint angles needed to reach a
desired end-effector position. This problem is the opposite of the previous example and
is referred to as Inverse Kinematics [20]. For instance, for a 2D planar open chain as
shown in Fig 2.2, we take into account the desired end-effector position in addition to the
joint lengths L1, L2 to compute the required angles for a specific configuration which would
satisfy the end-effector position.
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Figure 2.1: A chain in a robotic manipulator with revolute joints using D-H parameters.[30,
ch. 1.4]

Figure 2.2: Inverse kinematics representation of a 2 DoF planar chain.[20, ch. 6]
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2.2 Humanoid Robots Motion Planning and Control

This section will provide the basic knowledge of humanoid robotics motion planning and
control. The humanoid robots are in the form of tree kinematics in which the arms and
the legs are all attached to the same base. These joints are often designed to be revolute
so that all of the joints would behave similarly to a primary manipulator.

2.2.1 Important Definitions

During motion planning, some essential points must be considered to generate a reasonable
and stable trajectory for the robot. These points are discussed in this subsection.

Center of Mass (COM)

The Center of Mass (COM) is a common point in humanoid robotics as it simplifies the
humanoid model to a more interpretive and easily visualized state, and applies well to
scenarios such as the linear inverted pendulum model.

For humanoid robots, it can be calculated as follows:

c =
N∑
i=1

mipi
M

(2.4)

Where N is the number of masses, mi is the mass of the i-th point, pi is the position
of each centre of mass, and M is the total mass of the robot [13, ch. 3].

Zero Moment Point (ZMP)

One more essential point for understanding humanoid robots is the zero-moment point
(ZMP). ZMP is the point on the support polygon at which the moments of the ground
reaction force sum to zero, Fig. 2.3. As prescribed by Kajita et al.[13, ch. 3], the ZMP is a
point that always exists within the support polygon, which creates a convex hull depending
on the contacts of the feet with the ground. The ZMP is equivalent to the COM projection
on the ground, provided that the floor is not slippery.
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Figure 2.3: Ground reaction forces and their equivalent force and moment.[13]

The ZMP on a 2D plane is calculated as follows:

px =
Mgx+ pzṖx − L̇y

Mg + Ṗz

(2.5)

py =
Mgy + pzṖy − L̇x

Mg + Ṗz

(2.6)

Where M is the mass, g is gravity, pz is the height of the ground (zero for flat ground), Ṗ
is the change in linear momentum and L̇ is the change in angular momentum. Should the
robot be standing still, both momentum terms are then zero, and the ZMP simplifies to:

px =x (2.7)

py =y (2.8)

which is equal to the center of pressure of the robot.
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2.2.2 Walking

Walking is an essential method of travelling from one place to another to perform any task.
Implementing such motion can be achieved using a famous method developed by Kajita et
al.[13], which generates a walking pattern based on ZMP and the preview controller, which
is mainly referred to as Kajita walking. Since the humanoid robot is moving in 3D space,
we can model it as 3D LIPM, which can be seen in Fig. 2.4. The governing equations for
the COM position in the horizontal plane (XY) can be written as:

ẍ =
g

zc
x (2.9)

ÿ =
g

zc
y (2.10)

where the zc is the height of the COM in the horizontal plane and g is the gravitational
acceleration.

Figure 2.4: 3D LIPM, with the CoM on the constraint horizontal plane.[13, ch. 4.3.1]

The pattern generator is based on the cart-table model shown in Fig.2.6. This helps in
calculating ZMP in 3D space for a simplified model as :

px =x− zc
g
ẍ (2.11)

py =y − zc
g
ÿ (2.12)
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The ZMP calculations can be driven from the centre of mass trajectory; however, in
the case of the cart model, the pattern of footholds is generated from the ZMP to ensure
that the ZMP satisfies the planned stepping pattern.

Figure 2.5: Basic control framework in this book: (a)In an ideal condition, a biped robot
can walk by following a walking pattern. (b)In a real environment, a biped robot needs a
stabilizer. [13]

As seen in Fig. 2.5, there are two scenarios when implementing such motion on the
robot. One scenario assumes ideal conditions without vibrations or disturbances, while the
other scenario is a natural environment where the robot would need an implementation of
a stabilizer to reduce any sudden or unexpected disturbances. In our implementation for
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the motion, we assume a static walking motion; therefore, the projection of the centre of
mass would never leave the support polygon during the motion [13, ch. 4].

Figure 2.6: Cart model of mass M, sliding over a mass-less table.[13]

An essential feature of this algorithm is allowing for the robot to have bent knees when
performing any walking motion to add stability to the robot and reduce the perturbations
that can cause the robot to fall.

2.2.3 Uneven Terrain Walking

An extension can occur on the previous method described above. Going back to the
inverted pendulum model [14], the COM Z position was a constraint to a certain height.
In this approach, we consider the COM to be on a sloped line as shown in Fig.2.7, which
is described by:

z = kx+ zc (2.13)

where k is the slope of the line and zc is the z intersection of the line. The line that the
COM follows is called the constraint line.
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Figure 2.7: The CoM is controlled to move on the constraint line (broken line) by the kick
force f , while the ankle rotates freely.

2.3 Related Work

This section discusses some of the implementations done in the field of humanoid robots
performing stair walking. As discussed previously, performing stair walking is a vital
locomotion problem that needs to be solved, as it introduces the ability to tackle various
terrains and heights, enabling access to difficult locations. Various implementations have
been done on different robots according to their capabilities. Some of the related works on
stair walking of robots are discussed in more detail in this section.

2.3.1 iCub walking implementation

Yue Hu et al.[12] have developed various software modules through the ZMP-based pattern
generator utilizing the position control of the iCub, to identify the robot’s limitations
against various walking scenarios. For simplicity, the experiments were done on a reduced
version of the iCub, which was missing the arms and head.

The algorithm workflow can be seen in Fig.2.8. The algorithm states the following; the
pattern generation is implemented using MATLAB [21], which takes the walking parame-
ters as an input and outputs the respective footholds. Afterwards, the footholds generate
the desired ZMPd and the desired height COMz.
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Figure 2.8: Pattern generation workflow. [12]

The ZMP Equation 2.11 is implemented here and can be discretized in the form of p
= Ax:


p1
p2
:

pN−1

pN

 =


a1 + b1 c1 0

a2 b2 c2
: : :

aN − 1 bN − 1 cN − 1
0 aN bN + cN




x1

x2

:
xN−1

xN

 (2.14)

In which the terms of the matrix are defined as follows:

ai = − z

(z̈ + g)∆t2
(2.15)

bi = − 2z

(z̈ + g)∆t2
+ 1 (2.16)

ci = ai (2.17)

The ZMPd and COMz generate the entire COM trajectory COMd. All these data are
used as input to the inverse kinematics algorithm implemented in C++ using Rigid Body
Dynamics Library (RBDL) to get the desired joint trajectories.
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ei(q) =

{
dpi − pi(q)

RT
i (q).a(

dRiR
T
i (q))

(2.18)

Where e is the residuals of error in orientation and position for all end-effectors, dpi
and pi are the desired and current positions of the joints i, while a(dRiR

T
i (q)) calculates

the angular velocities based on the current rotation matrix and the desired rotation ma-
trix. The inverse kinematic solver solves the non-linear optimization problem by using the
following formulation:

min
q

∥e(q)∥22 (2.19)

The outcome from the inverse kinematics is then provided to the ”Walk” player, which
commands the robot in either simulation or real life to execute the planned motion.

The experiments provided an understanding of the stability and limitations of the robot,
which was achieved through various measured key performance indicators (KPI). The main
KPIs used for stair walking were the cost of transport and the precision of task execution.
The cost of transport is defined as follows:

ECT =

∑M
m=1

∫ tf
t0

Im(t)Vm(t)dt

mrobot.g.d
(2.20)

In which M is the total number of motors,Vm and Im are the voltage and current readings
of the motor m respectively, mrobot is the total mass of the robot, g and d are gravity, and
the total distance travelled by the robot.

The precision of task execution was defined as the square of tracking errors of the COM,
ZMP and joint angles. The ZMP is the most important as it ensures the robot’s stability.

This algorithm implementation was tested in real life on two stair heights, 0.01 and
0.02 m, each having a stride time of 10 sec and 8 sec, respectively. The experiments were
tested over five trials with a success rate of 100%.

2.3.2 Stair Climbing using Stereo Vision

For this implementation, Jens-Steffen Gutmann et al.[9] introduced stereo vision to help
humanoid robots identify their environment to perform autonomous navigation. The im-
plementation on the QRIO robot uses the data collected from the stereo vision system,
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and processes the segments from that view into planar surfaces to identify the stairs or
obstacles in the 3D space.

As seen in Fig.2.9, after the plane segmentation, these different planes are put through
an edge detector to identify the presence of stairs. According to these identifications, the
stair parameters are extracted and inputted as the data to generate the stair climbing
motion.

Figure 2.9: Stair Recognition workflow. [9]

The control scheme for the robot motion is implemented in the form of a finite-state
machine consisting of the following states:

• Search: scans the 3D space to gather information through moving the head.

• Align: positions itself in a preset position offset from the stairs, then rotates to align
with the stairs.

• Approach: move directly in front of the stairs.

• Climb: step up or down depending on the collected data. After stepping perform the
search again and repeat till no more steps can be recognized.

• Finish: walk to a safe position on the stairs and turn back to the normal mode of
operation.

The key points that need to be verified to determine if the robot would attempt the
climbing or not are:

• edge of the stair must be close and the robot aligned to it.

• sufficient space on the sides of the stair for stepping up.
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• both feet are placed within the limits of the parameter sets.

As the experiments were performed using the QRIO humanoid robot, the height of the
staircases used for testing the algorithm was 3 cm. The robot searches for the stairs for
about 5 sec, aligns itself in 5 sec, approaches the stairs in 5 sec and then climbs at a rate
of 6 sec per step, completing the four steps in 24 sec.

2.3.3 Optimal Control for Whole-Body Motion Generation for
multi-contact configurations

Figure 2.10: HRP-2 on the stairs using support from the handrail. The overlay shows the
CoM at the pelvis and the contact forces at hand and feet.

Multi-contact motion is an important problem that would enable humanoid robots to ex-
pand on their bipedal locomotion capabilities. This implementation described the formu-
lation of the optimal control problem (OCP) for the reduced multi-contact COM dynamics
of the humanoid robot, which is used to generate the whole-body motion implemented for
stair walking with the HRP-2 using handrails.

The OCP minimizes the running cost using the Lagrange objective function over a
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finite time t ∈ [0, T ] by:

min
x(),u()

∫ T

0

l(x(t), u(t))dt (2.21)

(2.22)

where l(x(t), u(t)) is the running cost, x(t) are the states, consisting of COM position, ve-
locity and the angular velocity of the robot; (c, ċ, θ, ω), while u(t) are the controls consisting
of the contact forces at time t and internal angular momentum variation; (f1, ..., fM , σ).

The running cost l consists of seven terms which are defined as follows:

• l0 preserves the COM around the support polygon of the foot contacts

l0 = ∥flf∥22 .
∥∥cx,y − px,ylf

∥∥2

2
+ ∥frf∥22 .

∥∥cx,y − px,yrf

∥∥2

2
(2.23)

• l1 tracks the COM reference height dependent on the support foot height

l1 =
∥∥(flf,z + frf,z)(cz − crefz )− flf,zplf,z − frf,zprf,z

∥∥2

2
(2.24)

• l2, l3, l4, l5 penalize the swinging motion of c in z-direction and stabilize the rotation.

l2 = ∥ċz∥22 , l3 = ∥ωx∥22 , l4 = ∥ωy∥22 , l5 ∥ωz∥22 (2.25)

• l6 used as regularization term

l6 = ∥c̈∥22 + ∥ω̇∥22 (2.26)

To generate the motion of the robot, these steps need to be followed:

• Locating a set of contact points.

• The OCP computes the trajectory of the COM.

• End effector full trajectory is generated using a B-spline.

• Inverse kinematics computes the joint trajectories of the robot from the previous
points.
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Figure 2.11: Joint trajectories overview with c being the COM trajectory, RF,LF,RH,LH
are the end-effector trajectories and q for the generation process.

The climbing task is executed in 3 phases: (i) the right hand accomplishes contact with the
handrails, (ii) the right foot is placed at the top of the next step, (iii) the left foot is lifted
and aligns next to the right foot on the stair. This sequence is executed twice, coming to a
half-sitting stance at the end of the motion. It is important to highlight that throughout
the motion, the robot is in a double support phase during the motion of an end effector
(support foot and hand) and a triple support phase during the COM transition between
feet.

For the experiments, the stair’s height, width and depth are 15 cm, 1 m and 30 cm,
respectively, while the handrail is cylindrical with a diameter of 3 cm. The experiments
have shown that utilizing the handrails reduces the robot’s power consumption by 25%
compared to performing the motion solely by the feet.

2.3.4 REEM-C University of Heidelberg

This project was conducted at the University of Heidelberg by Sebastian Sontag; the
implementation uses the Kajita 2003 implementation for inclined walking similar to the
one implemented on iCub 2.3.1. This project has been implemented in Python for ease of
prototyping. As seen in Fig. 2.12, the robot is performing the stair walking action on a
set of stairs that were designed specifically for this experiment.
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Figure 2.12: REEM-C performing the stair walking on the stairs with the help of the lift

The robot uses the following scheme shown in Fig. 2.13 to compute the pattern genera-
tion, in which the stair climbing parameters are defined as the bounding conditions for the
pipeline. These parameters are used to compute the foot placements, which in turn is used
to compute the ZMP. Using the cart-table model from Kajita, the COM trajectory can be
computed from the ZMP. Afterwards, the COM and foot placements are imported into the
inverse kinematics in order to calculate the joint angles that satisfy these trajectories.
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Figure 2.13: Pattern generation pipeline using Python

The robot was tested in simulation as well as real life. The robot was able to perform
the task in real life over 4.5, 7, and 9 cm stair heights with the time of step being 60 sec.

2.4 Summary

This chapter provided background on robotics related to this work, such as forward kine-
matics, inverse kinematics and motion planning. These concepts provide an understanding
of techniques used in humanoid robots and their control.

An overview of the related works was also provided to highlight what can be achieved
using various methods and robots. Some of them were designed on lightweight or smaller
robots making their motion more manageable and energy efficient during execution. These
implementations exploited the use of the hands as extra support for the motion. In addi-
tion, the stair recognition algorithm presents a possible way to input the stair parameters
into the planning pipeline. By looking at the specifications and capabilities of the robot,
REEM-C’s stereo camera would allow it to recognize and identify the stair using the same
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algorithm implemented on the QRIO robot. In addition, exploiting the stabilization of the
CoM using optimal control could yield a faster and more stable motion. Finally, through
the use of whole-body control, utilizing the upper body as in the use of a handrail would
assist the robot in performing the stair walking motion with less torques being exerted by
the legs.

This thesis aims to implement an open loop stair walking algorithm from Kajita walking
[13] on the REEM-C in which the full trajectory is being pre-planned and played on the
robot. Similar implementations were performed, with one on the REEM-C found in the
University of Heidelberg in which Python was used for ease of prototyping, and the other on
the iCub implemented by Yue Hu et al.[12] in which Matlab was used for the computation.
The goal is to improve on the previous implementation executed on the REEM-C robot
in the University of Heidelberg, through the exploitation of an optimized programming
language such as C++, in order to reduce computation time for the pre-planning. Finally,
an improvement in the execution time of the motion on the robot compared to the time
performed at the University of Heidelberg.
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Chapter 3

Model Update

In this chapter, the process of updating the model of the REEM-C will be discussed in
more detail. A proper model that describes the robot is crucial, especially during the
implementation process. A model that comes as close as possible to representing the
real robot’s dynamics and properties would result in a more predictable and repeatable
outcome. This would guide us to be more confident in our simulation results and therefore
have a reproducible and efficient pipeline for our experiments.

Looking at the model that was provided, it was clear that there were some discrepancies
and inconsistencies. This led us to believe that the model needed to be improved, to
reflect the results perceived when carrying out the experiments in real life. The noticeable
difference between the weight of the whole model and the real robot was of approximately
7 kg. Table 3.1

Table 3.1: Total Mass of different models.

Model Name Model Mass ( kg )
Main PAL Model 67.295

Updated PAL Model 69.917
Heidelberg Model 76.442

Handbook 74.29

PAL provided the lab with an updated model, which increased the robot’s mass but was
insufficient to reflect the robot’s behaviour in real life. The update was made to moments of
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inertia of the links being modified to reflect their irregular geometry, rather than assuming
they were regular cylinders, which would reflect how the joint dynamics would actually
contribute to the motion.

Felix Aller et al. [2] has performed a mass characterization on a previous version of
the REEM-C found in Heidelberg, where each link was weighed individually to have an
accurate mass representation in the model. It was found that the COM of most of the
links was slightly shifted, but a significant difference was found in the TORSO 2 link, i.e.
pelvis, which had the COM position shifted sideways to the back of the robot and was
discovered to weigh an additional 6 kg. This was suspected to be because of the weight
of the battery, as it is irregular in shape and consists of wiring which cannot be properly
modelled and included.

The new model was constructed from the collective data from both the new PAL Model
and Heidelberg Model. Since both robots had the same structure, the masses and the COM
positions were updated using the values from the Heidelberg Model of REEM-C. Regarding
the moments of inertia of the links, the values provided by PAL were considered the most
reliable as they were derived more accurately from the CAD model of the robot.

Updating these values yielded a better reflection on the real robot, and some of the
issues faced in real life were now reflected in the simulation. For example, the issue of
deviation from walking in a straight line or falling backward when performing stair walking
was now visible. This update helps lessen the discrepancy between what is observed and
what is simulated and plays an important role in ensuring that stair-walking and all future
motions played on the robot can be accurately assessed and executed. The properties of
the updated links of the model can be found in Table 3.2.

30



Table 3.2: Link properties.

Center of mass location
w.r.t link frame [mm]

Link Mass [kg] x y z
Legs

base link 14.89 -29.021 -1.8945 18.427
Leg link 1 1.02901 -25.71 0.0 25.57
Leg link 2 0.69621 0.57 -8.81 -11.25
Leg link 3 4.82 152.1 -9.4 -15.2
Leg link 4 3.35 136.8 9.9 -17.3
Leg link 5 0.68213 -0.28 11.19 -8.59
Leg link 6 2.00843 61.11 -3.36 -4.97

Torso and head
torso link 1 1.58341 -0.11 -0.02 -6.69
torso link 2 14.62 -18.3 -149.8 1.6
head link 1 1.11967 18.19 2.48 -5.17
head link 2 1.63134 11.83 -80.98 1.04

Arms
arm link 1 1.53614 7.01 -0.11 186.27
arm link 2 1.66 25.2 -62.7 17.5
arm link 3 1.71 2.4 -24.5 57.3
arm link 4 1.27 -34.2 24.1 -16.5
arm link 5 1.23 6.7 7.1 70.5
arm link 6 0.41597 -0.05 -2.52 0.07
arm link 7 0.10051 0.0067314 -0.13277 -29.334

3.1 Torque Computation

Another issue to be resolved is proper evaluation of the joint torques being applied by the
robot. The two approaches that have been implemented and discussed later are:
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• Motor Current Readings.

• Inverse Dynamic from the model.

Both approaches involve using the joint states ROS topic to access the joint angles or the
efforts these corresponding joints apply. As seen in Fig.3.1, the effort channel can extract
the torques produced by the joints. In simulation, the effort output is directly the joints’
torque values. In contrast, in real life, the data in the effort channel supplies the motor
currents, which need to be processed to compute the motor torques.

Figure 3.1: Output of effort topic.

3.1.1 Motor Current Readings

As mentioned earlier, from the simulation point of view, the effort topic in the Gazebo
environment would directly reflect the generated torque values. On the contrary, when it
comes to the real robot, this topic publishes the motor current readings, which in its raw
format is quite noisy.

This led to the creation of a pipeline to provide useful data when performing experi-
ments. This pipeline seen in Fig.3.2 was implemented as follows:

• Subscribing to the joint state topic

• Extract the effort of the joints, i.e. motor currents

• Filter the data to remove the noise using the moving average

• Calculate the torques based on the motor constants and gear ratios as follows

MotorTorque =
MotorCurrent ∗MotorTorqueConstant ∗GearRatio

1000.0
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• Publish the Joint Torques over a topic

Figure 3.2: Filtering effort data

3.1.2 Inverse Dynamics

A model describing the robot’s dynamics is essential to achieve more realistic simulations
before running them on the real robot. It was expected that performing inverse dynamics
on the model throughout the experiments could yield better torque readings as it would
have less noise compared to the motor current readings and would be bound to the joint
angle limits.

For this approach, an implementation of the inverse dynamics algorithm using the
RBDL Library in C++ was used as it was the same library used to perform inverse
kinematics for the robot in the later stages. In addition, it would allow more flexibility
when applying the forces at different points on the robot links, as seen in Fig. 3.3, and
can support the tree structure of the humanoid robot.

Figure 3.3: Inverse dynamics
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To be able to compute the torques we needed to collect:

• Joint angles and velocities

• Torque and Force readings from the sensors in the feet

The readings from the sensors would indicate the external forces due to the ground
reaction forces. The humanoid robot is a floating base system, meaning that the robot has
to be acting against gravity to be able to stand still.

The RBDL library uses the Featherstone method when performing all of its computa-
tions. The solution to the inverse dynamics problem is computed through the recursive
Newton-Euler method consisting of three steps:

• computing joint velocities and accelerations

• computation of the net force on each link dependent on its inertia and motion

• calculating the individual joint forces to produce the forces from step 2

By defining v̂i as the absolute velocity of link i and âi as its absolute acceleration, the
recurrence relation of the velocities can be expressed as the sum of velocities of link i-1
across joint i.

v̂i = v̂i−1 + ŝiq̇i.
(
v̂0 = 0̂

)
(3.1)

The acceleration relation is derived by differentiating the velocity equation which is given
by:

âi = ˆai−1 + v̂i × ŝiq̇i + ŝiq̈i
(

ˆa0 = 0
)

(3.2)

The iteration between these equations computes the velocities and accelerations of every
link.

Afterwards, the net forces that are acting on link i are represented by the spatial
equation of motion with relation to the rate of change in the momentum I.

f̂ ∗
i =

d

dt

(
Îiv̂i

)
= Îiâi + v̂i×̂Îiv̂i

(3.3)

The total forces transmitted from linki-1 to link i through joint i can be shown below.

f̂i − f̂i+1 = f̂i
∗

(3.4)
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This equation can be rearranged in order to compute the recursive relation and get the
individual joint forces.

f̂i = f̂i+1 + f̂i
∗

( f̂n = f̂n
∗
) (3.5)

This relation enables us to compute the spatial joint forces from the end effector until
the base. If there are external forces acting on the joints, this relation would be modified
as follows:

f̂i = f̂i+1 + f̂i
∗
− f̂x

i (3.6)

with f̂x
i being the external forces acting on link i.

3.2 Results

This section discusses the results for each previously described approach. A preliminary
test was performed where the robot stood still to have a baseline understanding of its
performance and reduce errors when evaluating the torque values.

3.2.1 Motor Current Reading

As explained earlier, there was lots of noise present in the raw readings received directly
from the robot shown in Fig.3.4. Due to the lack of time, we have performed the moving
average filter approach similar to the implementation by Seng Hansun [10], as it would
remove the significant noise in the signal as seen in Fig.3.5.

Looking at the results from the initial approach provides confidence to apply this on a
more dynamic motion and verify if a clean torque reading can be captured for safety/control
purposes. These are the trial results, shown in Fig.3.5. The readings from both feet during
this experiment were symmetrical confirming that this approach is reliable.
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Figure 3.4: RAW motor readings while standing still.

Figure 3.5: Filtered motor reading while standing still.

The output of the standing still pose can be seen in Table 3.3, again confirming that
this approach is reliable.
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Table 3.3: Torques from Motor current measurements in default configuration.

Joint Names Joint Torques [Nm] Joint Names Joint Torques [Nm]
Left Leg link 1 0.72 Right Leg link 1 1.03
Left Leg link 2 5.76 Right Leg link 2 5.70
Left Leg link 3 6.02 Right Leg link 3 7.20
Left Leg link 4 35.21 Right Leg link 4 35.35
Left Leg link 5 6.02 Right Leg link 5 4.83
Left Leg link 6 4.02 Right Leg link 6 4.00

3.2.2 Inverse Dynamics

Looking at the results from this approach, the values received from the tests on the sta-
tionary pose had discrepancies as the torques from both feet were different, although the
robot is distributing its weight equally on both legs. The torques produced from the initial
tests can be seen in Table 3.4.

Table 3.4: Inverse dynamic results in default configuration.

Joint Names Joint Torques [Nm] Joint Names Joint Torques [Nm]
Left Leg link 1 2.03 Right Leg link 1 1.38
Left Leg link 2 -2.11 Right Leg link 2 -45.12
Left Leg link 3 -12.11 Right Leg link 3 -16.97
Left Leg link 4 -5.53 Right Leg link 4 -16.81
Left Leg link 5 -0.307 Right Leg link 5 -16.78
Left Leg link 6 -13.77 Right Leg link 6 -44.77

These discrepancies are suspected to be due to an issue encountered during the im-
plementation, which was clear during the definition of the floating base of the robot. By
importing the URDF model in the library, the base link definition is not the same as the
root link; this prompts the library to define the root link location randomly, resulting in a
problem when applying the force and torques on the feet, as the reference point is not well
defined resulting in these arbitrary readings. By exploiting the transformation relation of
the world frame; i.e. root link, to the floating base a better result can be achieved. A
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preliminary test can be achieved through the use of a fixed frame for the base of the robot
and computing the torques needed to perform such motions depending on the captured
data from the simulation. Finally, converting the model file type from URDF files to LUA
files would provide improved handling of this case, as the relation between the world frame
and the base frame is more direct. This approach has a lot of potential and therefore needs
further investigation in order to make it compute properly, and as mentioned the library is
being utilized to perform its computations on LUA models instead of URDF models which
could be one of the error sources.

3.3 Conclusion

The robot model was updated with masses and COM positions from various sources to
reflect the robot’s properties in real-life. With these updates, the current model has a
similar mass as the real robot, and the COM positions are in a more accurate location.
These updates have resulted in the model reflecting real-life behaviours that only appeared
after the update.

In the attempt to compute the joint torques, two approaches were attempted; one being
the calculation of the torques using the kinematics and dynamics of the robot via inverse
dynamics, while the other extracts motor current sensor readings and computes the torques
after filtering.

A recap on the tools used within the experiments, as mentioned before were Gazebo
and RBDL. Gazebo was the physics engine used for simulation in order to capture the
interactions of the robot with the stairs, as well as the robot dynamics during the motion.
We can collect the joint states; joint angles, velocities and torques, as well as the sensor
readings measured from the force-torque sensors of in the foot from within the simulation.
In addition, Rigid Body Dynamics Library (RBDL) is a C++ Library that uses the data
values from Gazebo to perform the necessary evaluations in computation such as the use
of either Inverse Kinematics or Inverse Dynamics.

The results from the inverse dynamics approach were not viable as the results received
did not provide a sensible outcome during the default standing stance. This was due to the
issue of defining the floating base, as discussed earlier, resulting in invalid computation of
torques. Further investigations need to be done on this approach, as it may have potential
in the future.

The conclusion was to implement the motor current reading approach and deploy it
on the real robot to provide a live stream of the torque readings while performing any
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operation, as it provides logical and consistent output during experiments. A concern
during the implementation was that excess filtering might occur and actual data would be
altered too much. Various filtering windows were used until a suitable window was reached,
resulting in a more clean reading of the torques. In addition, a concern that needs to be
addressed is the motor reaching its hardware limit causing a spike in the motor readings,
which may be identified via some form of anomaly detector.
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Chapter 4

Stair Walking Implementation

This chapter develops the implementation of stair walking for humanoid robots consisting
of test bed design and locomotion. This work is based on the experiments done by Sebastian
Sontag on the REEM-C in Heidelberg[32]. To estimate the robot’s capability, experiments
were performed on different setups to observe the different performances of the humanoid
robot. The requirements for this project were as followed:

• Finding a flexible design for the stair

• Implementation of the stair walking algorithm

• Testing the limitations

During the implementation phase, the stair walking motion was implemented on various
stair heights to evaluate the robot’s capabilities. The results and feasibility of each stair
height are discussed later in this chapter.

4.1 Workspace Design

In this section, we will go through the different stairs used. The main criteria for the stairs
was to find a robust apparatus that would not deform due to the robot’s weight and would
provide the flexibility of different stair heights for different implementations on both the
humanoid robot and the exoskeleton groups of the lab.
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4.1.1 Design Approach

The first approach was to design a generic staircase with a standard stair height and
import it into our simulation environment to have a rough estimate of our outline for the
dimensions of the stairs. The specifications of the initial design of the stairs can be seen
in Table 4.1 :

Table 4.1: Initial stairs specifications.

Stair Parameters Units
Stair Height 0.145 m
Stair Width 0.6m
No. of Steps 3 steps

A three step stair was designed to provide the required weight needed for the stairs to
be rigid in place once the robot steps on them. As it can be seen in Figure 4.1, a top and
side view is presented to give a sense of dimensions relative to the robot.

Figure 4.1: Initial stair top/side view

The best solution was to locate a set of stairs that are pre-designed to accommodate
the different needs of the lab and provide us with the robustness of the design. The final
decision was to get a set of stairs designed for rehabilitation patients, as it would provide
us with two sets of heights for the stairs as well as various configurations.
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As it can be seen in 4.2, the stair is made of 2 partitions which allows it to be constructed
in 2 different configurations, either a linear configuration as can be seen in Fig 4.2 or a
90-degree angle configuration. Fig 4.2 shows that both sides have different height stairs,
with one side having a 10 cm stair, while the other has 15 cm stairs.

The linear configuration can be used for simple straight stair walking, allowing the
robot to climb up the stairs and then continue its motion to descend on the other side.
The other configuration would require the robot to perform an extra rotation in place and
then descend.

As the smallest stairs were the primary concern while modelling the stairs to import
into our simulation environment, they were the only side to be imported and modelled.
The stairs can be seen in the following Fig 4.2.

Figure 4.2: Stairs in real life
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4.2 Implementation

In this section, we dive deeper into the implementations to achieve the results with the
stair walking on the REEM-C robot and the algorithm that has been set into action.

An overview of the workflow pipeline is shown in Fig.4.3. The stair parameters are
first defined as the guiding outline for the whole process. These parameters are used to
generate the motion pattern, which includes the foothold generation followed by the ZMP
trajectory computation. Finally, the COM trajectory is calculated from the ZMP using
the LIPM [15]. Once the feet and COM trajectories are planned, they are used as input
to the upcoming stage as constraint sets for the URDF model to compute the inverse
kinematics of the whole motion, which produces the joint angles that would be used for
motion execution. Finally, the motion is tested in simulation or real-life using the joint
trajectory player developed by the lab. For simulation, the joint trajectories are tested
on Gazebo to verify the motions in a physical environment where gravity is acting, and
interactions between objects are present.

Figure 4.3: Work flow pipeline

The desired motion of the robot while performing the stair walking would be to shift
the COM to the center of the support polygon, which would be on the single support foot,
then for the lift-off foot to move upward and clear off the stairs. Afterwards, it moves
forward by the specified step length then lowers that foot in order to make it the support
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foot for the next step. These motions are repeated consecutively until the robot reaches
the final step of the stairs in which both feet are next to each other, and the robot returns
the COM in between them, as seen in Fig. 4.4.

Figure 4.4: Footholds and CoM trajectory for stair walking.

4.2.1 Pattern Generation

As seen in Fig.4.5, the pattern generation algorithm is implemented as follows. The stair
and step parameters are entered in the configuration file, which is then used as the guideline
for the whole pattern generation. From these parameters, the foot holds are defined and
generated; afterwards, an interpolation is performed to produce a smoother trajectory to be
tracked. A sampled portion of the generated foot trajectories can be seen in Figures 4.6,4.7
and 4.8, showing the trajectories in both x and z axis with time in addition to the side
view trajectory of the foot, respectively. The foot trajectory is defined as follows: the foot
lifts off vertically until it reaches the step height, afterwards the foot moves horizontally
with the step length once it reaches the clearance height, and finally drops vertically to
establish support for the next step as seen in Fig 4.8. As observed in both Fig. 4.6 and
4.7, the motion is generated in a manner such that the left foot starts its motion first, and
once it reaches the resting position, on the stair, the right foot begins its motion.
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Figure 4.5: Pattern generation pipeline

As soon as the foot holds are generated, they are saved into CSV files to be used later in
the pipeline. In addition, the values of the foot pattern are fed to the calc zmp function to
calculate the ZMP trajectory, as discussed in 2.2.2, and similarly, it would be interpolated
to produce a smoother trajectory to track. Finally, the ZMP points are supplied to the
calc com function to produce the COM positions that would be used as a guideline for
the pelvis motion. The COM values are also exported into CSV files to be used in the next
stage.

Using the same equations mentioned in subsection 2.3.1, the ZMP Equation 2.11 is
implemented and can be discretized in the form of p = Ax:


p1
p2
:

pN−1

pN

 =


a1 + b1 c1 0

a2 b2 c2
: : :

aN − 1 bN − 1 cN − 1
0 aN bN + cN




x1

x2

:
xN−1

xN

 (4.1)
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Figure 4.6: Foot trajectory in z component.

Figure 4.7: Foot trajectory in x axis.
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Figure 4.8: Foot trajectory in 2D space (sideview).

4.2.2 Inverse Kinematics

In this stage, a custom Rigid Body Dynamics Library was used[26] to compute the inverse
kinematics of the humanoid robot using the points provided from the pattern generation,
i.e. CoM and foot positions. As mentioned, the kinematic tree structure is confined
by three points, which are on each foot (leg joint 6) and the pelvis (COM). The initial
joint angle values are defined to limit the solutions of the IK. Using the constraints and
points streamed from the pattern generation stage, an output of the joint angle values are
generated and exported into a CSV file that can be used for the execution stage.

4.2.3 Testing

After the extraction of the joint angles from the previous step [Chap.4.2.2], verification
needs to be performed to make sure that they are feasible. The pipeline to implement the
motions on the robot were as follows:

• Trials of the motion using RVIZ visualizer 4.50
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• Trials of the motion on simulation using Gazebo[8]

• Validation of the torques generated using the effort topic

• Trials on the real humanoid robot and analysis of the torques produced

Initially the robot has been tested with a different sets of stairs, constructed from 2
cm wood shelves shown in Fig.4.9, to examine the capabilities of the robot and observe its
motion without introducing a critical drop height as we are performing our locomotion on
elevated grounds. The implementation as well as the results are discussed further ahead.

Figure 4.9: Shelf dimension

4.3 Analysis

4.3.1 Static Analysis

To verify that the experiments would be viable and to provide a baseline understanding
of the torques needed by the robot at the instant after the lift-off, a static test has been
conducted in which the robot configuration would be as follows. The robot would have
the support feet on the stair while the other is flat on the ground level with the pelvis
over the support foot, getting ready for the lift-off. The pelvis represents the robot’s upper
body, which is considered as a point mass concentrated at leg joint 1 location is space;
both links are considered to be aligned horizontally with each other making it possible to
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carry on the calculations. With such joint configuration, the static torques of each joint
can be computed as the torques would only consider the kinematic configuration without
involving any dynamics due to motion. The robot configuration for such computation can
be seen in Fig. 4.10.

Figure 4.10: Humanoid robot configuration for the static torque analysis, right before lift-
off

This static analysis estimates the minimum torques required by the joints under such
configuration. This is due to the elimination of the acceleration components; i.e. α, during
the torque computation as the acceleration would be equal to zero as there is no motion,
resulting in the elimination of the inertia component.

τ = Force ∗ distance+ I ∗ α (4.2)

The analysis has been performed on all of the stair heights that are discussed later on
in the upcoming section. The joint angles as well as the torques required, are represented
in the following tables Table 4.2, Table 4.3, Table 4.4 and Table 4.6. As mentioned before,
these calculations provide an estimate of the required torques. The torques are being
computed using the basic torque equation:

τ = Force ∗ distance (4.3)

with Force being the weight of the previous links and distance being the offset from the
current joint to the overall CoM of the previous links.
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Table 4.2: Static test analysis for the 2 cm stairs configuration

Stair Height Joint Name Joint Angle (rad) Joint Torque (Nm)
Joint 1 right -0.05 3.22
Joint 2 right -0.18 6.03
Joint 3 right 0.02 -16.98
Joint 4 right 0.34 -8.14
Joint 5 right -0.63 10.14
Joint 6 right 0.19 -2.24
Joint 1 left -0.05 3.49
Joint 2 left -0.17 30.62
Joint 3 left -0.79 51.52
Joint 4 left 1.10 -46.83
Joint 5 left -0.57 48.46

2 cm Joint 6 left 0.18 -22.14

Table 4.3: Static test analysis for the 4 cm stairs configuration

Stair Height Joint Name Joint Angle (rad) Joint Torque (Nm)
Joint 1 right -0.05 0.90
Joint 2 right -0.19 6.94
Joint 3 right -0.22 -14.13
Joint 4 right 0.72 -6.69
Joint 5 right -0.76 11.14
Joint 6 right 0.19 0.68
Joint 1 left -0.05 8.07
Joint 2 left -0.19 31.84
Joint 3 left -0.94 55.07
Joint 4 left 1.32 -48.97
Joint 5 left -0.67 60.36

4 cm Joint 6 left 0.19 -17.13
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Table 4.4: Static test analysis for the 6 cm stairs configuration

Stair Height Joint Name Joint Angle (rad) Joint Torque (Nm)
Joint 1 right -0.05 7.09
Joint 2 right -0.20 14.90
Joint 3 right -0.21 -14.14
Joint 4 right 0.71 -4.46
Joint 5 right -0.76 -0.72
Joint 6 right 0.20 5.74
Joint 1 left -0.05 2.18
Joint 2 left -0.20 38.61
Joint 3 left -0.97 48.87
Joint 4 left 1.41 -55.44
Joint 5 left -0.71 43.53

6 cm Joint 6 left 0.20 -20.0

Table 4.5: Static test analysis for the 8 cm stairs configuration

Stair Height Joint Name Joint Angle (rad) Joint Torque (Nm)
Joint 1 right -0.05 1.81
Joint 2 right -0.19 7.53
Joint 3 right -0.23 -26.64
Joint 4 right 0.75 -13.63
Joint 5 right -0.78 10.30
Joint 6 right 0.20 5.31
Joint 1 left -0.05 2.64
Joint 2 left -0.21 25.36
Joint 3 left -1.05 62.32
Joint 4 left 1.55 -68.13
Joint 5 left -0.78 52.83

8 cm Joint 6 left 0.22 -23.29
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Table 4.6: Static test analysis for the 10 cm stairs configuration

Stair Height Joint Name Joint Angle (rad) Joint Torque (Nm)
Joint 1 right -0.05 2.94
Joint 2 right -0.19 15.16
Joint 3 right -0.24 -15.22
Joint 4 right 0.77 -31.63
Joint 5 right -0.79 1.99
Joint 6 right 0.20 -2.17
Joint 1 left -0.02 -10.67
Joint 2 left -0.21 -59.85
Joint 3 left -1.07 64.78
Joint 4 left 1.62 114.82
Joint 5 left -0.79 -50.23

10 cm Joint 6 left 0.21 -22.73

Table 4.7: Static test analysis for the 12 cm stairs configuration

Stair Height Joint Name Joint Angle (rad) Joint Torque (Nm)
Joint 1 right -0.05 2.94
Joint 2 right -0.19 15.16
Joint 3 right -0.24 -15.22
Joint 4 right 0.77 -31.63
Joint 5 right -0.79 1.99
Joint 6 right 0.20 -2.17
Joint 1 left -0.06 -28.49
Joint 2 left -0.22 -69.06
Joint 3 left -1.08 -63.8
Joint 4 left 1.68 120.9
Joint 5 left -0.80 -47.63

12 cm Joint 6 left 0.20 -20.0

52



Table 4.8: Static test analysis for the 14 cm stairs configuration

Stair Height Joint Name Joint Angle (rad) Joint Torque (Nm)
Joint 1 right -0.05 2.94
Joint 2 right -0.19 15.16
Joint 3 right -0.24 -15.22
Joint 4 right 0.77 -31.63
Joint 5 right -0.79 1.99
Joint 6 right 0.20 -2.17
Joint 1 left -0.06 -28.49
Joint 2 left -0.24 -71.4
Joint 3 left -1.11 -56.59
Joint 4 left 1.72 140.4
Joint 5 left -0.85 -33.63

14 cm Joint 6 left 0.23 -19.43

By observing the values from the static test, it can be seen that as the stair height
varies, the rear foot; i.e. right foot, configuration is almost consistent. On the other hand,
the configuration of the front foot (lift-off foot); i.e. left foot, varies with the varying step
height, which is expected as the distance from the base of the foot to the pelvis changes.
An important observation seen within the tables, is that the torques on the Knee joint
of the lift-off foot; i.e. left foot, increase as the stair height increases, which indicates
that the majority of the robots’ weight is being supported by that joint. This builds a
baseline understanding of the behaviour expected once the motion becomes dynamic, as
the acceleration component would then be involved. Through these computations, it is
clear that the robot has the ability to supply the required torques to withstand the lift-off
motion for the questioned stair heights. Further results on the dynamic motion results; i.e.
the whole motion, would be discussed in the upcoming sections.

As seen from Table 4.8, under the prescribed configuration, the left foot joints 2 and 4
have reached their limits within the static analysis once reaching the 14 cm stairs. This
indicates that the robot cannot perform any bigger stair heights as the torques required
for such motion would not be feasible to be supplied by the robots’ motors.

When looking at the torque limits of the joints, it is not enough to just look at their
joint torque limits in these configurations; it is important as well to compute the unilateral
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constraints on the ankle joints that are applied to them due to the weight of the whole
robot. This is due to the torques being very limited at the ankle, as it would have to
counter the toe/heel lift-off that may be caused by larger torques. The computation of
such torques can be achieved through the simplification of the whole robot mass into being
a point mass and then computing the torques it produces on the ankles to the foot edge.
As mentioned, it is a simple torque equation as shown below.

τ = Force ∗ distance (4.4)

with the force in this case being the total mass of the robot and the distance being the
offset of the mass from the edge of the foot. This can be described similarly to an inverted
pendulum as shown in Fig.4.11.

Figure 4.11: Robot model simplified in order to compute the unilateral constraints on the
ankle.

Computation of all of the previously discussed stair configurations was made on the
ankle joints, and the variation of the torques can be seen in the following figure. In order
to simplify the calculations the CoM position is represented as the Pelvis position in space
according to the joint angles from the previous discussion and the total mass of the robot
was taken as 74.3 kg. The figures show how the ankle torques required changes with the
stair height difference.
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Figure 4.12: Torques required by the ankle joints in the stepping configuration to prevent
the lift-off.

As seen from Fig.4.12, the torques generated on the right foot ankle are almost constant
throughout the various stair heights, this is due to the robot always being at a consistent
distance from the rear foot; i.e right foot, with a value of 6.8 Nm, the torques on the right
foot are so small due to the mass of the robot being supported fully on the left foot, having
the weight of the leg as the only load on the ankle joint. On the other hand, the torques
required on the left foot can be seen to decrease with the increase of the stair height, this
is the result of the CoM getting closer to the ankle joint, therefore, requiring less torque
to overcome the weight of the robot.

These torques are added to the torque values generated from the static analysis step
and then verified against the joint torque limits from the handbook [28]. When such
computation is performed, the ankle joint torques are found to be within the joint torque
limits, ensuring that there are no critical torques affecting the ankle at these configurations.
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4.3.2 Kinematic Check

To identify the maximum step height achievable by the robot, a kinematic check using
the geometry is performed. This computes the feasibility of the motion regardless of the
torques needed by the joint.

Figure 4.13: Robot Kinematics with one foot on the stair and one on the ground, ankle
joint (q1) and knee joint (q2).

The robots’ complex DoF can be simplified down into two sections with each having
two DoF revolute joints. This allows us to compute the EE position and from the com-
puted data, in addition to the subjected maximum stair height Inverse Kinematics can be
performed to validate the viability of the proposed stairs. In order to calculate the common
point; i.e. pelvis, at which both feet are connected together, estimate joint angles can be
used from the previous subsection as a guideline to the angles reached by the rear foot.
Using the joint angles, forward kinematics can be performed using the following equations
to capture the EE position in space.

x = l1 cos(q1) + l2 cos(q1 + q2) (4.5)

y = l1 sin(q1) + l2 sin(q1 + q2) (4.6)

After the computation of the pelvis position, this data collective with the footstep length
and height can be used in order to verify the feasibility of the proposed stair height using
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Inverse kinematics which is achieved by the following equations.

q1 = tan−1(
y

x
)− tan−1(

l2 sin(q2)

(l1 + l2 cos(q2))
) (4.7)

q2 = cos−1(
x2 + y2 − l12 − l22

2 ∗ l1 ∗ l2
) (4.8)

In order to find the proper lift-off configuration, there is three main characteristics that
need to be satisfied in the robot, being a configuration where the shank would not collide
with the stair during its maximum leaning position, the joint angles are contained within
the joint limits and finally, the position of the overall CoM of the robot being placed on top
of the support foot. Using these criteria theoretically, the robot should be able to perform
the lift-off motion successfully, in case the torques were not limited.

As observed from the previous subsection the rear foot had similar angles throughout
varying stair heights, therefore these angles were used as seen in Table 4.9. From such
configuration, the maximum stair height preventing collision with the shank of the robot
was computed as 0.22 m. This was computed as follows, the CoM position of the shank
was computed under this configuration and the Y component was used as the maximum
achievable stair height as seen in Fig.4.14.

Figure 4.14: The shank CoM position so that the stair would not collide with the stairs.
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Table 4.9: Maximum configuration for the rear foot.
Joint Joint Angle (rad)
q1 0.71
q2 -0.76

The 0.22 m stair height was used to compute the required joint angles using Inverse
Kinematics, this resulted in joint angles that would be exceeding the limit. In order to
figure out the maximum height, decrements of 0.01 m were performed until the results for
the joint angle were within the joint limits. Finally, according to the computations, the
maximum stair height that can be achieved in the case of a one-step staircase, by just using
the kinematics of the robot is 0.2 m stairs with a step width of 0.16 m and a stair depth
of 0.25 m, and the corresponding joint angles can be seen in Table 4.10 and Table 4.9. All
of these computations are having the rear foot with a 0.05 m offset from the stairs in order
to eliminate collisions.

Table 4.10: Maximum configuration for the front foot.
Joint Joint Angle (rad)
q1 0.51
q2 2.05

Regarding the presence of more than two steps in the stair walking scenario, the shank
of the front foot should be taken into account in order to ensure no collision with the
consecutive stairs. As this scenario is similar to real-life implementations, a check had
to be done to provide us with a more realistic outcome. This study was performed on
the previous stage, and the results from such test concluded that the 0.2 cm stair heights
would not be viable in the case of two or more steps. Similar to what occurred earlier,
decrements of 0.01 m were computed with their respective joint angles in order to reach
a viable result. Throughout these decrements, the robot step length was 0.22 m with the
stair depth being 0.25 m. The first feasible step size in the case of the two-step stairs was
found to be the 0.14 m, with such step height and stair depth the robots’ front and rear
shanks would not be colliding with the stairs, theoretically insuring that the motion can
be executed without the presence of any torque limitations.

To have a relative insight into the future, a preliminary study was performed for the
walking down the stairs scenario, which would include the robot being in the following
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configuration, as seen in Fig4.15. This configuration would be the critical point of judgment
in determining the stair height that can be achieved by the robot going downwards, as the
Pelvis has to be on top of the rear foot till the point in which the front foot comes in
contact with the upcoming step/ground.

For this study, there are three main characteristics that need to be achieved in order to
consider the stair height as feasible. This would be, having the ankle joint within the joint
angle limit, a configuration in which the rear side of the shank would not collide with the
stairs, and finally the CoM of the robot being on top of the rear foot; i.e. support foot.

Figure 4.15: Robot Kinematics for walking down the stairs, with one foot on the high step
and one on the lower step of the stairs.

Using these equations 4.5 and 4.7, the maximum drop height of the pelvis was computed,
in which the joints especially the ankle joint would remain within the limits. With the
help of the visualizer from RVIZ, an initial set of joint angles where captured to perform
the iterations on. Using these angles the maximum height drop that the robot can perform
with the constraints of the Pelvis present on top of the rear foot was found to be 0.42 m;
this is the distance from the pelvis to the sole of the foot. Any further drop in the pelvis
height would either cause the robot to exceed the ankle joint angles to maintain balance, or
the pelvis would be at a critical point that could cause the robot to tip over. The captured
joint angles can be seen in the following Table 4.11.
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Table 4.11: Maximum configuration for the rear foot.
Joint Joint Angle (rad)
q1 0.93
q2 1.56

From these joint angles Inverse Kinematics was performed on various stair heights
starting with 0.02 m stairs. Increments of 0.02 m were performed till the maximum joint
angles would be reached. After various computations the maximum step height for which
the robot can perform down stair walking was computed as 0.12 m with a step length of
0.22 m, that can be achieved using the following joint angles shown in Table 4.12.

Table 4.12: Maximum configuration for the front foot.
Joint Joint Angle (rad)
q1 1.63
q2 0.71

The visualization of the maximum reachable stair height with the computed joint angles
can be shown in the following Fig.4.16.
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Figure 4.16: Robot Kinematics visualization of the angle values for walking down the stairs,
with one foot on the high step and one on the lower step of the stairs.

In conclusion, from the kinematic point of view, the robot can perform up to 20 cm
stairs in the case of a one-step stair and 14 cm stair in the case of two or more steps,
which is a more realistic scenario. On the other hand for the robot to perform the walking
down stair motion, it was found that the maximum that can be performed would be the
12 cm stairs. All of the computations performed in this section has been cross-referenced
with the joint angle limits from the PAL handbook [28] to ensure the viability of these
configurations.

4.4 Simulation

During the simulation the robot has been kinematic tested on various configurations as well
as different stair heights, the simulation results are displayed in this section. Most of the
stair height simulations were executed successfully in this stage. Gazebo [8] was the choice
of the physics engine used to run the simulations to provide a better understanding of how
forces and interactions between the humanoid robot and the stairs affect the motion.

As mentioned earlier increments of 2 cm stairs were used to test the humanoid robot
motion and capability until the robot reached its limit. The motions as well as the trajec-
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tories of each increment are displayed in the upcoming subsections. In addition to these,
the parameters used to generate the motion can be seen in the tables.

4.4.1 2 cm Stairs

The motions are generated with the upper body having fixed joint angles, making the leg
joints the only joints that would be moving in an attempt to reach the final pose.

Figure 4.17: 2 cm motion on stairs in simulation.

Table 4.13 shows the parameters used to generate the motion for the 2 cm stairs. The
trajectories of this motion can be seen in Figure 4.18 and Figure 4.19.
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Table 4.13: Parameters for 2 cm Stairs in simulation.

Parameter
Stair Height 0.02 m
Stair Width 0.5 m
No. of steps 2 steps
Step Height 0.035 m
Step Drop 0.02 m
Step Length 0.22 m
Step Width 0.16 m

COM Z position 0.76 m
t step 50 sec
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Trajectories

Figure 4.18: Joint angles[rad] vs Time[sec] for 2 cm left leg desired vs actual trajectories on simulation.
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Figure 4.19: Joint angles[rad] vs Time[sec] for 2 cm right leg desired vs actual trajectories on simulation.
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4.4.2 4 cm Stairs

Figure 4.20: 4 cm motion on stairs in simulation.

Table 4.14 shows the parameters used to generate the motion for the 4 cm stairs. The
trajectories of such said motion can be seen in Figure 4.21 and Figure 4.22.

Table 4.14: Parameters for 4 cm stairs in simulation.

Parameter
Stair Height 0.04 m
Stair Width 0.5 m
No. of steps 2 steps
Step Height 0.055 m
Step Drop 0.02 m
Step Length 0.22 m
Step Width 0.16 m

COM Z position 0.76 m
t step 50 sec
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Trajectories

Figure 4.21: Joint angles[rad] vs Time[sec] for 4 cm left leg desired vs actual trajectories on simulation.
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Figure 4.22: Joint angles[rad] vs Time[sec] for 4 cm right leg desired vs actual trajectories on simulation.
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4.4.3 6 cm Stairs

Figure 4.23: 6 cm motion on stairs in simulation.

Table 4.15 shows the parameters used to generate the motion for the 6 cm stairs. The
trajectories of such said motion can be seen in Figure 4.24 and Figure 4.25.

Table 4.15: Parameters for 6 cm stairs in simulation.

Parameter
Stair Height 0.06 m
Stair Width 0.5 m
No. of steps 2 steps
Step Height 0.075 m
Step Drop 0.02 m
Step Length 0.22 m
Step Width 0.16 m

COM Z position 0.76 m
t step 50 sec
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Trajectories

Figure 4.24: Joint angles[rad] vs Time[sec] for 6 cm left leg desired vs actual trajectories on simulation.
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Figure 4.25: Joint angles[rad] vs Time[sec] for 6 cm right leg desired vs actual trajectories on simulation.
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4.4.4 8 cm Stairs

Figure 4.26: 8 cm motion on stairs in simulation.

Table 4.16 shows the parameters used to generate the motion for the 8 cm stairs. The
trajectories of such said motion can be seen in Figure 4.27 and Figure 4.28.

Table 4.16: Parameters for 8 cm stairs in simulation.

Parameter
Stair Height 0.08 m
Stair Width 0.5 m
No. of steps 2 steps
Step Height 0.095 m
Step Drop 0.02 m
Step Length 0.22 m
Step Width 0.16 m

COM Z position 0.76 m
t step 50 sec
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Trajectories

As seen from Fig.4.27 and Fig.4.28, the joint angle tracking done with the robot controller resulted in a
well-tracked trajectory which allowed the robot to perform the motion successfully. The differences between
the actual and desired trajectories are due to vibrations and inaccuracies that can be found in real-life
equipment.

Figure 4.27: Joint angles[rad] vs Time[sec] for 8 cm left leg desired vs actual trajectories on simulation.

73



Figure 4.28: Joint angles[rad] vs Time[sec] for 8 cm right leg desired vs actual trajectories on simulation.
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4.4.5 10 cm Stairs

The implementation of these stairs went through a number of iterations in which the robot
model was in the update phase for the initial experiments and the model of the stairs was
trivial.

For this trial, the robot’s motion was planned to execute on 2 stair steps. As seen in
Figure 4.29 the robot was able to perform the motions with ease on the basic stair model.

Figure 4.29: 10 cm motion on stairs with no lip.

After a revision regarding both the robot model and the stair model, the robot’s model
was updated [Ch. 3], and an update to the stairs took place as well to model the real steps
that we received. An extra lip was added which would introduce a challenge for the robot
as it needs to clear off from the lip during the lift-off phase, which can be seen in Fig.4.30.
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Figure 4.30: Updated stairs model with lip.

Performing the experiments with these new set of changes produced some challenges,
the first being an extra mass at the rear of the hip of the robot which would cause it to tilt
backward during the motion resulting in the robot losing its balance and falling backward.
This issue has been resolved by tilting the torso 1 joint forward making the robot more
bent over to the front which shifted the COM and COP near the center of the support
polygon rendering the robot more stable. This tilt can be seen in the generated motion in
Fig.4.31.

Figure 4.31: 10 cm motion on stairs with lip and updated model
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In addition, due to the presence of the lip, the exact placement of the robot in front of
the stairs is deemed to be crucial. Placement of the robot close to the stairs would result
in the feet being caught in the lip and hindering the robot’s motion. On the other hand,
placing it far from the stairs would result in the robot’s step being too big which would
result in extra torques on the joints. Placing it too close requires smaller steps which would
result in the feet being on the edge of the stair and the robot losing its balance.

The ideal distance was found to be 30 cm from the rear of the foot, allowing the robot
to perform the necessary steps without any difficulties during the motion. In addition, the
pelvis height was increased to ensure that the shank of the robot would not collide with
the stairs.

4.4.6 Summary

The simulations of the robot were done on Gazebo to introduce the physics to the simulation
and introduce the interactions between the robot and the stairs. As can be seen from the
figures above, the robot was able to execute the generated motions successfully for the
2,4,6,8 and 10 cm stairs. The trajectories displayed above indicate that the robot was
able to successfully track the desired joint angles to perform the motion, although the
torques were reaching their limits on some of the joints as can be seen in Table 4.17.
A discovery was made during the simulation: generating the motions to be executed in
a faster manner always led to the robot tilting forward and colliding with the stairs, as
Gazebo was introducing unnecessary noise in the attempt to mimic real-life behaviours.

As expected the knee joint and the ankle joint i.e joint 4 and joint 6 respectively, are
contributing a lot of torque to perform the motion. As can be seen in Table 4.17, as the
stair height increases a significant increase in these joint torques can be seen, with the
joint 2 and joint 6 reaching their maximum for both 8 and 10 cm stairs, indicating that
the 10 cm stairs would be difficult to perform in real-life as a number of joints are reaching
their limits and may cause damage to the motors in real-life. Finally, for increasing the
stair height it seemed that the exact placement of the robot is crucial especially for the 10
cm stairs as it needs some distance to perform the clearance during the lift-off.

As seen in the Table 4.17, the torques in both the right and left foot are not identical,
although the motion is symmetric. This difference is due to the COM not being directly
in the middle of the pelvis joint, producing close but not exact torques. The torque peaks
were produced during the lift-off phase, as the robot was applying all its force to push itself
upward.
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Table 4.17: Maximum torques produced by the REEM-C in simulation during different
stair walking heights

Stair Height Joint Name Max Torque (Nm) Joint Name Max Torque (Nm)
Joint 1 right 24.30 Joint 1 left 16.68
Joint 2 right 63.27 Joint 2 left 63.82
Joint 3 right 55.16 Joint 3 left 57.23
Joint 4 right 74.59 Joint 4 left 75.39
Joint 5 right 56.63 Joint 5 left 52.31

2 cm Joint 6 right 58.60 Joint 6 left 66.17
Joint 1 right 17.11 Joint 1 left 16.23
Joint 2 right 63.42 Joint 2 left 64.05
Joint 3 right 55.67 Joint 3 left 55.38
Joint 4 right 78.45 Joint 4 left 76.38
Joint 5 right 55.21 Joint 5 left 53.26

4 cm Joint 6 right 60.16 Joint 6 left 64.55
Joint 1 right 26.58 Joint 1 left 16.61
Joint 2 right 64.26 Joint 2 left 64.18
Joint 3 right 56.08 Joint 3 left 62.11
Joint 4 right 88.14 Joint 4 left 81.59
Joint 5 right 57.51 Joint 5 left 54.82

6 cm Joint 6 right 71.48 Joint 6 left 71.48
Joint 1 right 29.56 Joint 1 left 19.05
Joint 2 right 71.40 Joint 2 left 71.40
Joint 3 right 57.66 Joint 3 left 62.9
Joint 4 right 111.65 Joint 4 left 107.09
Joint 5 right 69.02 Joint 5 left 71.92

8 cm Joint 6 right 71.48 Joint 6 left 71.48
Joint 1 right 22.11 Joint 1 left 25.38
Joint 2 right 71.40 Joint 2 left 71.40
Joint 3 right 58.62 Joint 3 left 61.11
Joint 4 right 117.5 Joint 4 left 122.69
Joint 5 right 62.67 Joint 5 left 69.85

10 cm Joint 6 right 71.48 Joint 6 left 71.48
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4.5 Real-life Experiments

The next step was to implement the tested trajectories on the humanoid robot in real-life
and validate that they can be executed correctly. In addition, this would verify that the
model was reflecting real-life behaviour. In all of the experiments done the CoMz was fixed
and the stair parameters as well as the step parameters were changed to accommodate for
the stair dimensions.

4.5.1 2 cm Stairs

Initially, the robot was tested to perform the stair climbing motion on the 2 cm stairs only
for 2 steps. Afterwards, an extension of this experiment was implemented on 4 steps using
the same parameters to generate the motion as seen in Table 4.18.

Table 4.18: Parameters for 2 cm stairs.

Parameter
Stair Height 0.02 m
Stair Width 0.5 m
No. of steps 4 steps
Step Height 0.03 m
Step Drop 0.01 m
Step Length 0.25 m
Step Width 0.16 m

COM Z position 0.76 m
t step 25 sec

t sample 0.02 sec
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Figure 4.32: Stairs 2 cm.

Figure 4.33: Steps of 2 cm stair walking.

During the execution on the real robot, an issue occurred where the rate of the data
being passed to the robot was out of sync with the controller frequency. This resulted in
the robot executing the motion in a jerky manner and introduced lots of disturbances to
the motion itself. Although the motion was executed successfully, the jerky motion was
an issue that needed to be handled to provide smoother trajectories. This was achieved
by changing the sampling rate from 25 Hz to 50 Hz in an attempt to sync the readings
with the refresh rate of the controller. As anticipated the motion became smoother and
was performed without jerkiness.

The initial tests had the robot execute one step i.e t step, in 50 sec resulting in the
whole motion to be performed in around 2 min. This t step was implemented as a guideline
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from the instructions provided by Sebastian Sontag to ensure that the robot’s motion is
stable and feasible. In an attempt to provide a more human-like execution time, the t step
was decreased to 25 sec which reduced the time from 2 min to 1 min, resulting in a more
realistic motion that still ensured stability and accuracy.

Torques

As mentioned earlier, the torques are being generated using the filtered motor current
measurements. The torques exerted by the robot’s joints can be seen in Fig. 4.34 and
4.35. As observed, the maximum torques exerted by the robot during the motion are within
the torque limits, ensuring that the robot is performing the motion without exerting any
critical torques that may damage the joints.

Figure 4.34: Torques produced by the left foot throughout the motion on the 2 cm stairs.
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Figure 4.35: Torques produced by the right foot throughout the motion on the 2 cm stairs.

4.5.2 4 cm Stairs

As mentioned earlier, the 2 cm shelves can be seen in Figure 4.36 being stacked over each
other to make the 4 cm steps for the robot to climb on them. The parameters that were
used in the execution of this motion can be seen in Table 4.19.
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Table 4.19: Parameters for 4 cm stairs.

Parameter
Stair Height 0.04 m
Stair Width 0.5 m
No. of steps 2 steps
Step Height 0.055 m
Step Drop 0.02 m
Step Length 0.25 m
Step Width 0.16 m

COM Z position 0.76 m
t step 25 sec

Figure 4.36: Stairs 4 cm.
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Figure 4.37: Steps of 4 cm stair walking.

During the execution of the motion, it was noticed that the robot was pushing the
stairs forward during the weight shift motion which can be possible due to the light weight
of the stairs. This issue was solved by providing a weight in front of the stairs to make
them more rigid, and the motion was still executed successfully without any issues.

Torques

The torques exerted by the robot’s joints can be seen in Fig. 4.38 and 4.39.
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Figure 4.38: Torques produced by the left foot throughout the motion on the 4 cm stairs.
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Figure 4.39: Torques produced by the right foot throughout the motion on the 4 cm stairs.
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4.5.3 6 cm Stairs

The parameters that has been used to generate the motion can be found in Table4.20.
The stair assembly can be seen in Fig 4.40, this was the configuration at which the robot
attempted its motion.

Table 4.20: Parameters for 6 cm stairs.

Parameter
Stair Height 0.06 m
Stair Width 0.5 m
No. of steps 2 steps
Step Height 0.07 m
Step Drop 0.02 m
Step Length 0.25 m
Step Width 0.16 m

COM Z position 0.76 m
t step 25 sec

Figure 4.40: Stairs 6 cm.

When attempting this stair height the robot’s rear foot would tilt during the lift-off
phase, as the robot itself would be tilting at the initial part of the motion. This would
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be due to the COP of the robot being shifted at the back border of the support polygon,
which could have resulted in the robot being unstable. Although this was happening the
robot was able to perform the motion successfully, and the results from this attempt are
discussed later.

Figure 4.41: Foot tilt during liftoff.

An adjustment to the robot’s posture has been made. The arms of the robot have been
shifted forward slightly and the experiment was then repeated. This slight adjustment
seemed to solve the issue during the lift-off and the motion was executed successfully
without any collisions occurring with the stairs. The results from the experiment can be
seen in the following section.

Figure 4.42: Steps of 6 cm stair walking.
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Torques

The torques exerted by the robot’s joints can be seen in Fig. 4.43 and 4.44. As observed,
the maximum torques exerted by the robot are within the torque limits. This ensures that
the robot is performing the motion in a safe manner and not reaching any critical points
that could be cause for concern.

Figure 4.43: Torques produced by the left foot throughout the motion on the 6 cm stairs.
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Figure 4.44: Torques produced by the right foot throughout the motion on the 6 cm stairs.

4.5.4 8 cm Stairs

Due to the limitation of the available shelves, performing 8 cm stairs with this configuration
was the maximum height to be implemented. The parameters that were used during the
generation of the current motion can be seen in Table 4.21.
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Table 4.21: Parameters for 8 cm stairs.

Parameter
Stair Height 0.08 m
Stair Width 0.5 m
No. of steps 2 steps
Step Height 0.09 m
Step Drop 0.02 m
Step Length 0.25 m
Step Width 0.16 m

COM Z position 0.76 m
t step 25 sec

Figure 4.45: Steps of 8 cm stair walking.

Torques

The torques exerted by the robot’s joints can be seen in Fig. 4.46 and 4.47. Once more, it
can be seen that the maximum torques exerted by the robot are within the torque limits.
It is also noticed that joint 2 in Fig.4.47 had a spike that is very close to the limits of that
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joint, indicating that the experiments for this implementation are reaching the maximum
capabilities of the robot.

Figure 4.46: Torques produced by the left foot throughout the motion on the 8 cm stairs.
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Figure 4.47: Torques produced by the right foot throughout the motion on the 8 cm stairs.

4.5.5 10 cm Stairs

In the implementation of this motion, the shank of the robot was quite close to the stairs
during the weight-shifting phase, raising concerns that the robot may collide with the
stairs, which can be seen in Fig 4.48. This has led to the increase of the com z from 0.74
m to 0.76 m as it was the highest height the IK solver would provide a solution for. This
action helped with the shank gaining better clearance with regard to the next step.
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Figure 4.48: Shank too close to the step.

Another observation was that the robot was finding difficulties lifting off. The feet
would collide with the lip of the stairs, as shown in Fig 4.49 during lift-off. During the
initial experiments, the foot collided with the stairs causing the force sensors to malfunc-
tion and rendering the robot unusable for 6 months, delaying all other tests on it. This
confirmed that the robot model we had for simulation was not accurate to reflect these
critical behaviours, leading to the update process of the model mentioned here chapter 3.

Figure 4.49: The foot being stuck in the lip.
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4.5.6 Summary

Table 4.22 shows the torque produced by the robot when performing the various stair
heights for the stair-walking motion. As can be seen from the table, the torques increase
as the stair height increases. This relationship explains why the motion on the 10 cm stairs
was not successful, as these required torques are beyond the robot’s capabilities.

The simulation was carried out with different stair heights ranging from 2.0 cm to 8.0
cm, and the humanoid was able to successfully climb them without changing posture or
perturbation to the motion. This shows that the calculations for the motion are reliable.
During implementation in real life, the faster the motion performed, the more stable the
robot was. The speed was also drastically improved from the previous implementation at
the University of Heidelberg. Some issues were encountered, for instance, the ankle of the
rear foot would tilt due to the higher torques needed. Unfortunately, the 10.0 cm execution
was not reproduced on the real robot as it required higher torques which the robot could
not provide.

As can be seen from the torque figures above, the knee joint ( leg joint 4) and hip
joint (leg joint 2) have the highest torques, and the motion needs to be modified in an
attempt to lower the stress on these joints. In addition, it can be seen that during take-off,
the adjacent leg joint 4 would be exerting high torques to achieve the lift-off of the robot.
In the 8 cm stairs test, it can be seen that the torques are near the torque limits of the
joint, hindering it from producing additional torque, which is why the robot was unable to
perform the 10 cm stair climbing.
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Table 4.22: Maximum Torques produced by the REEM-C in real-life during different stair
walking heights.

Stair Height Joint Name Max Torque (Nm) Joint Name Max Torque (Nm)
Joint 1 right 17.87 Joint 1 left 21.52
Joint 2 right 77.16 Joint 2 left 79.73
Joint 3 right 55.65 Joint 3 left 55.87
Joint 4 right 84.10 Joint 4 left 74.98
Joint 5 right 37.04 Joint 5 left 40.09

2 cm Joint 6 right 37.18 Joint 6 left 31.13
Joint 1 right 20.62 Joint 1 left 22.70
Joint 2 right 84.18 Joint 2 left 84.19
Joint 3 right 55.82 Joint 3 left 55.91
Joint 4 right 114.50 Joint 4 left 106.10
Joint 5 right 40.25 Joint 5 left 38.86

4 cm Joint 6 right 39.67 Joint 6 left 27.34
Joint 1 right 19.62 Joint 1 left 20.92
Joint 2 right 84.04 Joint 2 left 78.02
Joint 3 right 55.70 Joint 3 left 55.86
Joint 4 right 101.60 Joint 4 left 91.11
Joint 5 right 45.18 Joint 5 left 45.39

6 cm Joint 6 right 37.59 Joint 6 left 33.89
Joint 1 right 18.18 Joint 1 left 20.29
Joint 2 right 82.60 Joint 2 left 79.90
Joint 3 right 55.73 Joint 3 left 55.90
Joint 4 right 121.92 Joint 4 left 107.76
Joint 5 right 46.00 Joint 5 left 55.54

8 cm Joint 6 right 38.28 Joint 6 left 35.75
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Table 4.23: Implemented stair height in real-life.

Stair Height Status
2 cm Feasible
4 cm Feasible
6 cm Feasible
8 cm Feasible
10 cm Infeasible
15 cm Infeasible

By observing the maximum torque readings produced by the simulation and real-life,
we can conclude that the model in simulation provides a reliable outcome as the maximum
torques produced in both real-life experiments and simulation are quite similar.

All of the previous experiments were conducted 5 times in real-life and the success rate
for each stair height can be seen in Table:

Table 4.24: Success rate of the experiments over 5 repetitions.

Stair Height Success Rate
2 cm 100%
4 cm 100%
6 cm 100%
8 cm 80%
10 cm 0%

4.5.7 Visualizer Implementations

It is also important to discuss the tool that was implemented to visualize the motion and
helped during the debugging of the pipeline.

In the stages of testing the issue of not having any visual feedback of the recorded
data on the robot arose, which led to the creation of a ROS package that would allow
the visualization of these motions on RVIZ at anytime with the help of the rqt bag
publisher. This implementation allowed us to visualize the robot without needing to
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run the Gazebo simulation in the background. In addition, it would allow us to have a
better understanding of the state of the humanoid at crucial moments during any executed
motions.

Figure 4.50: RVIZ visualization of the recorded motion from the robot during the experi-
ment.
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Chapter 5

Conclusion

This section will go through the conclusion reached from the previous chapter 4, as well
as the limitations faced during the process and the future work that can be implemented
according to the results and the robot’s capabilities under the current circumstances.

Implementing the whole pipeline in C++ provided a faster computation time for the
pre-planning by 70% compared to the Python implementation performed by the University
of Heidelberg, with the C++ time running at 1.5 sec/step and the Python implementation
running at 5 sec/step. In addition, the time of step executed on the robot was faster,
having been reduced from 60 sec/step to 25 sec/step in our implementation.

Although the kinematics of the robot can reach 20 cm stairs, the torques required for
such configuration would be exceeding the torque limits.Once implemented on simulation
the joint would be reaching their joint torque limits at 10 cm implementation, therefore
the simulation was only conducted for the 2, 4, 6, 8 and 10 cm stairs. The robot could
perform the motions successfully and reach the end pose. It can be seen that the robot was
able to perform the stair walking task for the 2 and 4 cm stairs without any difficulty, and
from the torque readings as well as the trajectory readings, the robot values were within
the operating bounds with a safe margin. Starting from the 6 cm stairs in simulation, the
robot was beginning to hit the torque limits in one of the joints, specifically the ankle joint,
i.e. joint 6; this was suspected to be due to disturbances as it happened instantaneously
for this motion. When the experiment was reflected on the real robot, the first observation
was that the robot was tilting backward, causing the feet to collide with the stairs. This
issue was solved by moving the arms forward to aid in the movement of the COP forward,
rather than being at the edge of the foot. This adjustment resolved the tipping issue,
and the motion was executed successfully both in simulation and real life. From there, it
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could be seen that the ankle joint, i.e. joint 6, does not reach the torque limits in real
life, whereas in simulation it does, confirming that the simulation is adding extra noise to
the motor readings. Further experiments were performed on 8 cm, and with the previous
adjustment of the arm mentioned, the motion was successful in both simulation and real-life
experiments.

Finally, experimenting with the 10 cm stairs was deemed problematic. Initially, the
model still needed to be updated, and the readings and simulation results did not reflect
the actual behaviours. During that time, the simulation readings were within joint torque
limits, which led to the experimentation on the real robot, causing the discovery of the
discrepancies, leading to the update of the model using data collected from the extensive
experiment performed by Felix Aller in the University of Heidelberg on their version of
REEM-C, which in turn reflected the real behaviour in simulation. The robot’s motion
was adjusted as these stairs were different from the others, being more rigid and containing
an extra lip, which required extra considerations for the robot to be able to clear the stairs.
The simulation readings showed that the knee and ankle joints, i.e. joint 4 and joint 6,
respectively, were arriving at the torque limits they can provide, resulting in the concern
about carrying the motion into real life. Once the motion was tested on the real robot,
it was clear that the joints could not provide the needed torques to lift off the body and
perform the clearance, making the 8 cm stairs the maximum height that can be achieved
without complications using this method.

5.1 Limitations

As mentioned earlier, during one of the experiments, the REEM-C foot collided with the
lip of the stair step damaging the force torque sensor in one of the feet, which caused
the foot to malfunction and hindered further testing from occurring on the real robot for
six months. In addition, using the current implementation of the motion, the motors in
the knee and ankle joints are reaching their maximum torques, not making it possible to
perform the motion on higher stairs. This is due to the robot applying extra force to lift
off; an improvement upon the algorithm can be achieved by applying a CoM stabilizer to
reduce the vibrations occurring during the motion, maintaining the CoP within a specific
boundary inside the support polygon. An extra step to reduce the torques on the feet
would be taking into account the upper body motion, enabling the utilization of the arms
and a handrail to be a form of support, minimizing the torques on the feet.
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5.2 Future Work

In the aspect of improvements that can be made, a verification of the joint torque and kine-
matic limits should be performed to understand the humanoid robot’s capabilities better.
This can be achieved by generating critical point poses in which the robot would reach its
maximum torques. These poses can be generated using optimal experimental design [31],
in which we define our experimental constraints. Then optimization is performed to satisfy
such constraints to some extent instead of the use of manual experimentation and brute
force approach that may take days or even weeks to reach the desired result.

In addition, an adjustment to the motion generated could be helpful to help in reach-
ing higher stairs and provide a more human-like motion. By the implementation of an
extra ankle motion, a toe-off can be achieved during lift-off, which can be resourceful in
countering the lips that can be found on some of the stairs, providing extra clearance
while hovering over the stairs. A similar implementation can be seen here [34]. Another
implementation would generate an optimization to favour joint 4 and joint 6 to perform
the most negligible torque possible so that they do not reach their limits.

Finally, an attempt to generate the motions for another humanoid robot, such as Wa-
terloo’s TALOS, would be interesting to exploit differences and explore more comparisons
regarding their capabilities and structure. An attempt was recently performed on a TA-
LOS, and the results produced showed some elasticity in the joints, which caused some
issues regarding the implementation in real life [25]. This issue could be addressed to allow
for TALOS to perform stair-walking as well, potentially leading towards a more generalized
approach for all humanoid robots.
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