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Abstract

Gait generation of the humanoid robot for bipedal locomotion is a complex

and difficult problem. The high dimensional state space and inherently

hard-to-stabilize dynamics of the humanoid pose challenges in creating

robust bipedal walking. Physical constraints and limitations in the imple-

mentation further aggravate the stability control of bipedal systems. In

this dissertation, gait generation of the humanoid robot for fast dynami-

cal walking is proposed and realized through 1© generation of sustainable

lateral walk-oscillation, 2© omnidirectional walking and 3© compliant con-

trol. The approaches have low computational complexity, are simple and

do not require the detailed dynamical model of the robot.

Lateral walk-oscillations comprise of the single and double support ph-

ase gaits. An offline gait generation approach based on the Zero Point

Moment (ZMP) criterion, sinusoidal reference pattern and linear inverted

pendulum model (LIPM) used to generate lateral walk-oscillation on a flat

terrain without incurring high complexity and computational cost.

The lateral walk-oscillation gaits are improved by using an online gait

generation approach that utilizes offline reference gait with online ZMP

compensation. A two stage compensator and a phase generator is pro-

posed and implemented to create lateral walk-oscillations with dynamic

single and double support phase time periods. The approach is able to

produce sustainable walk-oscillations subjected tp walking environment

disturbances.

xx
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Omnidirectional walking is parametrized by a walk stepper controller

using a devised ’master’ foot concept and super-position of the foot place-

ment trajectory. The walking movements in the frontal, sagittal and

transverse planes are generated in real-time and imposed with the lateral

walk-oscillation gaits to produce sustainable omnidirectional walking. A

motion steering controller based on rate-gyroscope feedback is introduced

to enhance the directional control of the biped walk in the presence of foot

slip.

Compliant control is applied to the knee joints for foot landing impact

reduction and ground reaction force measurement without explicit sens-

ing. A stiffness controller is implemented to facilitate stiffness adjust-

ment without ill-effects. A method for the estimation of the Centre of

Pressure (CoP) based on compliant knee joints and accelerometer read-

ings is proposed. An energy-saving scheme is conceived and realized

through motion compliance by the under-actuation of the ankle joints.

The proposed work is implemented on a physical humanoid robot, Robo-

Erectus Junior, and demonstrated in the RoboCup competition.



Chapter 1

Introduction

For the past decade, research on humanoid robots is one of the exciting

topics that had drawn a lot of attention in the field of robotics. One of

the key driving forces behind this research is the suitability of biped hu-

manoid within the human environment. Humanoid robots, often with

many degrees of freedom, are non-linear complex dynamic system which

is difficult to control from the biped locomotion perspective. To overcome

the challenge, many successful research studies have developed various

techniques and solutions.

Despite the numerous research studies, the current biped locomotion

technology is yet to attain the level of human-like capabilities. Humanoid

robots at present are yet to take a major role in terms of real applications.

There is still a lot to achieve for biped locomotion in terms of the stability,

effectiveness, dexterity, flexibility and adaptability.

1
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Figure 1.1: Anatomical position and reference frame

1.1 Biped Locomotion

Biped locomotion pertains to robot motion achieved using two legs; walk-

ing, hopping, running and shuffling are different forms of biped locomo-

tion. Biped locomotion in this thesis pertain to bipedal walking. Bipedal

walking is defined as the displacement of the robot in the transverse plane

(Fig. 1.1). The transverse plane is defined as the plane parallel to the

xy-plane of the reference frame, the plane parallel to the yz-plane is the

frontal plane and the plane parallel to the xz-plane is the sagittal plane.

1.1.1 Biped Model

In biped locomotion research, gait generation approach can be roughly

classified into two groups. The first group utilizes the dynamical model of
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the robot whereas the other group uses a simplified dynamical model.

The dynamics of a n degree-of-freedoms (DOFs) biped robot can be ex-

pressed by its motion equation [5] as:
h11 h12 h13

h21 h22 h23

h31 h32 h33



v̇B

ẇB

θ̈

+


b1

b2

b3

+


uε1

uε2

uε3

 =


0

0

τ

 , (1.1)

where h is the 3x3 robot inertia matrix; h11, h12, h21 and h22 are 3x3 sub-

matrices, h13 and h23 are 3xn submatrices, h31 and h32 are nx3 subma-

trices, and, h33 is a nxn submatrix. vB and wB are the 3x1 submatri-

ces of linear and angular velocities of the body respectively, θ is a nx1

joints displacement vector submatrix. b is the bias vector matrix; b1 and

b2 are 3x1 submatrices, and, b3 is a nx1 submatrix. uε1 and uε2 are re-

spectively the net force and net torque effect of the reaction forces on

the body (3x1 submatrices), and uε3 represents the effect of the reaction

forces on the joints (nx1 submatrix). τ is the nx1 generalized joint vec-

tor submatrix.” Using the motion equations, necessary control laws can

be applied to produce bipedal locomotion for the robot [6, 7]. However,

the humanoid with many degree-of-freedoms (DOFs) have highly com-

plex nonlinear dynamics which make computation costly and difficult in

practice using 1.1. Rather, computation of the matrices is often calcu-

lated using Newton-Euler dynamics formulation or Lagrangian dynamics

formulation (1.2) [8–10]. The Lagrangian equations of the dynamics of a

humanoid with n actuated leg joints can be expressed as:

M(θ)θ̈ + C(θ, θ̇) +K(θ) = τ, (1.2)

where M is the n × n inertial matrix, C is the n × 1 vector including the

Coriolis and centrifugal terms, K is the n×1 gravity vector, τ is the vector

for actuator torques and θ is the joint angle vector.
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Figure 1.2: Linear inverted pendulum model

Simplified dynamical model is often utilized by researchers due to the

complex nature of the bipedal locomotion. The simplified dynamical model

is represented by concentrate masses in which it simplifies and maintains

effective representation of the robot’s dynamics. Computation in simpli-

fied dynamical model uses information such as the location and angular

position of the concentrate masses. One of the simplified dynamical mod-

els used extensively is the Linear Inverted Pendulum Model (LIPM) [11]

(Fig. 1.2). The LIPM consists of an inverted pendulum where a lump mass

representing the robot’s center of mass (CoM) is connected to a massless

link. By constraining the movement of the CoM to the zc plane (Fig. 1.2),

the dynamics of the robot is decoupled into the frontal and sagittal plane.

Motion equations of the decoupled dynamics are expressed as (1.3). Many

biped research based on LIPM for reference generation have shown suc-

cess [12–17].

c̈x =
g

zc
cx +

1

mzc
τx,

c̈y =
g

zc
cy −

1

mzc
τy,

(1.3)
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Figure 1.3: Foot support polygon

where cx, cy, cz are the Cartesian coordinates of the CoM, m is mass of the

robot, zc is height of the plane in which the COM is constrained, g is the

acceleration due to gravity, τx and τp are the pitch and roll control torque

respectively.

1.1.2 Stability Criterion

Stability is the most critical component in bipedal locomotion. Stability

in bipedal locomotion is defined as the degree of ability to sustain walk-

ing. To address stability, researchers have devised stability criterion such

as Zero Moment Point (ZMP), Foot-Rotational Indicator (FRI) and Cen-

troidal Moment Pivot (CMP). Stability criterion is commonly described

from the viewpoint of the stability indicators, often denoted by a point

on the ground, with respect to the foot support polygon; i.e. stability in-

dicator lies within or outside the foot support polygon. The foot support

polygon is defined as the convex hull encompassed by the supporting con-

tact points or foot support area of the robot’s feet with the ground (Fig.

1.3).
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Figure 1.4: Center of Pressure (CoP)

The notion of postural stability in bipedal locomotion is defined as the

ability to sustain bipedal walking while keeping the body upright. Postu-

ral stability of bipeds can broadly be defined as static, dynamic or orbital.

In static stability, a biped robot in motion can be stopped at any instance

and the robot posture remains stable. In a statically stable walking gait,

the CoM lies within the support polygon throughout the motion. In dy-

namic stability, a robot in motion can only sustain stability if the motion

continues and completes, any stoppages in between might result in pos-

tural instability. In a dynamically stable walking gait, the CoM lies out-

side the support polygon for certain durations, however the robot does not

overturn as the dynamics of the robot remains in equilibrium. Orbital sta-

bility is a unique case of dynamic stability where the robot is posturally

unstable periodically but does not result in instability. Dynamics of the

robot is not in equilibrium in certain instances however does not result in

overturning of the robot

In bipedal system, the vertical forces (field of pressure forces normal

to the foot sole) act on the supporting contact points between the foot
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and the ground. When a single resultant force equivalent to the field of

pressure forces is exerted at a point where the resultant moment is zero,

the exerted point is known as the Center of Pressure (CoP) (Fig. 1.4). The

CoP is expressed as:

PCoP =

∑
i qi.Fni∑
i Fni

, (1.4)

where PCoP is the center of pressure, qi is the vector to the point in which

the force Fni (normal to the foot sole) acts.

The CoP is not defined outside the support polygon. The CoP is not a

direct indicator of stability as regardless of gait stability, the CoP exists as

long as contact points between foot and ground are maintained. However,

it is noted that the CoP coincide with the Zero Moment Point (ZMP) when

the gait is statically and dynamically stable [18,19].

Zero Moment Point (ZMP) criterion is one of the most widely applied

and used approach in humanoid robot research for biped locomotion [2,17,

19–33]. The Zero Moment Point is defined as the point on the ground at

which the net moment generated by the inertia and gravity forces has no

component along the horizontal axes [22]. Stability is asserted whenever

the ZMP is within the foot support polygon. The ZMP equation is as:

PZMP =
n×M gi

F gi.n
, (1.5)

where PZMP is the Cartesian coordinate of ZMP, n is the unit normal vec-

tor directed outwards from the support surface, M gi is the moment about

the origin in which the position of ZMP is with respect to the reference

frame and F gi is the resultant of gravity plus inertia forces (Fig.1.5).

The ZMP in its nature does not exist outside the support polygon. By
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Fg is the ground reaction force, Fi is the inertia force, a is the horizontal
acceleration of the CoM, g is acceleration due to gravity, m is the mass

Figure 1.5: Zero Moment Point (ZMP)

definition, if the ZMP falls outside the support polygon, no ground reac-

tion force can act upon. In reality, this is not possible as ground reaction

forces exist and these forces cannot exit the support polygon. To address

the concept of stability outside the support polygon, the concept of Fic-

titious ZMP (FZMP) [22] or Foot Rotation Indicator (FRI) Point [18] is

used. When ZMP fall outside the support polygon, the point is deemed

as FZMP and the robot is unstable. The distance of the point outside the

support polygon from the support polygon is a measure of the amount of

perturbation moment that acts on the foot at that instance.

ZMP coincide with CoP when the gait is statically and dynamically sta-

ble [18, 19]. However, it is noted that CoP is not ZMP; CoP relates to the

ground reaction force-moment whereas ZMP relates to inertia and gravity
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(a) Stable gait (b) Unstable gait
Fg is the ground reaction force. The CoP coincide with the ZMP when the
gait is dynamically balanced.

Figure 1.6: Relationship of ZMP and COP

force-moment. CoP always exist within the support polygon regardless of

stability whereas ZMP exist only in the support polygon when the gait is

stable. Fig. 1.6 highlights the difference in ZMP and CoP in the case of

stable and unstable gaits.

The Foot-Rotation Indicator (FRI) or known as Fictitious ZMP (FZMP),

is an indication of postural instability measured as the point on the foot

/ ground where the net ground forces would have to act to keep the foot

stationary [18]. Fig. 1.7 shows the foot in static equilibrium where τ

is given by ml2θ̈ − mgl cos θ. Unlike the ZMP, the FRI is defined as the

resultant moment of force / torque impressed on the foot normal to the

surface in which the FRI point can fall within or outside the foot support

polygon. The FRI is a measure of the severity of unbalanced torque acting

on the foot causing the foot to rotate. The further the FRI point is from

the boundaries of the foot support polygon, the greater the amount of foot-

rotation possible and hence unstable. As by [18], expression of the FRI is
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l is the length of the link, τ is the torque acting upon the ankle, θ̈ is the
angular acceleration about the ankle, g is the acceleration due to gravity,
m is the mass

Figure 1.7: Foot-Rotation Indicator

given by:

PFRIx =

m1G1yg +
N∑
i=2

miGiy(aiz + g)−
N∑
i=2

miGizaiy +
N∑
i=2

ḢGix

m1g +
N∑
i=2

mi(aiz + g)

,

PFRIy =

m1G1xg +
N∑
i=2

miGix(aiz + g)−
N∑
i=2

miGizaix −
N∑
i=2

ḢGiy

m1g +
N∑
i=2

mi(aiz + g)

,

(1.6)

where (PFRIx , PFRIy ) is the Cartesian coordinate of the FRI point, N is

the total number of segments in the robot (not including the foot), mi is

the mass, ai is the linear acceleration and HGi
is the angular momentum

about the Gi for the segment i.

Centroidal Moment Pivot (CMP) is defined as a point where a line par-

allel to the ground reaction force passes through the CoM intersects with
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(a) Zero body moment (b) Non-zero body moment
Fg is the ground reaction force, a is the horizontal acceleration of the CoM,
g is acceleration due to gravity, m is the mass of the CoM

Figure 1.8: Centroidal Moment Pivot

the ground [34–38] (Fig. 1.8). Mathematically, CMP can be expressed as:

PCMPx = CoMx −
Fgx
Fgz

CoMz,

PCMPy = CoMy −
Fgy
Fgz

CoMz,

(1.7)

where (PCMPx , PCMPy ) is the Cartesian coordinate of the CMP, CoM is the

Cartesian Coordinate of the center of mass and Fg is the ground reaction

force.

The CMP is the point that the ground reaction force would have to act to

keep the horizontal component of the body angular constant [35]. The an-

gular momentum of the body about the CoM is zero when the projection of

the ground reaction force acting at the CoP intersects and passes through

the CoM (Fig. 1.9(a)). At that instance, the body is at orbital equilibrium
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(a) Zero body moment (b) Non-zero body moment

Fg is the ground reaction force, a is the horizontal acceleration of the CoM,
g is acceleration due to gravity, m is the mass of the CoM. HCoM is the body
angular momentum

Figure 1.9: CMP versus ZMP/COP

and the CoP coincides with the CMP. When significant angular momen-

tum acts upon the body ( Fig. 1.9(b)), the CMP does not coincide with CoP.

The distance in which the CMP is away from the CoP is the measurement

of orbital instability. The CMP can lie within and outside the support

polygon and is applicable to both single and multiple support phases.

1.1.3 Locomotion Mechanism

The locomotion mechanism plays an important role as it relates to the

kinematics and dynamics of the bipedal system. In biped and humanoid

robots, the conventional leg structure comprises of the hip, thigh, knee,

shrank, ankle and foot. For the humanoid robot, bilateral bending of the
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(a) Serial mechanism (a) Parallel double crank mechanism

Figure 1.10: Leg structure for biped locomotion

knee is not permitted; knee-bend is pointing towards the front, similar to

what the human does.

In recent years, one of the notable changes made in the mechanical de-

sign of humanoid robots is the employment of parallel double crank mech-

anism leg structure (Fig. 1.10) to enhance locomotion. One drawback of

the conventional serial mechanism leg structure is the issue of angular

cumulative errors caused by joint actuators. Accumulation of angle er-

rors from the pitch hip, ankle and knee joints constitute to a change in

the incline of the body torso in the sagittal plane (Fig.1.11(a)). Stability

control of the robot is dependent on the dynamics whereas the dynamics

is influenced by the incline of the body torso. The sagittal and frontal dy-

namics of the robot are inter-coupled and changes in the sagittal dynamics

will significantly influence the overall dynamics of the robot. Deviation of

the body incline in the sagittal plane will affect the overall dynamics and

thereafter the stability of the robot.

The parallel double crank mechanism addresses the issue raised in the
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(a) Serial mechanism (a) Parallel double crank mechanism

Black skeleton: Original standing posture with no angle error; Gray skele-
ton: standing posture of the robot with angle errors introduced to the joints.

Figure 1.11: Mechanism subjected to angle errors in joints

serial mechanism. Closed-kinematic mechanism constraints the links in

the crank mechanism such that regardless of the knee angle, the torso

remain upright (Fig. 1.11(b)). In addition, the mechanism overcomes the

problem of singularity which occurs when extending the knees. Singular-

ity creates control issues as it leads to extremely large values of the joint

velocities and accelerations. Actuators are not able to handle such ex-

treme values of velocities and accelerations. Parallel double crank mecha-

nism also reduces the degree-of-freedom required for flat terrain walking,

in which the actuation of the crank can facilitate both leg lift and swing.

In addition, a key advantage of the parallel double crank mechanism as

highlighted by [39] and [40] is that the mechanism consumes less energy

in comparison to the serial mechanism leg structure.

In biped locomotion, excitation of the joints in the leg can be divided

into three categories; 1© active, 2© passive and 3© hybrid.
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Active joints are actuator-driven and necessary control law is needed

to govern the actuation. A fully actuated robot is one that adopts active

joints for all actuations. The naturalness of the motion produced by active

joints are dependent on the inherent properties, control paradigms and

type of the actuators used.

Passive joints have no excitation means on its own. Motion of passive

joints is (a) resultant due to coupling effects introduced by active joints,

(b) driven solely based on natural dynamics of the systems or (c) based on

material properties such as elasticity. Bipeds that only uses passive joints

in the legs for locomotion are deemed as passive walker [41]. The use of

passive joints for bipedal locomotion often requires specific mechanical

design in the leg.

Hybrid joints are specifically design mechanisms that utilize both active

and passive joint excitations. The notation of hybrid joint is to capitalize

on the naturalness of motion produced by and the energy efficiency of the

passive excitation while at the same time maintaining control using ac-

tive excitation. Hybrid joints are also used in the context of compliance

control for purposes such as reducing impact and instantaneous dynam-

ical compensation in motion control. The series elastic actuator by [42]

by-far is one of the most notable hybrid joint developed. The actuator

comprises of an elastic element coupled in series with the output of the

actuator for compliance control.
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Figure 1.12: Cornell University passive-dynamic bipedal robot [1]

1.1.4 Biped Gait Generation

Gait generators for biped locomotion can be divided into three types; 1©

dynamics-based, 2© trajectory-based, and 3© Central Pattern Generator

(CPG).

Dynamics-based gait generators are based on the use of passive-dyna-

mics in biped such as the passive walker (Fig. 1.12). The passive-dynamic

approach capitalizes on the natural dynamics of the system by means of

excitation using the inertia of mass and gravity [1, 43–45]. This method

is energy efficient and produces more natural walking motions. However,

bipeds based on passive-dynamics often require some form of impulse ex-

citation and a medium for sustaining motion. The approach is confined

and task exploitation is limited with most of the passive biped research

mainly focusing on locomotion.
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Figure 1.13: Honda ASIMO [2]

One of the most commonly used method of gait generation in humanoid

research is the trajectory-based approach. In this approach, joint refer-

ence trajectories are generated and tracked. Joint reference trajectories

can be generated using three approaches: 1© “anthropomorphic gaits”, 2©

mathematical models and 3© design of experiments.

In the anthropomorphic approach, the recorded joint trajectories of a

natural human walking gait is applied to a dimensionally similar robot

[46–49]. The recorded joint trajectories are normalized, generalized and

translated to fit the kinematic constraints of the humanoid robot.

The next approach, which is commonly used, is based on well-defined

mathematical models and computations in which stability criterion such

as the ZMP, CMP or FRI are used to formulate the joint trajectories to

produce stable walking motion [18, 20, 38, 50]. The most famous example

of the second approach using trajectory based gait generator is the Honda
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ASIMO robot (Fig. 1.13) [2] which uses ZMP to produce stable and robust

bipedal walk.

The design of experiments approach uses intuition in which joint tra-

jectories are determine through a series of experimentations and manual

adjustment of open-loop parameters. Repeated trial and error testing of

the gaits are conducted to determine if the motions produce are stable.

Although the approach is viable, the approach is confined with little re-

search value and lack good supporting guidelines for the approach to be

generalized.

Trajectory-based generators have proved to be effective, robust and

versatile in generating biped locomotion. Trajectory-based generators

are often energy inefficient due to the need of precision control of the

joint angles to conform to the reference trajectories for stability. Walk-

ing motion is also deemed as less natural due to the limitation of actu-

ators. However, in several research works [17, 33, 51–55], it was high-

lighted that trajectory based generators can produce natural motion. In

earlier researches [51–54], energy optimization approaches are used to

produce natural motion through minimizing the energy usage. Specific

constraints on control effort and optimization of movement trajectories to

minimization the input energy consumed are applied as solutions. Re-

cent researches [17, 33, 55] have shown that walking trajectories similar

to that of the human in terms of ZMP can lead to more natural walking

that is energy efficient.

The Central Pattern Generators (CPG) is a biological inspired paradigm.

The CPG-based approach uses neural oscillators such as McCulloch-Pitts,
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Figure 1.14: Matsuoka neural oscillator

Leaky integrator and Matsuoka Neural Oscillators [56] (Fig. 1.14). Neu-

ral oscillators, which are non-linear, are used to produce rhythmic pat-

terns that couples with body dynamics to produce locomotive motions.

The approach has been successfully implemented to produce biped loco-

motion in humanoids [57–62]. The design of the interconnections and

feedback connection of the neural oscillators is often difficult and manual

tuning of open parameters is required to achieve the desired behaviour.

Gait generation can take place offline and online. Offline gait genera-

tion is the play-back of pre-computed / pre-recorded gaits, in which the

joint trajectories are pre-planned, during biped locomotion. Offline gait

generation has the key advantage of being highly computational efficient

as no computation is necessary however often at the expense of huge data

storage space of the trajectories. Offline gait generation is highly suit-

able for environment with minimum disturbance. Research using offline

gait generation mainly focuses on the study of gait generation method-

ology and algorithm [63–65], and optimization of locomotion in terms of

stability [66–68] or energy [69,70].
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Biped robots experienced disturbances during locomotion. Walking gaits

generated offline are often not sufficiently robust against these distur-

bances. There is a need to generate walking gaits online; walking motion

that can continuously adapt. One of the most commonly used approach for

online gait generation for bipedal locomotion is the ZMP trajectory based

tracking and modification of reference walking gaits [28–31, 71–74]. In

this approach, the walking gaits are generated offline and modified online.

The ZMP trajectory is tracked during walking and motion compensation,

such as alteration of joint trajectories or modification of gaits, is used to

keep the ZMP within the support polygon in the presence of environment

disturbances. Real-time gait pattern generation is another approach of

online gait generation [12, 27, 75–77]. In this approach, gaits are gener-

ated solely based on the current dynamics using system feedback without

pre-determined walking gaits. Real-time gait pattern generation is robust

and is able to cope and response immediately to unforeseen disturbances

or perturbations. However, huge amount of computations are often re-

quired for real-time gait pattern generation.

1.1.5 Compliant Control

Compliant control in biped locomotion can be mechanical based or motion

control based. Mechanical based compliance is realized using compliant

mechanism that can conform to surfaces whereas motion control based

compliance is realized through the act of conforming through controlled

motion.

Mechanical based compliance is the use of compliant mechanism with
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the necessary controls to achieve compliance control. Examples of com-

pliant mechanisms include compliant joints [78], flexible links [79], and

compliant actuators [80, 81]. The use of compliant mechanism can intro-

duce under-actuation and uncontrollability which requires complex and

nonlinear control for handling the dynamics. Using mechanical compli-

ance has several advantages. Compliant mechanism have lower inertial

forces which result in better energy efficiency, is able to reduce impact

and hence greater shock tolerance, and can be used for compensation of

instantaneous dynamics due to latency in communication between the

controller and the actuators.

Motion control based compliance achieve compliance using specific con-

trol of motion similar to that of motion produced by compliant mecha-

nism. Actuating joints are modelled as compliant joints during compu-

tation with force / torque feedback to determine the necessary control

for conformance. The notation of motion control based compliance is to

have the benefits of mechanical based compliance while avoiding under-

actuation and uncontrollability. A number of bipedal locomotion research

based on motion control compliance have shown success in producing ro-

bust biped locomotion that is capable of handling dynamic walking condi-

tions [82–85] and uneven terrain walking [86–88].

1.1.6 Walking Control

One of the key research areas in bipedal locomotion is walking control

for dexterous manoeuvring. Dexterous manoeuvring refers to the ability

of the robot to move in any direction during walk. [89] and [12] are early
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Desired foot placement as robot move from the initial to final position and
orientation along the desired direction of movement; Fine dotted line de-
note the physical link between the left and the right foot.

Figure 1.15: Omnidirectional walking

successful implementation of dexterous manoeuvring on humanoid robots

however the walking speed of the robots are relatively slow in compari-

son to present day. With the emergence of new technologies over the past

decade, robots today are able to walk much faster. However, increased

walking speed leads to increased difficulty in walking control in which

the dexterous manoeuvrability remains as a key challenge in bipedal lo-

comotion research.



23

Omnidirectional locomotion relates to the ability to move in any direc-

tion irrespective of the facing of the bipedal robot. In recent years, omni-

directional walking has increased attention for bipedal locomotion. Sev-

eral approaches to omnidirectional walking have been proposed [90–95]

for biped robot. Omnidirectional walking in biped refers to the ability of

the robot to execute arbitrary foot placement to achieve the desired mo-

tion (Fig. 1.15). Omnidirectional walking pertains to creating walking

gait trajectories that allow the robot to walk forward, sideways and turn

at the same instance. The ability to produce smooth transitions of the

trajectories and stability are the key research focus.

One of the fundamental problems in the implementation of biped walk-

ing is the foot motion slip. Foot motion slip occurs when the driving forces

exceed the traction forces between the foot and ground, resulting in the

rotation of the whole robot. Severity of motion slip increase with fast

walking motion. To overcome the problem, two approaches are used. The

first approach performs compensation or reduced motion slip through mo-

tion control means [96–100]. In the second approach, compensation is

achieved through the use of sensory feedback such as visual informa-

tion [101–103] or gyroscopic feedback [104].

1.2 Research Consideration

The methodology of formulation taken in the proposed research is to in-

clude theoretical analysis, simulation, physical implementation and ex-

perimentations. A robot is built in the process to facilitate the imple-

mentation of the research work. Key considerations on the limitation of
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the physical hardware are taken in the formulation to ensure that the

research outcome is tangible and implementable.

1.3 Thesis Aim

The proposed research aims to formulate an approach that provides a

means of simple and effective dynamic walking gait generation for actu-

ated robots. The proposed approach is simple in its ability to determine

the required parameters and controls for dynamic walking without hav-

ing the need to derive the detailed dynamic model of the system. The

approach is effective with respect to its the ability to generate fast dy-

namical and omnidirectional walking. In addition, it is desirable to make

the approach implementable and generalizable on the physical humanoid

robots without expensive and sophisticated computation and sensors. The

naturalness of the robot walk is not considered in this work.

1.4 Thesis Contributions

The thesis elaborates on a simple and practical approach for gait genera-

tion for biped dynamic walking without expensive and complex computa-

tions, and, costly sensors. Contributions of the thesis are:

1. Shown and proven the viability of using simplified biped model (LIPM)

and simple sinusoidal functions to generate stable walk-oscillations

in a physical humanoid. (Chapter 3)

2. Designed a two stage ZMP compensation system using lateral shift
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amplitude correction and real-time compensation that utilizes and

manipulates a single parameter in the lateral motion to achieve

ZMP compensation. Existing literature on ZMP compensation re-

ports the requirement of manipulation of prescribed ZMP through

modification of different joints, trajectories or walking parameters.

(Chapter 4)

3. Devised a phase generator that dynamically modifies the single and

double support phase timings to assert stability for enhancing the

compensation system. Such an approach eliminates the need for

ZMP prediction often required in ZMP compensation. (Chapter 4)

4. Decoupling of dynamic walking (Fig. 1.16) into independent move-

ments to simplify and parametrize the dynamics and control, which

allows the formulation of simple and computationally inexpensive

solutions. Foot placement trajectories are superimposed together

to address the complex topic of biped gait generation. Viability of

the approach is successfully verified and demonstrated in simula-

tion and experiments. (Chapters 3,4 and 5)

5. Unlike the existing literature work on compliant control with phys-

ical implementation, compliant joints in this work are realized by

simple manipulation of the position control system in commercial

servo without the need of additional hardware and mechanism, or

extensive control algorithms. (Chapter 6)

6. A novel approach of using compliant joints for measuring ground re-

action forces without explicit sensing devices is proposed and demon-

strated. The approach, to the best of the author’s knowledge, ex-

tends beyond the conventional work done on the use of complaint
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joints in humanoid robots. (Chapter 6)

1.5 Thesis Organization

The thesis is organized as follows. Following the introduction, the physi-

cal humanoid robot utilized in the implementation of the research is pre-

sented in Chapter 2. The robot named Robo-Erectus Junior (REJr) is a

22 DOFs humanoid robot. The hardware design and locomotion control

of REJr is introduced. The hardware design provides an overview of the

mechanical structure and electrical system architecture of the robot. The

locomotion control highlights the various systems used for the generation

of dynamical walking gaits.

In Chapter 3, biped walking gait generation in the frontal plane is pre-

sented. An offline approach of generating lateral walk-oscillations using

sinusoidal foot trajectories is described. The generation of single and dou-

ble support phases for stable biped dynamical walking based on the ZMP

criterion is presented. The viability of the approach is verified through

theoretical modelling, simulation and implementation on the physical hu-

manoid.

A gait generation approach to produce sustaining lateral walk-oscilla-

tion online is described and presented in Chapter 4. The approach is real-

ized using gait patterns generated offline with online compensation con-

trol. ZMP based tracking and compensation techniques are used to keep

the ZMP to the reference. Simulation and experimental results of the

approach to produce sustainable lateral walk-oscillations are presented.



27

Chapter 5 presents the real-time gait generation of the omnidirectional

humanoid walking. Sustain lateral walk-oscillations are superimposed

with walking movements to produce omnidirectional walking. Regulation

of the step size produces sustainable dynamic walk. Sensory feedback

is employed to enhance the directional walking control of the humanoid.

Simulation and implementation works on the chapter are highlighted and

discussed.

In Chapter 6, the use of compliant joints in the humanoid is presented.

Compliant joint are realized using motion based compliance installed in

the knee of the humanoid robot. The compliant joints are utilized for

foot landing impact reduction and ground reaction force sensing with-

out explicit sensing devices. A energy-saving scheme is proposed using

under-actuations of the ankle joints. Experimentation work done on the

compliant control are presented.

Chapter 7 concludes the thesis with discussion on the implemented

work based on the research conducted, and the direction of future work.
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Chapter 2

Humanoid Robot Platform

Development of humanoid robots have manifested worldwide over the

years with a variety of them being built for various robotic research and

application. In the early years, much of the focus was on bipedal robots

(robot having only the legs). When HONDA unveiled its humanoid robot

ASIMO [2] at 130 centimetres in 2000, followed by SONY’s QRIO [105]

at 60 centimetres in 2001, the humanoid research started to intensify

worldwide. In the subsequent years, universities, educational institutes

and companies began developing their own humanoids. Particularly of

interest and popular are humanoid robots of heights between 30 to 60

centimetres. Economic cost, safety and size of power to weight ratio in

electrical actuators are the factor which made the 30 - 60 cm range popu-

lar. Humanoids of this size are deemed as less intimidating and has hence

become a popular choice of for entertainment and service robotics. Other

driving factors include robotic competitions held annually such as the

FIRA [106] and RoboCup [107] competitions in which humanoid robots

of this size compete.

29
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Figure 2.1: Singapore Polytechnic Robo-Erectus Junior Bv-MkIII

2.1 Robo-Erectus Junior

The Robo-Erectus Junior (REJr1) [108, 109] robot (Fig. 2.1) is designed

and developed for various robotic research studies such as locomotion,

artificial intelligence, image processing, multi-agent autonomous system

and human robot interaction. REJr is built in full compliance to the

RoboCup Humanoid KidSize League 2010, 2011 and 2012 Competition
1REJr is developed in the Advanced Robotics and Intelligent Control Centre (ARICC)

of Singapore Polytechnic (SP) as part of the author’s employment in SP.
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Table 2.1: Physical specifications of the Robo-Erectus Junior

Dimensions
Weight Height Width Depth
3.8kg 560mm 240mm 120mm

rules and participated in RoboCup 2010 and 2011. REJr is a fully actu-

ated robot with all the joints actuated by digital robotic servo. The dimen-

sions of REJr are decided in accordance to the competition rules in which

the lengths of the legs, body, arms, head and size of the foot are in pro-

portional to the human body. . Robot motions and degree-of-freedoms are

kinematically constrained to that of human executable. No active sensors

(emitting sensors) are utilized. Only passive sensors such as camera and

forces, torque and temperature sensors are utilized. REJr is capable of

many feats for autonomous soccer playing such as kicking, recovery and

omnidirectional walking and. Table 2.1 shows the general specification of

REJr.

2.2 Hardware Design

In this section, the hardware design of the robot is presented. The me-

chanical structure and electrical system pertaining to biped locomotion

are introduced.

2.2.1 Mechanical Structure

The mechanical structure of the humanoid robot is designed using Au-

todesk Inventor. Fig. 2.2 shows the mechanical skeleton assembly of the

humanoid robot REJr. The humanoid robot is designed and constructed
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Figure 2.2: Mechanical assembly of humanoid robot

using aluminium alloy which is light-weight, and able to provide adequate

structural strength.

The humanoid robot consist of 22 degree-of-freedom (Fig. 2.3); 14 de-

gree-of-freedom in the legs, 6 degree-of-freedom for the hands and 2 degree-

of-freedom in the head. Table 2.2 depicts the degree-of-freedom axes in

Table 2.2: List of degrees of freedom for robot

Body Part Roll Pitch Yaw
Head X X

Shoulder X X
Elbow X

Hip X X X
Knee X
Ankle X X
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Figure 2.3: Degree-of-freedoms configuration of robot

each joint of the robot. The pitch, roll and yaw joints in the hip are or-

thogonal and intersect at a single point in the hip. Both the shoulder and

ankle joints have orthogonal pitch and roll joints. The robot adopts a par-

allel double crank mechanism in the leg structure with double actuation

in the knee increasing the degree-of-freedom to 14.

The parallel double crank mechanism leg structure is formed by two

crank mechanisms linked together at the knee (Fig. 2.4). Each crank

mechanism consists of four linkages coupled using four angular joints to

form a closed kinematic loop. The mechanism constrains the linkages

mechanically in parallel creating a parallelogram, in which the angular

motion of the crank joints determines the bending of the legs. Each crank

mechanism can be driven with single or multiple synchronized actuators
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coupled to the angular joints. The parallel double crank mechanism in

REJr is realized using servo actuators coupled to the angular joints in the

knee (Fig. 2.5).

Figure 2.4: Parallel double crank mechanism

Figure 2.5: Parallel double crank mechanism leg structure
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2.2.2 Electrical System

Fig. 2.6 shows the electrical system architecture of the robot. The robot

system is driven by two processors, a high level host processor and a low

level micro processor, connected to various peripherals. The robot’s task

and peripherals are sub-divided and handled by the two processors inde-

pendently.

Figure 2.6: Electrical system architecture

Five types of sensors are mounted on the robot; camera, inertia mea-

surement unit (IMU), force sensor, rate gyroscope and absolute rotary

encoder. Table 2.3 shows the specifications of the sensors employed. The

camera is mounted in the robot head to provide monocular vision. The

IMU and rate gyroscope are mounted in the body to measure the linear

acceleration, angular tilt and rotation. Force sensors are mounted in the

feet to for ground reaction forces sensing. The actuators in each joints
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are embedded with an absolute rotary encoder for measurement of joints

angle.

Table 2.3: Specifications of the sensors

Sensor Details
Camera Resolution:640x480, Frame rate:30fps

Rotary Encoder Type:Absolute, Resolution:0.03375◦

Force Sensor Range:0-25lb (110N)
Gyroscope Full scale range:±500◦/sec , Sensitivity:2.0mV/◦/sec

Accelerometer Full scale range:±3g
Rate Gyroscope Full scale range:±300◦/sec , Sensitivity:3.3mV/◦/sec

The robot is actuated by digital servos coupled to each of the leg joints.

Two power rated servos are employed; the upper body uses lesser power,

lighter and smaller servos in compared to the lower body. The servos

are connected using the daisy chain configuration and controlled using

half-duplex serial communication. Four communication lines are used to

control the arms (left, right) and legs (left, right). The servos are com-

manded at a frequency of 50Hz. Specifications of the servo are presented

in Table 2.4.

Table 2.5 shows the specification of the two processors. The high level

host processor processes and coordinates behavioural aspects of the robot.

Vision sensor and communication module are connected to the host pro-

cessor. Complex or computationally demanding tasks such as image pro-

cessing, cognition, game strategy and behavioural control are handled by

the host processor.

Table 2.4: Specifications of the actuator.

Actuator Torque Speed
Upper Body 40.8 kg.cm @ 10.8v 0.19 sec / 60 deg @ 10.8v
Lower Body 67.0 kg.cm @ 11.1v 0.22 sec / 60 deg @ 11.1v
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Figure 2.7: Locomotion control system architecture

The low level micro processor handles tasks that require real-time exe-

cution and handling. Sensors and actuators for biped locomotion are con-

nected to the micro processor. The micro processor handles tasks such as

gait generation, motion control, user inputs and sensory feedbacks. The

two processors communicate via serial communication using customized

protocols.

Table 2.5: Specifications of the processors

- High Level Host Processor Low Level Micro-Processor
Processor Intel Atom dsPIC

Speed 2000Mhz 80Mhz



38

2.3 Locomotion Control

The locomotion control system architecture of the robot is divided into

several modules (Fig. 2.7). The general description of each block is pre-

sented in Table 2.6. The input to the locomotion control system is the

Walk Command which comprises of the stride speed with reference to

robot body frame on the transverse plane. The Walk Command is send

to the Walk Gait Engine. The Walk Gait Engine generates the reference

coordinates of the foot placement in the Cartesian space. Computation

of the foot placement reference coordinates in the Walk Gait Engine are

based on processed data read in from the respective sensors. The joints

angles of the biped are computed from the foot placement coordinates us-

ing Inverse Kinematics. The joints angles are subsequently send to control

the actuators accordingly in Actuator Control. Details of the computation

and implementation of the modules are discussed and presented in the

following sections.

2.3.1 Walk Gait Engine

The Walk Gait Engine generates the reference coordinates for the place-

ment of each foot based on the input data from the Walk Command and

Table 2.6: General description of blocks in locomotion control

Blocks Description
Walk Command Frontal, sagittal and angular speed command.
Walk Gait Engine Gait generation module for walking.
Inverse Kinematic Translate gait reference to joints reference.
Actuator Control Position, speed and stretch control of actuators.
Sensory Feedback Reading of information from sensors.
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sensory feedback data. The module consist of two key components, Sus-

tainable Lateral Walk-Oscillation and OmniDirectional Walk, to generate

gait references for stable dynamic walking; Sustainable Lateral Walk-

Oscillation pertains to the online generation of the gaits in the frontal

plane using sinusoidal references while OmniDirectional Walk pertains to

the determination of the foot placement to create sustainable and stable

omnidirectional walking. Details of Sustainable Lateral Walk-Oscillation

is presented and discussed in Chapters 4 and 6 and OmniDirectional Walk

in Chapter 5.

2.3.2 Inverse Kinematics

A simplified biped model (Fig. 2.8) is adopted for representation of the

humanoid robot. The biped model allows the simplification of the robot’s

kinematics and dynamics to reduce computational complexity and cost.

The biped is modelled using concentrated masses with massless links

(Fig. 2.8). The upper body including the head and arms is represented

by a single concentrated mass. The other concentrated masses are as-

sumed to be at the positions of the actuators. This assumption is reason-

able as the robot structure is made of light-weight aluminium material

which contributed less significantly to the overall mass. Table 2.7 shows

the parameters of the biped model; f1 and f2 are the dimensions of the

foot plate, w1 is the width of the hip, d1 and d2 are the shank and thigh

length,d3 is the distance of the concentrated mass representing the upper

body from the ground.
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(a) Frontal plane (b) Sagittal plane

Figure 2.8: Mass distribution of biped model

Table 2.7: Dimensions and masses of biped model

Parameter Value
m1 (kg) 0.248
m2 (Kg) 0.258
m3 (kg) 0.381
m4 (kg) 2.154
d1 (m) 0.127
d2 (m) 0.127
d3 (m) 0.375
w1 (m) 0.045
f1 (m) 0.075
f2 (m) 0.120

The biped model has 14 degrees-of-freedom in the legs which are in-

dependently actuated. A 14 x 1 vector of angular quantities is used to

express the leg configuration of the robot model,[θ1, θ2, θ3, ..., θ14]T (Fig.

2.9). The inverse kinematics of the robot is obtained by finding solutions

to the 14 x 1 vector of angular quantities.

The adoption of the parallel double crank mechanism in the leg struc-

ture resulted in redundancy in the sagittal plane where multiple leg con-

figurations or inverse kinematic solutions exist. The leg swing in the
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(a) Frontal plane (b) Sagittal plane

Figure 2.9: Angular quantities of the biped model

sagittal plane for a particular foot placement in Cartesian space (X, Y ,

Z) can be achieved by actuating various combinations of the joints (Fig.

2.10). To reduce the complexity in the computation and implementation,

constraints are placed on the forward kinematic to decouple the leg mo-

tion such that a unique solution for the inverse kinematics is achievable.

The leg motion is decoupled into the leg-lift and leg-swing motions (Fig.

2.11). In the leg lift, the parallel double crank mechanism is used to

achieve the necessary bending of the knee. The thigh and shank are con-

strained to form the necessary knee angle (θ5, θ7) with no displacement

of the ankle joint from the hip joint in the sagittal plane (Fig. 2.11(a)).

The actuation of the pitch joint, angle (θ9) formed between the vertical de-

noted from the hip to the ankle joint in the sagittal plane and the Z axis,

determines the leg swing angle (Fig. 2.11(b)).
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(a) (b) (c)

Figure 2.10: Leg swing motion in sagittal plane

The concentrated masses in the legs of the biped are denoted by refer-

ence points in the Cartesian space (Fig. 2.12); P1 and P2 are the ankle

joints, P3 and P4 are the knee joints, and, P5 and P6 are the hip joints.

The inverse kinematic parameters of the legs are defined in term of the

reference points as:

Xl = P1x − P5x

Xr = P2x − P6x

Yl = −P5y

Yr = −P6y

Zl = P1z − P5z

Zr = P2z − P6z

(2.1)

The inverse kinematic parameters of the legs are defined as the dis-

placements of the ankle joint from the hip joint in the sagittal, frontal
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(a) Leg lift (b) Leg swing

Figure 2.11: Decoupling of leg motion

and transverse planes for each leg (Fig. 2.13). Displacements along the

sagittal plane is defined as Xl and Xr, along the frontal plane, as Yl and

Yr, and along the transverse plane as Zl and Zr. In addition, six kinematic

parameters of interest (Fig. 2.13) are defined as follows:

ll =
√
X2
l + Y 2

l + Z2
l

lr =
√
X2
r + Y 2

r + Z2
r

θp3 = cos−1[
d21 + d22 − l2l

2d1d2
]

θp4 = cos−1[
d21 + d22 − l2r

2d1d2
]

θp1 = sin−1[
d2 sin(θp3)

ll
]

θp2 = sin−1[
d2 sin(θp4)

lr
]

(2.2)
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(a) Frontal plane (b) Sagittal plane

Figure 2.12: Reference points for inverse kinematics

(a) Frontal plane (b) Sagittal plane

Figure 2.13: Inverse kinematic parameters
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For straight walking using motion decoupling, a unique solution to the

inverse kinematics of the robot is computed. The 14 x 1 vector of angular

quantities expressed in terms of the inverse kinematic parameters are

presented in (2.3).

θ1 = tan−1(
Yl
Zl

)

θ2 = tan−1(
Yr
Zr

)

θ11 = −θ1

θ12 = −θ2

θ5 = π/2− θp1

θ6 = π/2− θp2

θ7 = θp3 − θ5

θ8 = θp4 − θ6

θ3 = tan−1(
Xl

Zl
)

θ4 = tan−1(
Xr

Zr
)

θ9 = −θ3

θ10 = −θ4

θ13 = 0

θ14 = 0

(2.3)

2.3.3 Actuator Control

The actuators utilized are commercial digital servos which can be config-

ured for position or speed control. Position control is utilized in this work.

The joint angles computed from the inverse kinematics are translated into
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position commands and sent to the servos (2.4). The servos has a num-

ber of control parameters which are configured to determine the servos’

performance and response. These control parameters can be configured

on-the-fly to modify the servo response. These control parameters include

the controller closed-loop gains, acceleration profile and actuating direc-

tion. Operating limits such as the maximum permissible current drawn,

the permissible actuating angle and maximum temperature allowed are

also configurable for the safety and protection.

sci =
θi
θmax

scmax, (2.4)

where sci is the digital value sent to the i servos for position control and

θi is the joint angles at joint i. θmax and scmax are the maximum operating

angle of the servos in degrees and digital value respectively.

2.3.4 Force Sensor

Force sensitive resistors (FSR)s or commonly referred as force sensors are

mounted on the foot of the robot for contact and force sensing. FSRs are

relatively low cost and easy to use sensors. With appropriate number

of FSRs and proper mechanical mounting, good measurement of ground

reaction forces can be measured which is useful for postural stability con-

trol.

A total of 8 FSR are mounted in the robot with 4 FSR on each foot (Fig.

2.14). The FSRs are mounted at the foot corners (Fig. 2.15). Each FSR

is mounted with a puck on the sensing area to ensure that the sensor

captures the maximum percentage of the applied force even if the contact

surface is larger than the sensing area diameter. In addition, the puck
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reduces the high pressure resulted by point force. A sole plate is mounted

to the pucks to amplify the force sensing area to the entire foot.

(a) Bottom-up view (b) Sagittal view
(Sole plate removed)

Figure 2.14: Mechanical installation of force sensors

A simple circuit (Fig. 2.16) converts the resistance into a voltage which

is read using an analog-to-digital converter (ADC). Resolution of the force

sensed is dependent on the accuracy of the FSR and the resolution of

the ADC of the micro processor. (2.5) converts the sensed resistance to

voltage.

VADC =
R1

R1 +Rsense

VDD (2.5)

where VADC is the voltage read by the ADC and Rsense is the resistance of

the FSR.

2.3.5 Rate Gyroscope

A rate gyroscope is mounted in the robot body to measure the angular

rotation in the transverse plane. The rate gyroscope provides information
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Figure 2.15: Position of force sensors

Figure 2.16: Force sensor: Resistance-to-voltage circuit

in relation to the orientation of the robot. A 10-bit ADC in the micro-

processor reads the analog signal from the gyroscope and converts the

signal to the angular rate. A direct-current (DC) filter is implemented to

remove the bias from the analog signal and a threshold filter to eliminate

the accumulation of angular error.

The analog signal output from the rate gyroscope has a DC bias to indi-

cate null or zero angular rate. A digital DC filter, fixed-point DC blocker

with ‘fraction-saving’ [110], is implemented to remove the bias. The DC
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α is the location of the pole that correlates the trade-off between the time-
domain transient response and bandwidth

Figure 2.17: Fixed-point DC blocker with ‘fraction-saving’

filter comprises of a differentiator and an optimized integrator (Fig. 2.17).

The location of the pole determines the frequencies that are attenuated.

For DC filtering, the location of the pole (α) is often chosen close to unity

to filter out very low frequencies. The DC filter is also implemented in

the the inertia measurement unit (IMU) for removing the bias in the gy-

roscope and accelerometer readings.

Orientation of the robot is given by the integration of the angular veloc-

ity from the rate gyroscope. Small fluctuations in the reading constitute

to the accumulation of errors resulting in an orientation drift even if the

robot is stationary. To address the problem, a simple threshold filter is im-

plemented such that the variations in readings that are less than a noise

sensitivity threshold are discarded. Loss of information due to threshold

filter is insignificant as the minimum turning velocity of the robot is rel-

atively large. The voltage reading of the angular rate from the gyro is

calibrated against the amount of angular velocity to compensate for the
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(a) 3 axis accelerometer (b) 2 axis gyroscope

Figure 2.18: Inertia measurement unit

lost information. The threshold filter is expressed as follows:

y(n) =

0, for x(n) < Vthreshold

x(n), otherwise
(2.6)

2.3.6 Inertia Measurement Unit

The inertia measurement unit (IMU) consists of a 3 axis accelerometer

and a 2 axis gyroscope. Fig. 2.18 shows the axes of the accelerometer and

gyroscope. The IMU is mounted in the body to measure the angular tilt

and the linear acceleration of the robot. Angular tilt is defined as the an-

gular rotation of the body in the frontal and sagittal planes whereas the

linear acceleration is related to the displacement of the body in the trans-

verse plane. A 10-bit ADC in the micro processor reads the analog signal

from the IMU. A Kalman filter [111] via a 4th Order Runge-Kutta [112] is

implemented on the IMU to eliminate the ill effects such as drifting and

vibrations on the gyroscopes and accelerometers. A correction calculation

is implemented to obtain the estimate of the linear acceleration from the

biased readings in the accelerometers in the presence of angular tilting.
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Figure 2.19: Kalman filter algorithm [3]

The Runge-Kutta 4th Order is a simple, computational inexpensive and

fast integral algorithm to removes jitters via an average weighted system.

It helps to smooth out the voltage output readings of the accelerometer

and gyroscope in the IMU. The Runge-Kutta 4th Order is given as:

θk = θk−1 +
1

6
(θ̇k + 2θ̇k−1 + 2θ̇k−2 + θ̇k−3), (2.7)

where θk is the angular tilt given by the integration of the gyroscope raw

output data ( θ̇k, θ̇k−1, θ̇k−2, θ̇k−3).

The Kalman Filter is an iterative filter that combines the knowledge of

statistical nature of the system error with a knowledge of system dynam-

ics to provide an estimation of the system states. State-space equations

of Kalman filter given by:

xk = Axk−1 +Buk−1 + wk−1,

zk = Hxk + vk,

wk ∼ N(0, Q),

vk ∼ N(0, R),

(2.8)
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where xk is the angular tilt and bias to be estimated, uk is the input mea-

surement from the gyroscope, zk is the input from the accelerometer, wk

is the process noise with covariance Q which relates to the amount of

noise in the gyroscope readings, and vk is the measurement noise with

covariance R which relates to the amount of noise expected from the ac-

celerometers. The Kalman filter algorithm is presented in Fig. 2.19.

The state-space equations of the IMU is formulated as (2.9) and (2.10)

for the sagittal and frontal tilt angles respectively.[
θ̂YKalman

α

]
k

=

[
1 dt

0 1

][
θ̂YKalman

α

]
k−1

+

[
dt

0

]
θ̇YGyrok−1, (2.9)

[
θ̂XKalman

β

]
k

=

[
1 dt

0 1

][
θ̂XKalman

β

]
k−1

+

[
dt

0

]
θ̇XGyrok−1, (2.10)

where θ̂XKalman
and θ̂YKalman

are the estimated angular tilts of the robot;

θ̇XGyro
and θ̇YGyro

are the angular velocities from the gyroscope; α and β are

the biases that automatically update to correct the drifting.

The input from the accelerometer are denoted as:

zk(sagittal) = atan2(ẌAccel/g, Z̈Accel/g),

zk(frontal) = atan2(ŸAccel/g, Z̈Accel/g),

(2.11)

where ẌAccel, ŸAccel and Z̈Accel are the acceleration values from the ac-

celerometer; and, g is gravity.
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Based on the estimated angular tilt from the Kalman filter, a bias cor-

rection calculation as (2.12) is used to obtain the estimated linear acceler-

ation. Correction is performed on the readings obtained by the accelerom-

eter in presence of the angular tilting.

A = tan(θ̂XKalman
),

B = tan(θ̂YKalman
),

Z̈Offset = g

√
1

A2 +B2 + 1
,

¨̂
XAccel = Ẍ −BZ̈Offset,

¨̂
YAccel = Ÿ − AZ̈Offset,

¨̂
ZAccel = Z̈ − Z̈Offset,

ˆ̈XRobot

ˆ̈YRobot
ˆ̈ZRobot

 = Ry(θ̂XKalman
)Rx(θ̂YKalman

)


¨̂
XAccel

¨̂
YAccel
¨̂
ZAccel

,
(2.12)

where Z̈Offset is the acceleration offset due to any angular tilting of the

robot; ¨̂
XAccel,

¨̂
YAccel and ¨̂

ZAccel are the estimated linear accelerations with

respect to the IMU’s acceleration frame (Fig. 2.18(a)); ˆ̈XRobot, ˆ̈YRobot and
ˆ̈ZRobot are the estimated linear accelerations with respect to robot frame;

Rx and Ry denote the rotation matrices of the robot frame and IMU frame;

and, g is gravity.

2.3.7 Position Feedback

The digital servos provide position feedback in which a simple mathemat-

ical conversion converts the digital feedback value to the joint angle as

(2.13). The position of the foot with respect to the origin at the hip is
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Table 2.8: Denavit - Hartenberg parameters

Joint αi di ai θi

1 0◦ 0 a1 90◦

2 90◦ 0 0 θ2
3 -90◦ 0 0 θ3
4 0◦ 0 a4 θ4
5 0◦ 0 a5 θ5
6 0◦ 0 a6 θ6
7 90◦ 0 0 θ7
8 0◦ 0 a8 0◦

computed using the forward kinematics.

θi =
θservo

fbmax − fbmin
fbi (2.13)

where θi is the joint angle at joint i, θservo is the maximum permissible op-

erating angle of the servo, fbmax and fbmin are the digital values fed back

by the servo when servo positions are at the minimum and maximum op-

erating angles respectively, and, fbi is the digital value fed back by the

servo at joint i. The forward kinematic of the foot position is calculated

using the Denavit - Hartenberg (D-H) [113] parameters. Fig. 2.20 shows

the coordinate frames assigned to the respective links in the leg using the

D-H convention. Table 2.8 shows the D-H parameters. The transforma-

tion matrix is given by:

H i−1
i =


cos(θi) − cos(αi) sin(θi) sin(αi) sin(θi) ai cos(θi)

sin(θi) cos(αi) cos(θi) − sin(αi) cos(θi) ai sin(θi)

0 sin(αi) cos(αi) di

0 0 0 1

 (2.14)

Substituting the D-H parameters, the continuous homogeneous transfor-

mation (H0
1 , H

1
2 , ..., H

8
F ) can be obtained. The transformation matrices are

used to compute the foot coordinate to the origin as:

H0
F = H0

1H
1
2H

2
3H

3
4H

4
5H

5
6H

6
7H

7
8H

8
F (2.15)
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Figure 2.20: Link coordinate frame using D-H convention



Chapter 3

Generation of Lateral
Walk-Oscillation using
Sinusoidal Pattern

The ZMP criterion is the most established and widely used approach for

gait generation in bipedal walking. Using the ZMP criterion, various

trajectory based gait generation approaches over the years have shown

success in producing gaits that are suitable for dynamical walking in hu-

manoid robots. Notable successful examples of humanoids using ZMP

based biped walking include Honda Asimo Robot [2], Sony Qrio [114] and

Kaist (KHR-3) HUBO [30].

The use of sinusoidal pattern for gait generation of bipedal walking has

proven to be successful [29, 90, 115, 116]. In most of the researches using

sinusoidal pattern, sine and cosine functions are used as the basic walk-

ing trajectories. One of the most common use of the sinusoid is to generate

the lateral shifting in dynamical walking. Sinusoidal functions are simple

which are ideal for online gait generation where computation time and

complexity are key considerations. The motions produced by sinusoidal

56
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Figure 3.1: Decoupling of dynamic walk motions

functions are also smooth. The use of sinusoidal functions for online gait

generation are successfully demonstrated [90] and [116]. Modulation of

sinusoidal patterns by coupled oscillator for biped walking is proposed

in [115] and [77]. The modulated sinusoidal trajectories enabled the gen-

eration of walking gaits.

In this research, the motion of biped dynamic walking on flat terrain is

decoupled into two components, 1© lateral walk-oscillations and 2© omni-

directional walking (Fig. 3.1). Lateral walk-oscillation is the generation of

the single support phase (Fig. 3.2(a)) and the double support phase (Fig.

3.2(b)) using oscillatory movement. The movement involves the shifting
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(a) Single support phase (b) Double support phase

Figure 3.2: Phases of walking in frontal plane

of the body in a periodical manner for alternate stable lifting of the foot.

The lifted foot is therefore arbitrary placed to locomote the humanoid in

the desired walking direction.

In this chapter, an approach using sinusoidal trajectories and the ZMP

criterion for offline gait generation of lateral walk-oscillation are discussed

and implemented. Sinusoidal trajectories are applied to the foot place-

ment to produce stable lateral motion. Based on the ZMP trajectory for

stable lateral motion, the single and double support phases are produced

to generate the walk-oscillations gaits. Limitations of the offline gait gen-

eration approach is highlighted by examining the influence of the walking

environment on the locomotion stability. The gait generation approach is

verified in simulation and implemented on the humanoid robot ’REJr’.

The gait generation of lateral motion using sinusoidal reference pattern

is discussed in section 3.1. In section 3.2, the offline gait generation ap-

proach of lateral walk-oscillation is presented. Section 3.3 and section 3.4

present the simulation and experiment results. Section 3.5 concludes the

chapter.



59

3.1 Lateral Motion Using Sinusoidal Refer-
ence Pattern

Lateral walk-oscillation is the generation of the single and double support

phases that are suited for dynamic walking. Lateral walk-oscillation is

realized through two phases:

1. Generate stable lateral motion - The oscillation of the humanoid

body in the frontal plane in a stable manner suitable for facilitat-

ing walk-oscillation.

2. Create single and double support phases - The leg is lifted and landed

at appropriate instances without compromising on the stability of

the lateral motion.

The sinusoidal reference pattern is used for the generation of lateral mo-

tion. Sinusoidal functions provide smooth motion trajectories, and, are

relatively simple, computationally inexpensive and easy to implement for

biped gait generation as highlighted in several research works [29,90,115,

116].

3.1.1 Biped Model

The Linear Inverted Pendulum Model (LIPM) [11] (Fig. 3.3) is adopted in

this research. The LIPM decouples the motions of the humanoid into the
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Figure 3.3: Linear inverted pendulum model

frontal and sagittal planes (3.1).

ẍCoM =
g

zc
xCoM +

1

mzc
τx,

ÿCoM =
g

zc
yCoM −

1

mzc
τy,

(3.1)

where xCoM , yCoM and zCoM are the Cartesian coordinates of the CoM, m

is mass of the humanoid, zc is height of the plane in which the CoM is

constrained, g is the acceleration due to gravity, τx and τp are the pitch

and roll control torque respectively.

3.1.2 Sinusoidal Foot Trajectories

Lateral motion involves the shifting of the CoM in the frontal plane. The

shifting of the CoM is realized by applying sinusoidal trajectories to the
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lateral motion of the foot (Fig. 3.4). The desired foot placement trajecto-

ries are expressed as:

Xwalk−osc
r (t) = Xwalk−osc

l (t) = 0,

Y walk−osc
r (t) = Y walk−osc

l (t) = A sin(ωt),

Zwalk−osc
r (t) =

√
d2 − (Y walk−osc

r (t))2,

Zwalk−osc
l (t) =

√
d2 − (Y walk−osc

l (t))2,

(3.2)

where d is the height of the hip from the ground in standing posture and

A is the maximum amount of lateral shift in the foot. ω is the oscillating

frequency where one oscillation period (T = 2π
ω

) is defined as a phase cycle

of lateral shifting from the centre to left, to the right, and back to the

centre.

Figure 3.4: Foot placement in the frontal plane

The sinusoidal trajectories (3.2) are applied to the humanoid in the

standing posture. Assuming that necessary torque are applied to the

joints to achieved the desired foot trajectories, the CoM shifts left and
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t = 0.25T t = 0.75T t =1.25T t = 1.75T

Figure 3.5: Lateral shifting of CoM

right periodically, creating lateral motion (Fig. 3.5). The motions of the

foot is in relative movement to the CoM and hence the lateral shift of the

CoM (yCoM ) in the frontal plane is given by (3.3).

yCoM(t) = A sin(ωt)), (3.3)

where the amount of lateral shift of the inverted pendulum in the LIPM

is equivalent to the lateral shift exerted by the foot.

3.1.3 Zero Moment Point (ZMP) Trajectory

The stability of the lateral motion is determined using the ZMP criterion.

The assumption is that the foot does not slip or rotate during lateral mo-

tion as the ZMP criterion does not address the stability when foot rotation

or slippage occurs [22]. Based on the LIPM (3.1), the ZMP of the robot is

decoupled [117] and expressed as:

ẍZMP (t) = xCoM(t)− zc
g
ẍCoM(t),

ÿZMP (t) = yCoM(t)− zc
g
ÿCoM(t),

(3.4)

where (xZMP , yZMP ) is the ZMP and (xCoM , yCoM , zCoM ) is the location of the

CoM in the Cartesian coordinate respectively. m is mass of the humanoid,
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The ZMP trajectory produced by sinusoidal foot trajectories is in phase
with the CoM trajectory.

Figure 3.6: ZMP and CoM trajectories of lateral motion

and g is the acceleration due to gravity. The ZMP in the frontal plane is

computed as:

yCoM(t) =A sin(ωt),

ÿCoM(t) =− Aω2 sin(ωt),

yZMP (t) =A sin(ωt) +
zc
g
Aω2 sin(ωt),

=A(1 +
ω2zc
g

) sin(ωt),

=A(1 +
ω2

ω2
n

) sin(ωt),

(3.5)

where zc is the height of the LIPM in which the CoM is constricted, ωn is

the natural oscillating frequency of the LIPM given by ωn =
√

g
zc

.
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yf is the is the distance from the ankle to the center between the foot as-
suming that the feet are equidistant from the CoM.

Figure 3.7: Lateral motion support polygon

The resulted ZMP trajectory in the frontal plane is a stable sinusoid

(Fig. 3.6). The peak amplitude of the ZMP sinusoid occurs when the CoM

is shifted to the extreme left or right. The CoM is at the extremes when

t = 0.25T and t = 0.75T in one oscillation period. The peak amplitude of

the ZMP (|yZMP (peak)|) is computed as:

| sin(ωt)| = 1,

|yZMP (peak)| = |A(1 +
ω2

ω2
n

)|.

(3.6)

3.1.4 Generating Stable Lateral Motion

The lateral motion is stable if the ZMP remains in the support polygon

(Fig. 3.7). The ZMP trajectory is a stable sinusoid in which the peak
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ZMP amplitude determines the stability; if the peak ZMP goes beyond

the support polygon, the motion is unstable. For optimal stability during

single support phases, a logical choice of the peak ZMP amplitude would

be the middle of the foot support area (yf ) (Fig. 3.7). Assuming that an

appropriate oscillating frequency is selected, the amount of lateral shift

(A) required to achieve the desired peak ZMP amplitude is computed as

(3.7). Fig. 3.8 shows the ZMP and CoM trajectories of the stable lateral

motion generated with the peak ZMP amplitude equal to yf .

|yZMP (peak)| = |A(1 +
ω2

ω2
n

)|,

yf = A(1 +
ω2

ω2
n

),

A =
yf

1 + ω2

ω2
n

,

(3.7)

where yf is the distance from the ankle to the center between the foot

assuming that the feet are equidistant from the CoM.

3.2 Offline Gait Generation of Lateral Walk-
Oscillation

The lateral motion is in the double support phase and the intention is

to determine the appropriate time period for alternate foot to be off the

ground periodically to create the single support phases. Stable single

and double support phases are realized when the foot is lifted and landed

without causing instability. Offline lateral walk-oscillation gaits are gen-

erated with the computation of the foot placement trajectories based on

stable single and double support phases.
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Figure 3.8: ZMP and CoM trajectories of stable lateral motion

3.2.1 Foot Lifting and Landing Motion

For the humanoid to transit from the double to single support phase and

vice versa, foot lifting and landing are required respectively. The position
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The amount of foot clearance must be sufficient to ensure that the toe and
heel do not strike against the ground during leg swinging. The foot clear-
ance is determined experimentally.

Figure 3.9: Position for foot lift

of the foot when lifted is given by:

Xf = 0,

Yf = (1− Cf
zc

)yCoM ,

Zf = zc − Cf ,

(3.8)

where Cf is the amount of foot clearance required and (Xf , Yf , Zf ) is the

foot placement position. Cubic polynomial trajectory (3.9) is applied to in-

terpolate the motion of the foot lift. The cubic polynomial trajectory pro-

vides smooth interpolation of the motion allowing control over the initial

and final joints states (position and velocity) [118]. Linear acceleration

profile of cubic polynomial trajectories allow ease of computation of the
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dynamical forces generated for control.

ao = Zo,

a1 =
3

t2f
(Zf − Zo),

a2 =
−2
t3f

(Zf − Zo),

Zf (t) = ao + a1(t− ts)2 + a2(t− ts)3,

Yf (t) =
Zf (t)

Zc
yCoM ,

Xf (t) = 0,

(3.9)

where ts is starting time of the motion and tf the time period of the motion.

Zo is the initial foot position given by (3.2) and Zf is the final foot posi-

tion given by (3.8). (Xwalk−osc
l , Y walk−osc

l , Zwalk−osc
l ) is equated to (Xf , Yf , Zf )

when the left foot is lifted and (Xwalk−osc
r , Y walk−osc

r , Zwalk−osc
r ) is equated to

(Xf , Yf , Zf ) when the right foot is lifted.

For the foot landing, the same motion trajectory (3.9) for the foot lift

is applied with the initial foot position given by (3.8) and the final foot

position given by (3.2). The knee joints are actuated for the foot lift and

landing in accordance to the decoupling of motion discussed in Chapter 2.

3.2.2 Support Phases For Oscillation Cycle

Considering that the notation of the walk-oscillations is to facilitate fast

dynamical walking, the time period for the single support phases in each

oscillation cycle is desired to be as long as possible for maximum stride.

Without compromising on the stability, the oscillation cycle is divided as
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(3.10) for lateral walk-oscillation (Fig.3.10).

SupportPhase =



Double, for − yf + yr ≤ yZMP ≤ yf − yr

Single, for − yf − yl < yZMP < −yf + yr

or yf − yr < yZMP < yf + yl

Unstable, for otherwise

,

(3.10)

where yr and yl are the distances of the respective left and right foot edges

from the ankle in the frontal plane. yf is the distance from the ankle to

the center between the foot assuming that the foot are equidistant from

the CoM. yZMP is the distance of the ZMP from the CoM.

To determine the time instances for the single support phase, the dis-

tance of the inner edge of the foot is equated to the ZMP trajectories as

follows:

yf − yr =A(1 +
ω2

ω2
n

) sin(ωt) for 0 ≤ t < 0.5T,

−yf + yr =A(1 +
ω2

ω2
n

) sin(ωt) for 0.5T ≤ t < T,

(3.11)

Solutions of (3.11) provided the single support phase time instances,

t = Td, 0.5T − Td, 0.5T + Td, T − Td, (3.12)

where Td =

sin− 1

 yf−yr

A

(
1+ ω2

ω2
n

)


ω
. The time period of the double and single sup-

port phases respectively are:

Tdouble =2Td,

Tsingle =0.5T − Td,

(3.13)
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Figure 3.10: Single and double support phases

The time period of the support phases are used for the computation of the

foot placement trajectories.

3.2.3 Foot Placement Trajectories

The offline generation of lateral walk-oscillation is formulated by comput-

ing the foot placement trajectories based on time instances of the single

and double support phase (3.12). Assuming that the total time for foot

lifting and landing is much less than the time period of the single support

phase, the execution of the foot lift and landing in one oscillation cycle is
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Figure 3.11: ZMP trajectory of walk-oscillations

given by:

T liftr = 0.5T + Tdouble/2,

T liftl = Tdouble/2,

T landr = T − Tdouble/2 − tf ,

T landl = 0.5T − Tdouble/2 − tf ,

(3.14)

where tf is the time period of the foot lifting / landing motion and T is the

period of one oscillation cycle. Foot placement trajectories for the lateral
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walk-oscillations are as follows:

yCoM = A sin(ωt),

X(t) = 0,

Xl(t) = 0,

Yr(t) =



(1− Cf

zc
)yCoM , for T liftr + tf ≤ t ≤ T landr

Zr(t)
Zc

yCoM , for T liftr < t < (T liftr + tf )

and T landr < t < (T landr + tf )

yCoM(t), otherwise

Yl(t) =



(1− Cf

zc
)yCoM , for (T liftl + tf ) ≤ t ≤ T landl

Zl(t)
Zc
yCoM , for T liftl < t < (T liftl + tf )

and T landl < t < (T landl + tf )

yCoM(t), otherwise

Zr(t) =



zc − Cf , for T liftr + tf ≤ t ≤ T landr

ao + a1(t− ts)2 + a2(t− ts)3, for T liftr < t < (T liftr + tf )

and T landr < t < (T landr + tf )√
d2 − (Yr(t))2, otherwise

Zl(t) =



zc − Cf , for (T liftl + tf ) ≤ t ≤ T landl

ao + a1(t− ts)2 + a2(t− ts)3, and T landl < t < (T landl + tf )√
d2 − (Yr(t))2, otherwise√
d2 − (Yl(t))2, otherwise

Cubic Poly. =


ao = Zo,

a1 = 3
t2f
(Zf − Zo),

a2 = −2
t3f
(Zf − Zo),

(3.15)



73

where with respect to 1 oscillation cycle,
d is the height of the hips from the ground in the standing posture,

Cf is the amount of foot clearance required for the lifted foot,

zc is the height of the CoM,

ts is the starting time of the foot lift or landing motion,

tf is the time period of the foot lift or landing motion,

Zo is the initial foot position before foot lift or landing, and,

Zf is the final foot position for foot lift or landing.

Fig. 3.11 shows the graphical representation of the execution of the lat-

eral walk-oscillation. Fig. 3.12 shows the foot placement trajectories for

4 oscillation cycles computed where lateral walk-oscillations are initiated

after an oscillation cycle of lateral motion.

3.3 Simulations

The proposed gait generation approach is simulated in the MATLAB /

Simulink and Autodesk Inventor Dynamic Simulation environment. A 3-

Dimensional (3D) model of the physical humanoid REJr is simulated in

the Autodesk Inventor Dynamic Simulation. The trajectories from the 3D

model simulations are translated into a 2D biped model for the computa-

tion of the ZMP. The ZMP computations are based on an approximation-

based approach proposed by [119]. The 2D model and computation of the

ZMP are done in MATLAB / Simulink.
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Figure 3.12: Foot placement trajectories generated offline for lateral walk-
oscillation
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Figure 3.13: 3D model of the humanoid

3.3.1 Simulation Model and ZMP Computation

The 3D model of the humanoid robot (Fig. 3.13) is based on the mechan-

ical design model (Chapter 2.2.1). Each component in the humanoid, in-

cluding the mechanical parts, electrical components and aesthetic covers,

are modelled to make the model as realistic as possible. The dimension,

weight and material of each component model are constructed in accor-

dance to the physical humanoid system.

The Autodesk Inventor Dynamic Simulation provided a realistic model

for simulation. However, the computation of the ZMP of the 3D model

is very complex and computationally expensive. To overcome the issues,

a simplified 2D biped model (Fig. 3.14) is used for the computation of

the ZMP. The 2D model uses concentrated masses to model the humanoid

in the frontal plane. The trajectories from the 3D model simulations are

applied to the 2D model. These trajectories are acquired by tracing the re-

spective representative 3D component’s model of the concentrated masses

in the 2D model. The upper body of the humanoid including the head and
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(a) Dimension and mass (b) Reference points

Figure 3.14: 2D model of the humanoid in the frontal plane

arms are represented by a single rigid body as there is no upper body

motion. Table 3.1 shows the mass distribution of the 2D model.

Table 3.1: Dimensions and masses of 2D model
Parameter Value

m1 (kg) 0.248
m2 (kg) 0.258
m3 (kg) 0.381
m4 (kg) 2.154
d1 (m) 0.127
d2 (m) 0.127
d3 (m) 0.375
w1 (m) 0.045
f1 (m) 0.075

The computation of the ZMP is based on an approximation-based ap-

proach which does not require system dynamics [119]. Based on the 2D
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model (Fig. 3.14), the CoM is defined as:

xCoM =

∑
imipix∑
imi

,

yCoM =

∑
imipiy∑
imi

,

zCoM =

∑
imipiz∑
imi

,

(3.16)

where pi is the reference point in the Cartesian coordinate, mi is the con-

centrated mass at the reference point pi. The ZMP expressed in terms of

the CoM is given by (3.17) [18]:

xZMP = xCoM +

∑
imipixp̈iz −

∑
imipizp̈ix

g
∑

imi

+

∑
iMiy

g
∑

imi

,

yZMP = yCoM +

∑
imipiyp̈iz −

∑
imipizp̈iy

g
∑

imi

+

∑
iMix

g
∑

imi

,

(3.17)

where Mix and Miy are the moments of the links about the x and y axes.

The 2D biped model is represented by a massless link which implies that

the inertia tensor of the links are zero and therefore the moments (Mix,

Miy) are zero [10]. ZMP is computed as:

xZMP = xCoM +

∑
imipixp̈iz −

∑
imipizp̈ix

g
∑

imi

,

yZMP = yCoM +

∑
imipiyp̈iz −

∑
imipizp̈iy

g
∑

imi

.

(3.18)

3.3.2 Lateral Walk Oscillations

Simulations of the lateral walk oscillations are conducted on the 3D model

using the offline gait generation approach. Pre-determined joint trajecto-

ries computed are applied to generate stable lateral motion followed by
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Table 3.2: Parameters for simulation
Parameter Value

LIPM CoM Mass, m (kg) 3.8
LIPM CoM Height, zc (m) 0.25
Ankle Distance Apart (m) 0.090

Foot Width (Inner) (m) 0.035
Foot Width (Outer) (m) 0.040

Ground Contact Stiffness (N/mm) 2 x 103

Ground Contact Damping (N s/mm) 2 x 102

Number of Oscillation Cycles 30

Table 3.3: Sinusoidal trajectories applied for lateral motion

Sinusoidal Trajectory A B C
Oscillating Frequency, f (Hz) 1.0 2.0 4.0

Oscillating Frequency, ω (rad/s) 6.283 12.566 25.133
CoM Lateral Shift Amplitude, A (rad) 0.0249 0.0100 0.0029

Reference Peak ZMP Amplitude, py(peak) (m) 0.0501 0.0502 0.0496
Single Support Period, Tsingle (s) 0.4358 0.2182 0.1088
Double Support Period, Tdouble (s) 0.0642 0.0318 0.0162

walk-oscillations. Table 3.2 shows the parameters used for the simula-

tion.

A desired peak ZMP amplitude is selected as a reference to generate

stable lateral motion. Based on the mechanical specifications of the hu-

manoid, the reference peak ZMP amplitude is selected as 0.050 m which

is near to the middle of the foot support area. Three different sets of os-

cillating frequency are used for lateral motion simulation. The respective

amount of lateral shift for each oscillating frequency is computed using

(3.7) and are presented in Table 3.3.

The simulations of the 3D model produced stable lateral motion for all

the trajectory sets (Fig. 3.15). The ZMP trajectories of the respective

sinusoidal sets are presented in Fig. 3.16. From the trajectories, it is
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Table 3.4: Average measured peak ZMP amplitudes

Sinusoidal Trajectory A B C
Avg. Peak ZMP Amp. (m) 0.0442 0.0437 0.0458

Avg. Deviation of Peak ZMP Amp. (m) 0.0059 0.0063 0.0038
Avg. Peak ZMP Amp. of Left Foot (m) 0.0416 0.0422 0.0447

Avg. Peak ZMP Amp. of Right Foot (m) 0.0468 0.0451 0.0469

seen that the use of the sinusoidal reference pattern can result in stable

lateral motion. The results also show the suitability of using the LIPM for

ZMP computation to address the dynamic stability of a humanoid without

incurring expensive computations.

t = 0 t = 0.25T t = 0.5T

t = 0.75T t = T

Figure 3.15: 3D humanoid model in stable lateral motion
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Sinusoidal trajectory A: ω = 6.283 rad/s and A = 0.0965 rad

Sinusoidal trajectory B: ω = 12.566 rad/s and A = 0.0382 rad

Sinusoidal trajectory C: ω = 25.133 rad/s and A = 0.0112 rad

Figure 3.16: ZMP trajectories of lateral motion
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Table 3.5: Parameters for walk-oscillation simulation
Parameter Value

Number of Oscillation Cycles 30
Oscillating Frequency, f (Hz) 2.0

Oscillating Frequency, ω (rad/s) 12.566
CoM Lateral Shift Amplitude, A (rad) 0.0100

Reference Peak ZMP Amplitude, |py(peak)| (m) 0.0502
Foot Clearance (m) 0.015

Time Period for Foot Lift and Landing Motion (s) 0.06
Foot Lift Instances Within 1 Cycle (s) 0.0159 , 0.2659

Foot Land Instances Within 1 Cycle (s) 0.2341 , 0.4841

Table 3.4 shows the average measured peak ZMP amplitudes and devia-

tions from the simulations for 30 oscillation cycles. The average measured

peak ZMP amplitudes are slightly lower than that of the reference. The

deviations of the ZMP did not result in unstable lateral motions but are

undesired as it compromises on generating optimal stability during single

support phase. These deviations are likely to be attributed by modelling

discrepancies as the computation of the applied trajectories are based on

the LIPM which is a simplified dynamical model. The peak ZMP am-

plitudes of the left and right foot are not equal which indicates that the

humanoid is not laterally balanced; the right is deemed to be heavier due

to the higher ZMP amplitudes. The centre of gravity of the humanoid

computed using the mechanical software indeed indicates that the robot

is heavier on the right (CoM is 0.005 m shifted to the right).

The walk-oscillations are simulated based on the offline foot placement

trajectories computed (Fig. 3.12). The foot lift and landing are executed

based on the actuation of the knee joints with a foot clearance of 0.015

m. Table 3.5 shows the parameters used for the simulation of the walk-

oscillations. Walk-oscillation is initiated after 1 oscillation cycle of lateral
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t = 0 t = 0.25T t = 0.5T

t = 0.75T t = T t = 1.25T

Figure 3.17: 3D humanoid model in stable walk-oscillation

motion.

Stable walk-oscillations are produced using the offline gait generation

approach on the 3D model simulation (Fig. 3.17). The single support

phase is successfully generated with the necessary foot lift and landing.

The ZMP trajectory of the stable walk-oscillations produced is presented

in Fig. 3.18. The ZMP trajectory of the walk-oscillation is similar to that

generated by lateral motion. Spikes in ZMP calculations are observed at

the foot lift and landing instances. These spikes are attributed by the

resultant dynamical contact forces between the foot and walking surface.
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The systematic spikes in the trajectory are attributed to the contact dynam-
ics between the foot and ground during lifting (small spikes) and landing
of foot (larger spikes).

Figure 3.18: ZMP trajectory of 4 walk-oscillation cycles

3.3.3 Influence of Walking Environment Disturbance

Disturbances can be attributed by the walking environment even flat ter-

rain. In this simulation work, the limitations of the offline gait generation

approach is studied by understanding the effects of disturbances that can

be attributed by a typical flat terrain.

Typical flat surfaces suffer from local inclination of ± 1 ∼ 2 degrees.

The inclination of the walking surface can result in instability. Walk-

oscillation simulations are conducted and repeated with incremental steps
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(a) t = 6.27s (b) t = 10.03s (c) t =10.54s

Figure 3.19: Disturbance effect of 3◦ floor inclination

of 1 degree floor inclination in the frontal plane until the humanoid ex-

hibits instability and falls over.

The simulation results show that the humanoid is able to sustain walk-

oscillations for floor inclination of up to 3 degrees. Although the humanoid

exhibited increasing instability behaviour for each simulation as the floor

inclination increases, the humanoid did not overturn. When floor inclina-

tion of 3◦ is applied, the humanoid fell over after 10.5 seconds. Fig. 3.20

shows the ZMP trajectory of the walk-oscillations on a floor inclination

of 3◦ before falling. The large oscillations in the ZMP trajectory shows

the instability exhibited by the humanoid on the inclined surface. The

simulations shows that the offline approach is only able to produce stable

walk-oscillations on floor inclination of less than 3◦.
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The ZMP fall outside the support polygon during walk-oscillations when
subjected to floor inclination resulting in unstable gait.

Figure 3.20: ZMP trajectory with 3◦ floor inclination

k and c are the stiffness and damping coefficient of the spring-damper
system model of the contact dynamics between the floor and the foot.

Figure 3.21: Contact dynamics of the foot and ground
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The contact dynamics, often described and modelled as mass spring-

damper system (Fig. 3.21), has an influence on the dynamics of the hu-

manoid. In the case of biped locomotion, contact dynamics are attributed

by the surface contact between the foot and ground. The surface material

properties of the foot and ground determine the contact dynamics exhib-

ited. In this simulation, the effects of stiffness and damping are studied.

Various walking surface contact dynamics are applied for the simula-

tions of the walk-oscillations. Results show that the contact dynamics

can affects the ZMP trajectory in one way or another, and in some cases

even cause instability. Fig. 3.22 shows the results in which ZMP fluctua-

tions are introduced due to different contact dynamic stiffness and damp-

ing coefficients. Control paradigms incorporating contact dynamics can

be utilized for improved control. The stiffness and damping coefficients of

walking surface are often hard to obtain or estimate, and there must be

pre-information on the walking surface. As such, the offline approach is

only able to generate stable walk-oscillations on certain walking surfaces.

Surface material of the foot sole in contact with the walking surface must

also be considered.

3.4 Experiments

The offline gait generation of walk-oscillations is applied on the REJr hu-

manoid robot on a carpeted flat terrain with measured inclination of ap-

proximately less than 2 ◦. Force sensors mounted in the humanoid foot

are used to measure the ZMP. The walk-oscillation parameters applied to

REJr are the same as in the simulation (Table .3.5).
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(a) Stiffness = 2 x 105 N/mm
Damping = 2 x 102 N s/mm

(b) Stiffness = 2 x 103 N/mm
Damping = 2 x 10 N s/mm

Figure 3.22: ZMP trajectories with different contact dynamics
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Figure 3.23: Reading of the force sensors

3.4.1 Center of Pressure (CoP) Measurement for Ex-
perimental Result Validation

The humanoid has force sensors mounted in the foot (Chapter 2.3.4). The

force sensors are used for sensing ground reaction forces to measured the

Center of Pressure (CoP) (Fig. 3.23). Without loss of generality, the CoP

measurement is based on the following assumptions:

1. The motion only occurs in the frontal plane, motions in the frontal

and sagittal plane are weakly coupled [120] hence the motions in the

two planes are considered separated.

2. The position of the foot is stationary and the foot does not slip.

3. The ankle is located at the foot with zero height.

4. The feet of the humanoid are laterally symmetrical.

5. The contact between the foot and the ground is flat.

Measurement of the CoP is divided into the single support phase (Fig.

3.24(a)) and the double support phase (Fig. 3.24(b)).
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(a) Single support phase (b) Double support phase

Figure 3.24: Center of Pressure (CoP) measurement

The CoP is the point where the ground reaction forces are assumed

to act only at the single point. The resultant moment generated by the

ground reaction forces about the CoP is zero. By equating the moment

generated by the ground reaction forces (Fl and Fr) to be at equilibrium,

the CoP in the single support phase can be computed as:

yCoP =
Flyl − Fryr
Fl + Fr

, (3.19)

where Fl and Fr are the measured vertical ground reaction forces; Fl =

f1 + f5 and Fr = f2 + f6 when the left foot is in contact with the ground;

Fl = f4 + f8 and Fr = f3 + f7 when the right foot is in contact with the

ground. yr and yl are the distance of the respective left and right ground

reaction forces from the ankle in the frontal plane. yCoP is the distance of

the CoP from the ankle.
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For the double support phase, at equilibrium the moments generated

by the ground reaction forces (F1, F2, F3 and F4) are equated to compute

the CoP as:

Ftotal =F1 + F2 + F3 + F4,

yCoP =− F1

Ftotal
(yf + yl)−

F2

Ftotal
(yf − yr)

+
F3

Ftotal
(yf − yr) +

F4

Ftotal
(yf + yl),

(3.20)

where F1 = f1 + f5, F2 = f2 + f6, F3 = f3 + f7 and F4 = f4 + f8 are the

vertical ground reaction forces, yr and yl are the distances of the respective

left and right ground reaction forces from the ankle in the frontal plane.

yf is the distance from the ankle to the center between the foot assuming

the foot are equidistant from the CoM. yCoP is the distance of the CoP from

the CoM. The CoP coincides with the ZMP when the gait is statically and

dynamically stable [18, 19, 35]. The CoP measured is used to infer the

ZMP for experimentation (yZMP ≡ yCoP ).

Figure 3.25: Snapshots of REJr in stable lateral motion
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3.4.2 Implementation of Lateral Walk-Oscillation

An initial experiment to generate lateral motion is conducted to manu-

ally tune the amount of lateral shift (A) required to achieve the desired

ZMP peak amplitude (Fig. 3.25). The amount of lateral shift before the

trajectory tuning is 0.0100 m and after manual tuning is 0.0117 m. Fig.

3.26 shows the measured ZMP trajectories before and after tuning. The

tuned ZMP trajectory is applied to the humanoid for generating the walk-

oscillations.

Based on the tuned lateral motion, the humanoid REJr executes foot

lift and landing on pre-determined time instances to produce walk-oscill-

ations. Experimental result shows that the humanoid is able to oscillate

in a stable manner with single and double support phases (Fig. 3.27).

Recorded measurement of the ZMP during stable walk-oscillations are

shown in Fig. 3.27. In comparison to the ZMP trajectory produced dur-

ing lateral motion, higher magnitude of ZMP fluctuations are observed in

the single support phases generated. The ZMP generally deviates from

the reference trajectory but remains within the support polygon most of

the time. Instances of the ZMP falling outside the support polygon are

observed but did not result in instability. A likely explanation is that

the nature of the oscillating gait tend to tilt inwards during unstable in-

stances. and hence the tendency to sustain the oscillations. The average

peak amplitudes of the ZMP measured is slightly higher in the right foot

indicating that the humanoid is heavier on the right. This coincides with

the simulation results as the humanoid hardware is unbalanced. The ex-

periment shows that the use of sinusoidal trajectories to produce stable
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walk-oscillations offline in practice is a viable approach.

3.5 Conclusion

An offline gait generation approach for lateral walk-oscillation using si-

nusoidal pattern is discussed and implemented in both simulation and

hardware. The approach is computationally inexpensive and simple. Us-

ing the LIPM, the amount of required lateral shift to generate the de-

sired ZMP trajectory is estimated. The approach is successfully tested

and implemented on the humanoid robot, REJr to produce stable lateral

walk-oscillations on a carpeted surface. The offline approach is sensitive

to disturbances and can only produce stable lateral walk-oscillation un-

der certain walking environment. Work to improve the robustness of the

walk-oscillations is presented in the following chapter.
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(a) Before tuning, A = 0.0100m

(b) After manual tuning, A = 0.0107m
Manual adjustment of the amount of lateral shift, A, to balance the ZMP
amplitude due to unsymmetrical mass distribution of the humanoid robot.

Figure 3.26: ZMP measurement of lateral motion
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Figure 3.27: Snapshots of REJr in stable walk-oscillation

ZMP fluctuates and deviates from reference but remains within the sup-
port polygon most of the time. Instances of ZMP falling outside the support
polygon did not result in instability.

Figure 3.28: ZMP measurement of lateral walk-oscillations



Chapter 4

Sustainable Lateral
Walk-Oscillation

The offline approach of gait generation is viable to produced stable dy-

namic walking. However, the approach is highly sensitive to walking

conditions where the humanoid can be destabilized easily. To overcome

the stability issues and to have robust gaits, researchers have utilize on-

line gait generation approaches. These approaches are roughly classi-

fied into offline gait generation with online feedback compensation [28–

31, 71–74], and online gait generation with online feedback control [12,

27, 75–77]. In offline gait generation with online feedback compensation

approach, walking gaits are designed offline with online stabilization con-

trol. Reference trajectories used for the joints are constantly modified

online through feedback compensation techniques. In online gait genera-

tion with online feedback control, also known as real-time gait generation,

simpler dynamical model are often used to reduce computation time and

complexity. The approach generates the gaits based on the current system

dynamics using sensory feedback.

95
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One of most popular methods for online feedback compensation is us-

ing ZMP compensation. Joint torques and trajectories are modified in

real-time to keep the ZMP within the support polygon in response to dis-

turbances. ZMP compensation is realized by 1© manipulation of the pre-

scribed ZMP [2, 15, 23, 27], 2© whole-body-motion control [7, 26] and 3©

specific joints control [73, 75, 121]. In the manipulation of the ZMP, the

prescribed ZMP is modified by changing the walking parameters such as

speed and step length. Whole-body-motion control compensation requires

precise control of the joint motion of the robot. The ZMP compensation

using specific joints control makes modifications to particular joint trajec-

tories only to keep the ZMP within the support polygon.

The gait generation method described in the Chapter 3 showed the suit-

ability of sinusoidal reference trajectories for producing offline stable lat-

eral walk-oscillations. The offline gait generation approach is viable but

to a limited extent. Uncertainties and disturbances inherently present in

physical system can easily destabilize the humanoid resulting in unsus-

tainable walk-oscillations even on flat walking surface.

A gait generation approach to produce sustaining lateral walk-oscil-

lation online is presented in this chapter. The approach adopts the offline

gait generation with online feedback compensation method. The offline

gait generation is based on the use of sinusoidal trajectories highlighted

in Chapter 3 . Feedback compensation is achieved based on ZMP track-

ing and compensation techniques to improve the robustness of the walk-

oscillations. The gait generation approach is realized by a lateral shift

amplitude controller, a real-time ZMP compensator and a simple online

phase detector (Fig. 4.1). The lateral shift amplitude controller and ZMP
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compensator form a two stage compensation system. The lateral shift am-

plitude controller minimizes the error in the ZMP peak amplitude after

every oscillation cycle whereas the ZMP compensator minimizes the ZMP

deviations within the oscillation cycle. The phase generator executes the

foot lift and landing based on the measured ZMP. Simulation and experi-

ments are conducted to verify the approach.

The lateral shift amplitude controller is described in Section 4.1. Sec-

tion 4.2 presents the real-time ZMP compensator design whereas section

4.3 highlights the functions of the online phase generator. In section 4.4,

simulation results of the online approach are presented and discussed.

Section 4.5 is the implementation of the gait generation approach on the

humanoid REJr. Section 4.6 concludes the chapter.
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4.1 Lateral Shift Amplitude Controller

A lateral shift amplitude controller is implemented by formulating the

amount of lateral shift as a control problem. The lateral shift amplitude

controller measures the difference in the peak ZMP amplitudes between

successive oscillation cycle. The error in peak ZMP measurement is used

to correct the amount of lateral shift.

4.1.1 Adjustment of Shift Amplitude

A Proportional-Integrator (PI) controller is implemented to adjust the am-

plitude of the sinusoidal trajectories during walk-oscillations. The lateral

shift control is divided into the left and right foot and defined as:

eZMP (left)(k) =y
desired(peak)
ZMP (left) (k)− ymeasured(peak)ZMP (left) (k),

eZMP (right)(k) =y
desired(peak)
ZMP (right) (k)− y

measured(peak)
ZMP (right) (k),

Aleft(k + 1) =A+ kpeZMP (left)(k) + ki

∫
eZMP (left)(k)dk,

Aright(k + 1) =A+ kpeZMP (right)(k) + ki

∫
eZMP (right)(k)dk,

ŷCoM(t) =

Aleft(k + 1) sin(ωt), for 0 ≤ t < 0.5T

Aright(k + 1) sin(ωt), for 0.5T ≤ t < T

(4.1)

where eZMP (left)(k) and eZMP (right)(k) are the error for the left and right

foot respectively between the peak ZMP amplitudes of the desired and

measured during kth oscillation cycle (Fig. 4.2). A is the computed ref-

erence lateral shift. Aleft(k + 1) and Aright(k + 1) are the lateral shift for

the following oscillation cycle. kp and ki are the proportional and integral

gains for the controller. ŷCoM is the amount of lateral CoM shift.
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Figure 4.2: ZMP trajectories during kth oscillation cycle

4.1.2 Peak Amplitude Measurement Window

Impulsive large deviations of the ZMP can occur during foot landing due

to contact dynamics. As such, there is a tendency for the controller to reg-

ister the deviations as the maximum ZMP peak of the walk cycle resulting

in erroneous corrections for the following cycle. To overcome, a measure-

ment window for the lateral shift controller is implemented to ensure that

the ZMP peak measured during landing are not registered (Fig. 4.3).
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The measurement window starts after the foot lift and stops before the foot
landing.

Figure 4.3: Measurement window for shift amplitude controller

4.2 Real-Time Zero Moment Point Compen-
sator

A real-time ZMP compensator is implemented based on the compensa-

tion technique proposed in [73]. The compensator functions by keeping

the measured ZMP within the desired trajectory. The compensator is de-

signed based on the following assumptions:

1. The motion only occurs in the frontal plane.
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2. The position of the foot is stationary and the foot does not slip.

3. The ankle is located at the foot with zero height.

4. The foot of the humanoid are laterally symmetrical.

5. The contact between the foot and the ground is flat.

6. The effects of the Coriolis and centrifugal forces are neglected. The

velocities of the compensating link does not change, the compensa-

tion torque only causes changes in acceleration of the link.

7. The ZMP fluctuation varies gradually and the actuators provide suf-

ficient torque for compensation.

The compensator system determines the ZMP error between the desired

and measured. Angular compensations are generated and used to change

the CoM trajectory.

4.2.1 Stability Zone for Compensation

The readings from the force sensors are noisy in nature which leads to the

fluctuations of the measured ZMP. A stability zone is demarcated along

the desired ZMP trajectory to handle the fluctuations. The stability zone

is defined by a threshold such that when the deviation of the measured

ZMP from the desired is less than the threshold, it is assumed that there

are no disturbances acting on humanoid (Fig. 4.4). The threshold is de-

termined based on the approach proposed in [122]. Using the offline ap-

proach, the ZMP readings of stable walk-oscillations are recorded. Read-

ings of ZMP are plotted to determine the maximum amount of ZMP de-

viations from reference (Fig. 4.5). The stability threshold is determined
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Figure 4.4: Stability zone

from the maximum deviation.

4.2.2 Compensator Design

The moment about the ZMP at a particular time instance without distur-

bances in the single support phase is given by:

yCoP =
Flyl − Fryr
Fl + Fr

, (4.2)

where Fl and Fr are the measured vertical ground reaction forces (Fig.

4.6). yr and yl are the distances of the respective left and right ground

reaction forces from the ankle in the frontal plane. yCoP is the distance of

the CoP from the ankle.
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ZMPs measured during stable lateral walk-oscillations are plotted to de-
termine the threshold of the stability zone.

Figure 4.5: Stability zone measurement experiment

Consider that the humanoid is subjected to disturbances after a time

interval, the moment about the measured ZMP is given by:

Mzmp(t+4t) =− (Fl +4Fl)(yl − yZMP )

− (Fr +4Fr)(yr + yZMP )

(4.3)

where 4Fl and 4Fr are the changing force sensor measurement after 4t

time interval. The ZMP is deviated by:

4yZMP =
Mzmp(t+4t)

Fl +4Fl + Fr +4Fr
. (4.4)

The compensator only acts when:

|yZMP +4yZMP − ydesiredZMP | > ythresholdZMP , (4.5)
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Figure 4.6: CoP measurement in single support phase

where ythresholdZMP is the stability threshold and ydesiredZMP is the desired ZMP

trajectory.

The humanoid in the single support phase is represented by an inverted

pendulum (Fig. 4.7). The representation is equivalent to a two-link planar

manipulator with joints at pv and yZMP . The length of the links are zc and

yZMP , assuming that the ankle is located at the foot with zero height.

Using the Lagrangian formulation, the dynamics of the humanoid about

the joints pv and yZMP subjected to disturbances are as:

τ =Jθ̈ +mgzc sin(θ) + fdisturbanceszc cos(θ),

Mzmp(t+4t) =(J −mzcyZMP sin(θ))θ̈ +mgzc cos(θ) +mgyZMP ,

(4.6)
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θ is the angle of the link mass from the upright position, m is the mass, zc
is the length of the link, τ is the torque acting on the system at the ankle,
and, g is acceleration due to gravity.fdisturbances is the disturbance acting on
the link mass.

Figure 4.7: Inverted pendulum representation in single support phase

where J is the moment of inertia about the point pv in the x-axis direc-

tion; J = mz2c , where m is the mass of the CoM. Assuming that the com-

pensation torque is applied so that the moment about yZMP is zero. The

dynamics of the humanoid with the compensation torque is given by:

τ +4τ =J(θ̈ +4θ̈) +mgzc sin(θ) + fdisturbanceszc cos(θ),

0 =(J −mzcyZMP sin(θ))(θ̈ +4θ̈) +mgzc cos(θ) +mgyZMP .

(4.7)
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From (4.6) and (4.7),

J =mz2c ,

η =
J

(4t)2
,

4τ =J 4 θ̈ = J
4θ

(4t)2
= η4 θ,

0 =Mzmp(t+4t) + (J −mzcyZMP sin(θ))4 θ̈,

Mzmp(t+4t) =− (J −mzcyZMP sin(θ))
4τ
J
,

4τ =− Mzmp(t+4t)
1− mzcyZMP sin(θ)

J

,

=− Mzmp(t+4t)
1− yZMP

zc
sin(θ)

,

4θ =4τ
η
,

=− Mzmp(t+4t)
η(1− yZMP

zc
sin(θ))

,

(4.8)

where 4θ is the amount of angular change needed for compensation.

Mzmp(t+4t) is measurable using (4.3). The angular change (4θ) is applied

to modify the lateral shift of the CoM as:

ycompensatedCoM = zc tan(tan
−1(

ŷCoM
zc)

+4θ), (4.9)

where ycompensatedCoM is the compensated CoM, ŷCoM is computed from (4.1)

and zc is the height of the CoM. The compensation applied is limited by

the torque-rating of the physical actuators. Without loss of generality, the

compensator design is also applicable to the double support phases during

walk-oscillations.
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4.3 Online Phase Generator

The online phase generator produces the single and double support phases

dynamically. The phase generator produces walk-oscillations by tracking

the measured ZMP during lateral motion and executing the foot lift and

landing accordingly. Time instances of the support phases, foot lift and

landing are also generated.

4.3.1 Phase Detector

The operations of the phase detector are as follows:

1. The phase detector executes the foot lift only when the desired and

measured ZMP have move into the foot support area during lateral

motion.

2. The phase detector executes the foot landing whenever the desired

or measured ZMPs cross the minimum stability bound (yland) for foot

landing during single support phase. The bound is computed as:

yland = A(1 +
ω2

ω2
n

) sin(ω(0.5T − Tland)). (4.10)

The implementation of the phase detector implies that the oscillating pe-

riod of the walk-oscillation is the same but the single and double support

phase time periods are dynamic depending on the measured ZMP (Fig.

4.8).
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1© Executes foot lift motion after measured ZMP enter foot support area.
2© Executes foot landing motion when desired ZMP crosses yland.
3© Executes foot lift motion after desired ZMP enter foot support area.
4© Executes foot landing motion when measured ZMP crosses yland.

Figure 4.8: ZMP trajectory during phase transition

4.3.2 Foot Placement Trajectories

The compensated CoM is applied to compute the foot placement trajecto-

ries for generation of walk-oscillations. The foot placement of each foot is
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given as follows:

Xwalk−osc
r (t) = 0,

Xwalk−osc
l (t) = 0,

Y walk−osc
r (t) =


(1− Cf

zc
)ycompensatedCoM , if foot is lifted

Zr(t)
Zc

ycompensatedCoM , if foot is lifting / landing

ycompensatedCoM (t), otherwise

Y walk−osc
l (t) =


(1− Cf

zc
)ycompensatedCoM , if foot is lifted

Zl(t)
Zc
ycompensatedCoM , if foot is lifting / landing

ycompensatedCoM (t), otherwise

Zwalk−osc
r (t) =


zc − Cf , if the foot is lifted

ao + a1(t− ts)2 + a2(t− ts)3, if foot is lifting / landing√
d2 − (Y walk−osc

r (t))2, otherwise

Zwalk−osc
l (t) =


zc − Cf , if the foot is lifted

ao + a1(t− ts)2 + a2(t− ts)3, if foot is lifting / landing√
d2 − (Y walk−osc

l (t))2, otherwise

Cubic Poly. =


ao = Zo,

a1 = 3
t2f
(Zf − Zo),

a2 = −2
t3f
(Zf − Zo),

where with respect to 1 oscillation cycle,
d is the height of the hips from the ground in the standing posture,

Cf is the amount of foot clearance required for the lifted foot,

zc is the height of the CoM,

ts is the starting time of the foot lift or landing motion,

tf is the time period of the foot lift or landing motion,

Zo is the initial foot position before foot lift or landing, and,

Zf is the final foot position for foot lift or landing.
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Figure 4.9: Simulation block diagram

4.4 Simulations

The proposed gait generation approach is simulated in the MATLAB /

Simulink and Autodesk Inventor Dynamic Simulation environments. On-

line gait generation requires the measurement of the ZMP for online

feedback compensation. For reduced computation and ease of implemen-

tation, an estimated ZMP measurement approach is adopted using the

LIPM (Fig. 4.9). The ZMP is computed by equating the center of gravity

(CoG) of the 3D model to the COM of the LIPM for feedback control sim-

ulation. Computation of the resultant ZMP is realized by the translation

to a 2D model which provides more accurate results. Table 4.1 shows the

parameter applied for the simulation of the offline and online gait gen-

eration of lateral walk-oscillations. Walk-oscillation is initiated after the

first oscillation cycle of lateral motion.
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Table 4.1: Parameters for walk-oscillations simulation
Parameter Value

Number of Oscillation Cycles 30
Oscillating Frequency, f (Hz) 2.0

Oscillating Frequency, ω (rad/s) 12.566
CoM Lateral Shift Amplitude, A (rad) 0.0100

Desired Peak ZMP Amplitude, |py(peak)| (m) 0.0502
Foot Clearance (m) 0.015

Time Period for Foot Lift Motion (s) 0.06
Time Period for Foot Landing Motion (s) 0.06

Foot Lift Instances Within 1 Cycle (s) 0.0159 , 0.2659
Foot Land Instances Within 1 Cycle (s) 0.2341 , 0.4841

Ground Contact Stiffness (N/mm) 2 x 103

Ground Contact Damping (N s/mm) 2 x 102

4.4.1 Shift Amplitude Correction

The shift amplitude controller is simulated with a proportional and inte-

gral gains of 0.2 and 0.005 respectively. Fig. 4.10 shows the ZMP trajec-

tory of the walk-oscillations with the lateral shift amplitude controller.

The first oscillation cycle shows the original ZMP peak without com-

pensation. After the initial cycle of lateral motion, it can be seen that the

peak ZMP amplitude deviations are minimized with the controller. The

unequal left and right peak ZMP amplitudes caused by unbalanced hard-

ware is also addressed. Fluctuations in the ZMP within the oscillation

cycles are not compensated and hence the ZMP deviations attributed by

the contact dynamics (spikes in Fig. 4.10) during foot lifting and landing

are not reduced. The average amount of the peak CoM lateral shift (A) to

the left is 0.0178 m and to the right is 0.0110 m for 30 oscillation cycles.

The lateral shift to the left is more to balance the unequal ZMP peaks in

the left and right feet.
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With lateral shift amplitude controller: ZMP amplitude is balanced.
Without lateral shift amplitude controller: ZMP amplitude unbalanced.
The systematic spikes are attributed to the contact dynamics between the
foot and ground as highlighted in Chapter 3.

Figure 4.10: ZMP trajectories with lateral shift amplitude controller

4.4.2 Zero Moment Point (ZMP) Compensation

Walk-oscillations are simulated using the ZMP compensator with a 0.005

m threshold for the stability zone. Fig. 4.11 shows the ZMP trajectory of

the walk-oscillations with the compensator.

In the first oscillation cycle, the ZMP deviations are compensated by

the compensator as the lateral shift amplitude correction only takes place

from successive oscillation cycles after the first. ZMP ripples are observed

near the peak due to the compensator stability zone. A minimum amount
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With addition of the compensator, ZMP deviations in the first oscillation is
compensated. Spike readings due to foot lifting and landing are reduced.

Figure 4.11: ZMP trajectories with compensator and lateral shift ampli-
tude controller.

of deviation needs to be present before compensation can act. ZMP devi-

ations due to foot lift and landing are reduced but not the initial impulse

deviations as the compensator reacts only after a deviation is detected.

The results show that the compensator can effectively minimizes ZMP

deviations.

4.4.3 Phase Detection for Transitions

The phase generator is implemented using a foot landing stability bound

(yland) of 0.0095. For comparison studies, three approaches to obtain the

time instances of the foot lifting and landing are studied:
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Table 4.2: Time instances for foot lift and landing

Approach Offline Gait Phase Generator Phase Generator
Generation w/o Compensation w/ Compensation

Left Foot Lift 0.0159s 0.0249s 0.0162s
Left Foot Land 0.2341s 0.2332s 0.2348s
Right Foot Lift 0.2659s 0.2697s 0.2669s

Right Foot Land 0.4841s 0.4894s 0.4835s

1. Offline gait generation - The time instances in which the ZMP leaves

and enters the foot support area are computed using LIPM.

2. Simulated walk-oscillation using phase generator without compen-

sation - Walk-oscillations are simulated using the phase generator

for the foot lift and landing but without the lateral shift controller

and ZMP compensator.

3. Simulated walk-oscillation using phase generator with compensa-

tion - Walk-oscillations are simulated based on the proposed gait

generation approach.

Table 4.2 shows the tabulation of the time instances for foot lifting and

landing within a simulated walk-oscillation, with an oscillating period of

0.5 s, for the three approaches. The phase generator ensure that stability

is asserted before the phase transitions. Without compensation, the foot

lift and landing are based on the uncompensated ZMP which results in

differences of the foot lift and landing time instances. The compensated

ZMP follows the desired trajectory closely resulting in time instances of

the foot lift and landing to be closer to those computed offline using the

LIPM.
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(a) CoM trajectories

(b) ZMP trajectories

The online gait generation approach has better disturbance rejection as
there is less deviations of the ZMP trajectory from the reference.

Figure 4.12: Trajectories of gaits generated with disturbances



117

4.4.4 Walking Environment Disturbances Rejection

The online generation of walk-oscillations is simulated with walking en-

vironment disturbances applied. A 3◦ floor inclination is applied in the

frontal plane of the humanoid with a stiffness and damping setting of 2 x

105 N/mm and 2 x 102 N s/mm for the ground.

Fig. 4.12 shows the CoM and ZMP trajectories generated with distur-

bances applied. It can be seen that the deviations of the ZMP in the on-

line approach are reduced and the trajectory conforms better to the refer-

ence ZMP. The amount of lateral shifting applied for the compensation are

highlighted by the fluctuating changes in the CoM trajectory. The simula-

tions shows that with the online gait generation approach, the humanoid

is able to reject disturbances due to the environment better in comparison

to the offline approach.

4.4.5 Reaction to Impulsive Disturbances

To determine the robustness of the walk-oscillation with the online ap-

proach, a free swinging pendulum is used to generate an impulsive dis-

turbance on the humanoid during lateral walk-oscillations (Fig. 4.13) in

the frontal plane. Simulations of walk-oscillation are conducted and re-

peated with increasing magnitude of the impulse disturbance force until

the humanoid falls over. Both offline and online gait generation approach

are simulated (Fig. 4.14) to study the robustness of the algorithms and not

as a measure of the balancing and recovery capabilities of the humanoid.
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Figure 4.13: Impulse disturbance generation

Figure 4.14: Simulations of impulse disturbance

The simulation results show that the humanoid with the offline and on-

line approaches is able to sustain oscillation with a maximum force distur-

bance of 5 N and 8.5 N respectively. Fig. 4.15 shows the ZMP trajectories

of the offline and online approaches when a force disturbance of 4 N is

injected at 3.511 s. It can be seen that the online approach damps the

ZMP trajectory back to stable oscillations whereas the offline approach

exhibited prolonged effects of instability. The simulations results shows

that with the online approach the walk-oscillations is improved.
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Online gait generation approach is able to recover back into stable oscilla-
tion whereas offline gait generation approach exhibited prolonged effects
of instability.

Figure 4.15: ZMP trajectories with 4 N disturbance force

4.5 Experiments

The online gait generation of walk-oscillations is implemented to the REJr

humanoid robot. The gait generation approach is implemented in the low

level micro processor of the robot which operates at 80MHz. Force sensors

mounted in the humanoid foot are used to measure the ZMP at a sampling

rate of 200Hz. The joint actuators are commanded at a frequency of 50Hz.

The walk-oscillation parameters applied are shown in Table 4.3.
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Table 4.3: Parameters for walk-oscillations experiment

Parameter Value
Oscillation Cycles 30

Oscillating Frequency, f (Hz) 2.0
Oscillating Frequency, ω (rad/s) 12.566

CoM Lateral Shift Amplitude, A (rad) 0.0100
Desired Peak ZMP Amplitude, |py(peak)| (m) 0.0502

Foot Clearance (m) 0.015
Time Period for Foot Lift Motion (s) 0.06

Time Period for Foot Landing Motion (s) 0.06
P Gain for Lateral Shift Amplitude Controller 0.2
I Gain for Lateral Shift Amplitude Controller 0.005
Stability Threshold for ZMP Compensator (m) 0.015

Stability Bound for Phase Generator (m) 0.01

4.5.1 Online Generation of Walk-Oscillations

Using pre-computed offline gaits as the reference, the online gait genera-

tion approach is implemented on the humanoid to produce walk-oscillati-

ons on a typical flat carpeted surface. Fig. 4.16 shows the measured and

recorded ZMP using the force sensors. The ZMP trajectory produced using

the offline approach on the flat carpeted surface is presented for compar-

ison. From the results, it can be seen that the magnitude of the ZMP

fluctuations using the online approach are reduced in comparison to that

generated using the offline approach. The ZMP trajectory of the online

approach also follows the reference better with less deviations.

4.5.2 Walking Environment Disturbances

Walk-oscillations are generated using the offline and online approaches

on two different walking surfaces with inclinations of approximately 2◦ in

the frontal plane. The two walking surfaces used are a hard solid surface
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Online gait generation approach is observed to have less deviations of the
ZMP trajectory from the reference; ZMP of the online approach conforms
better in compare to the offline approach.

Figure 4.16: ZMP trajectories of online and offline walk-oscillations gen-
erated

and a thick pile foam surface (Fig. 4.17).

From the experimental results, walk-oscillations are produced by the

online gait generation on both walking surfaces. The offline approach is

successful in generating sustainable walk-oscillations on the solid surface

but not on the foam surface; the humanoid fell over on the foam surface.

The thick pile of foam allows additional uncontrolled depression at the

outer edges of the foot when the humanoid sways during walk-oscillations.

The uncontrolled depression resulted in undesired dynamic forces that

eventually destabilized the humanoid. Fig. 4.19 shows the normalized

amount of lateral shift applied on the different walk surfaces using online
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Figure 4.17: Different walking surfaces

Table 4.4: Average time instances on different walking surface

Surface Carpet Solid Foam
Left Foot Lift 0.023s 0.025s 0.020s

Left Foot Land 0.262s 0.245s 0.220s
Right Foot Lift 0.300s 0.306s 0.280s

Right Foot Land 0.512s 0.501s 0.460s
Single Support Period 0.2255s 0.2075s 0.1900s

gait generation whereas Table .4.4 shows the average time instances of

the foot lifting and landing, and, the single support time period measured

using the force sensors. The experiment shows that the online approach

can effectively reject disturbances attributed by the flat terrain walking

environment.

4.5.3 Impulsive Disturbances

Impulsive disturbances are generated using similar set-up to that of the

simulation. A free swinging pendulum, constructed using a string and

soccer ball, is used to generate an impulsive disturbance on the humanoid

during lateral walk-oscillations in the frontal plane. As the measurement
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(a) Solid surface

(b) Foam surface

Figure 4.18: Walk-oscillations on different walking surfaces

of the force of impulsive disturbance is difficult to determine in the experi-

ment, the potential energy is used as the indicator for the relative amount

of force exerted. The ball is placed and released at different heights and

10 trials are conducted in each case. For every case in which the hu-

manoid sustains oscillations for the 10 trials, the height is increment by

0.1 m. The humanoid is allowed to stabilized after each trial before the

next successive trial commences. The experiment is carried out for both

offline and online approaches. The potential energy is simply calculated

using:

U = mgh, (4.11)
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Figure 4.19: Normalized amount of lateral Shift compensation

where m is the mass of the soccer ball used as the lump mass, h is the

height in which the pendulum is released and g is acceleration due to

gravity.

The experimental results show that the offline approach is able to sus-

tain oscillations up to 1.727 J (0.4 m) whereas the online approach is able

to sustain up to 3.021 J (0.7m). The results indicates that with the online

approach, there is improvement in the lateral walk-oscillations.

4.6 Conclusion

The generation of sustainable walk-oscillations is presented and discussed

in this chapter. An online gait generation approach is realized by imple-

menting a two stage compensation system, comprising of a lateral shift

amplitude controller and a ZMP compensator, with a phase generator.

Deviations in the ZMP peak amplitudes are minimize by the lateral shift

amplitude controller after every oscillation cycle whereas deviations of
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m is mass of the lump mass, h is the height in which the lump mass is
released and g is the acceleration due to gravity.

Figure 4.20: Impulse disturbance generation experiment

Figure 4.21: Experiment of impulse disturbance

the ZMP trajectory from the reference are minimized by the ZMP compen-

sator. The phase generator ensures that the stability is asserted for phase

transitions. Simulations and experimental results shows that the online

gait generation approach enhances the robustness of the walk-oscillations

on flat terrains. Future works can extend the gait generation approach to

handle uneven and unknown terrain.



Chapter 5

OmniDirectional Walking

The concept of omnidirectional drives begins as early as 2000 when Cor-

nell University, team Big Red [123], first introduced omnidirectional mo-

bile wheeled robots for the RoboCup SmallSize league competition. Since

then, research on omnidirectional drives manifested and have moved be-

yond the scope of wheeled robots. Omnidirectional walking for bipedal

robots is one of the key research topics in humanoid robotics. The abil-

ity to move forward, sideways and turn at the same instance has proven

to be advantageous in confined spaces and dynamic environments. Many

researches have proposed gaits that fully parametrized the bipedal omni-

directional walking [90–93].

The use of sensory feedback for direction control for bipedal locomo-

tion have been proposed in several separated works [101–104, 124, 125].

In most of these works, visual information is used for correcting the di-

rectional deviation of walk. The emphasis in some of these research fo-

cuses on path or trajectory planning for navigation in dynamic environ-

ment with obstacles. [104] proposed a robust direction control system that

126
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utilized rate-gyroscope sensor feedback under environment with distur-

bance. In [124, 125], the use of foot slip for pivoting to generate turning

motion for biped robot are presented.

The biped dynamic walking motion in this dissertation is decoupled

into two components, 1© lateral walk-oscillations and 2© omnidirectional

walking. Lateral walk-oscillations generate the single and double sup-

port phases and form the walking basis in which the omnidirectional walk

leverage on. During the single support phase, the supporting foot pivots

the humanoid towards the desired walking direction in a stable manner.

The output of the omnidirectional walk generator is superimposed with

the output from the lateral walk-oscillations generator to produce robust

dynamic walking.

In this chapter, the real-time gait generation for omnidirectional walk

is described and presented (Fig. 5.1). The omnidirectional dynamic walk

is decoupled into the frontal, sagittal and transverse movements. These

movements are generated in real-time using sinusoidal trajectories based

on the time instances dynamically generated by the lateral walk-oscilla-

tion generator. A walk-stepper controller is implemented to manage the

acceleration profile of the walking through the regulation of the stepping

size. The movements are combined using superposition theorem to gen-

erate stable omnidirectional biped walking. A motion steering controller

using the rate-gyro for sensory feedback is used to improve the directional

walking of the humanoid. The validity of the approach is verified through

simulations and experimentation.
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In section 5.1, the foot placements for the various directional walk are

presented. Section 5.2 discussed the stability issues and algorithm for om-

nidirectional walk using the superposition theorem. Section 5.3 described

the motion steering using the rate-gyro to enhance the performance of the

walking gaits. The simulation and experimental results are presented in

sections 5.4 and 5.5 respectively. Section 5.6 concludes for the chapter.

5.1 Real-Time Foot Placement Generation

The lateral walk-oscillations are classified into 6 stages of distinction mo-

tion execution (Fig. 5.3). Table 5.1 describes the motion executed in each

stage where T lift and T land are the time instances in which the foot lifting

and landing motion are executed. tf is the time period of the foot lifting

and landing motion, and, T is the time period of 1 lateral walk-oscillation

cycle. The subscript notation denotes the foot. The time instances are

generated dynamically by the phase generator within the lateral walk-

oscillations generator.

The omnidirectional walk is divided into three planes movements, 1©

frontal, 2© transverse and 3© sagittal. These movements are built upon

the 6 stages of motion in the lateral walk-oscillations. The movements

are realized by swinging / rotating the lifted foot towards the desired di-

rection while the supporting foot pivots the body. Sinusoidal trajectories

are applied for interpolation of the movements to provide smooth motions.

The three plane movements are computed online and expressed in terms

of the imposed foot placements for frontal (Xfrontal, Y frontal, Zfrontal) and

sagittal (Xsagittal, Y sagittal, Zsagittal) movement, and, joint angles (θtransverse)
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Table 5.1: Six stages of motion execution

Stage Time Instance Motion Description
0 N.A Initial standing posture in double

support phase.
1 0 ≤ t < (T liftl + tf ) Lateral shifting to the right with

foot lifting for single to double
support phase transition.

2 (T liftl + tf ) ≤ t < T landl Lateral shifting to the extreme
right and returning with lifted
foot in single support phase.

3 T landl ≤ t < T/2 Lateral shifting back to standing
posture with foot landing for dou-
ble to single support phase tran-
sitions.

4 T/2 ≤ t < (T liftr + tf ) Lateral shifting to the left with
foot lifting for single to double
support phase transition.

5 (T liftr + tf ) ≤ t < T landr Lateral shifting to the extreme
left and returning with lifted foot
in single support phase.

6 T landr ≤ t ≤ T Lateral shifting back to standing
posture with foot landing for dou-
ble to single support phase tran-
sition.

for transverse movement (Fig. 5.2). For the online computation of the

sinusoidal trajectories, two frequency components are computed as:

Tsingle =
T landl − T liftl + T landr − T liftr

2
,

ωs =
π

Tsingle
,

ωf =
π

Tsingle − 2tf
,

(5.1)

where ωs and ωf are the computed frequencies of the single support phase

and lifted foot time periods. The time instances T land and T lift in (5.1)

are dynamically generated by the phase generator for the previous walk
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(a) Frontal plane (b) Sagittal plane

Figure 5.2: Foot placement trajectories and joint angles for omnidirec-
tional walk movements

oscillation cycle. ωs and ωf are used for the sinusoid functions for the com-

putations of the movement trajectories. The frontal, sagittal and trans-

verse movements are superimposed with the lateral walk-oscillations to

produce omnidirectional dynamic walking as:

Xwalk−omni
r (t) = Xfrontal

r (t) +Xsagittal
r (t),

Y walk−omni
r (t) = Y frontal

r (t) + Y sagittal
r l(t),

Zwalk−omni
r (t) = Zfrontal

r (t) + Zsagittal
r (t),

Xwalk−omni
l (t) = Xfrontal

l (t) +Xsagittal
l (t),

Y walk−omni
l (t) = Y frontal

l (t) + Y sagittal
l (t),

Zwalk−omni
l (t) = Zfrontal

l (t) + Zsagittal
l (t),

θwalk−omni13 (t) = θtransverse13 (t),

θwalk−omni14 (t) = θtransverse14 (t).

(5.2)
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5.1.1 Frontal Plane Movement

Frontal plane movement as the term implies relate to the movement

in the y-axis direction of the anatomical position reference frame; also

known as side stepping. The movement is realized by laterally shifting of

the foot during single support phases (Fig. 5.4) where the total amount of

lateral shift in the foot equates to the step size. The frontal foot placement

trajectory for left side stepping for a single oscillation cycle is calculated

as:

Xfrontal
r (t) = Xfrontal

l (t) = 0,

Zfrontal
r (t) = Zfrontal

l (t) = 0,

Y frontal
r (t) =



0, for 0 ≤ t < T
4

and T landr ≤ t < T

ystep
2

(sin(ωt)− 1), for T
4
≤ t < (T liftr + tf )

ystep
2

(sin(ωt)− 1)+

Ystep
4

[1− cos(ωf (t− T liftr − tf ))], for (T liftr + tf ) ≤ t < 3T
4

Ystep
4

[1− cos(ωf (t− T liftr − tf ))], for 3T
4
≤ t < T landr

Y frontal
l (t) =



0, for 0 ≤ t < (T liftl + tf )

and 3T
4
≤ t < T

ystep
2

(sin(ωt) + 1), for T landl ≤ t < 3T
4

ystep
2

(sin(ωt) + 1)+

Ystep
4

[1− cos(ωf (t− T liftl − tf ))], for T
4
≤ t < T landl

Ystep
4

[1− cos(ωf (t− T liftl − tf ))], for (T liftl + tf ) ≤ t < T
4

(5.3)

where ystep is the lateral step size in meters. The resultant (Yl, Yr) of the

foot placement trajectories, lateral walk-oscillations imposed with frontal
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plane movement, are shown in Fig. 5.7. For lateral stepping to the right,

the computations of the left and right foot placement are interchanged.

5.1.2 Transverse Plane Movement

Transverse plane movement is the turning of the humanoid. The hip yaw

joints are controlled directly to facilitate the rotation of the humanoid

(Fig. 5.5). The joint trajectories (Fig. 5.8) for a right rotation are given as:

θtransverse13 (t) =



0, for 0 ≤ t < (T liftl + tf )

and (T landr + tf ) ≤< T

−θstep
4

[1− cos(ωf (t− T liftl − tf ))], for (T liftl + tf ) ≤ t < T landl

−θstep
2

, for T landl ≤ t < T liftr

−θstep
4

[1 + cos(ωs(t− T liftr ))], for T liftr ≤ t < (T landr + tf )

θtransverse14 (t) =



0, for 0 ≤ t < T liftl

and T landr ≤< T

θstep
4

[1− cos(ωs(t− T liftl ))], for T liftl ≤ t < (T landl + tf )

θstep
2
, for

(T landl + tf ) ≤ t <

(T liftr + tf )

θstep
4

[1 + cos(ωf (t− T liftr − tf ))], for (T liftr + tf ) ≤ t < T landr

(5.4)

where θstep is the amount of rotation in radians, θtransverse13 and θtransverse14 are

the left and right hip yaw joints respectively.
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5.1.3 Sagittal Plane Movement

Sagittal plane movement refers to the forward and backward walk move-

ments in the x-axis direction of the anatomical position reference frame.

The trajectory output is divided into a full step (5.5) for continuous walk-

ing (Fig. 5.6) and a half step (5.6) for moving off and stopping.

Y sagittal
r (t)Y sagittal

l (t) = 0,

Zsagittal
r (t)Zsagittal

l (t) = 0,

Xsagittal
r (t) =



−xstep
2
, for 0 ≤ t < (T liftr + tf )

and (T landl + tf ) ≤ t < T

−xstep
2

cos(ωf (t− T liftr − tf )), for (T liftr + tf ) ≤ t < T landr

xstep
2

for T landr ≤ t < T liftl

xstep
2

cos(ωs(t− T liftl )), for T liftl ≤ t < (T landl + tf )

Xsagittal
l (t) =



xstep
2
, for 0 ≤ t < T liftr

and T landl ≤ t < T

xstep
2

cos(ωs(t− T liftr )), for T liftr ≤ t < (T landr + tf )

−xstep
2
, for

(T landr + tf ) ≤ t < (T liftl + tf )

−xstep
2

cos(ωf (t− T liftl − tf )), for (T liftl + tf ) ≤ t < T landl

(5.5)
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where xstep is the step size in meters and the time (t) is with respect to the

full step time period.

Y sagittal
r (t)Y sagittal

l (t) = 0,

Zsagittal
r (t)Zsagittal

l (t) = 0,

Xsagittal
r (t) =


0, for 0 ≤ t < T liftl

−xstep
2

sin(ωs(t− T liftl )), for T liftl ≤ t < (T landl + tf )

−xstep
2

for (T landl + tf ) ≤ t < T
2

Xsagittal
l (t) =


0, for 0 ≤ t < (T liftl + tf )

xstep
4

[1− cos(ωf (t− T liftl − tf ))], for (T liftl + tf ) ≤ t < T landl

xstep
2

for T land ≤ t < T
2

(5.6)

For stopping the same trajectories are used with a 180◦ phase shift in the

sinusoids. The (Xl, Xr) of the foot placement trajectories with the sagittal

plane movement are shown in Fig. 5.9 where the half step walk starts

at time T and continuous walk begins at 1.5T . Positive values of xstep

relate to forward walking whereas negative values relate to backward

walking. Arm swing movements are incorporated to make the walk look

more realistic. Trajectories of the arm swing are in the opposite direction

of the respective foot trajectories.
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Figure 5.7: Foot placement trajectories for frontal plane movement

Figure 5.8: Joint trajectories for transverse plane movement

Figure 5.9: Foot placement trajectories for sagittal plane movement



140

5.2 Walk-Stepper Controller

The omnidirectional walking is parametrized as p ∈ { p = (xstep, ystep, θstep)

| pmin ≤ p ≤ pmax } where (xstep, ystep, θstep) are continuous values. As the

frequency of the lateral walk-oscillations is pre-determined and fixed, the

velocities of the walking can be defined as ṗ = (vx, vy, wz) (Fig. 5.10). A

walk-stepper controller is implemented to control the walking by regulat-

ing the step size for stability. The walk-stepper controller also determines

the appropriate instances for step size to change in accordance to the in-

put velocity commands (vx, vy, wz).

vx = fxstep,

vy = fystep,

wz = fθstep,

(5.7)

where f is the oscillating frequency.

5.2.1 Step Acceleration Control

The walk-stepper controller performs acceleration control by regulating

the rate of change of the step size applied. Step acceleration control is

adopted to minimize foot slip and sudden perturbations to maintain sta-

bility during fast dynamic walking. The step acceleration control regu-

lates by determining the next step size in accordance to the velocity com-

mands based on the current step size. A trapezoidal profile (Fig. 5.11)

is applied for the acceleration / deceleration control where the maximum

acceleration / deceleration for each movement is determined and tuned
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Arbitrary placement of the foot based on the input commanded velocities
in the frontal, sagittal and transverse plane. The dotted line denote the
physical link between the foot.

Figure 5.10: Omnidirectional walking

experimentally.

5.2.2 Concept of ’Master’ Foot

The concept of a ’master’ foot is used to determine the sequence and con-

ditions that facilitate the combination of the movements to be executed.

The ’master’ foot is defined as the foot which is lifted and placed in the

direction of the desired walk (Fig. 5.13). The ’master’ foot is determined

by the input velocity commands (vx, vy, wz) in the following order:

1. If vy is non-zero, the ’master’ foot is the foot of the direction of lateral

stepping. Consider the humanoid is commanded to side step to the

left (vy > 0), then the left foot is the ’master’ foot. The rotation of the

humanoid is solely facilitated by the ’master’ foot using foot inner

and outer turns (Fig.5.12).
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Maximum walking velocity and acceleration/deceleration is 0.4m/s and
0.3m/s2 respectively. The arrow indicates the instance at which the walk-
ing velocity command is sent to the walk-stepper controller. Based on the
acceleration profile, the walking velocity is determined and translated into
the step size. Change of walking velocity is regulated to ensure that there
is no abrupt change of velocity resulting in undesired dynamic forces being
generated.

Figure 5.11: Trapezoidal profile used for step acceleration control

2. If vy is zero and wz is non-zero, the ’master’ foot is the lifted foot

that facilitates a foot inner turn. A foot inner turn provides better

stability in comparison to the outer turn.

3. In all other situations, the ’master’ foot can be arbitrary selected to

facilitate a faster response.

5.3 Motion Steering Controller

Foot slip occurs when the foot sole loses traction with the walking surface.

When foot slips occurs, the motion control of the humanoid is severely de-

graded and it can lead to undesired motion behaviours such as instability.
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(a) Foot outer turn

(b) Foot inner turn

The support polygon formed in the frontal plane by an inner turn is larger
than an outer turn during double support phase (ankles are located nearer
the heel than the toes) which allows larger deviations of ZMP from optimal
and therefore, an inner turn provides better stability.

Figure 5.12: Foot placement of transverse plane movement

Foot slip is not detectable through forward kinematics. In biped locomo-

tion, foot slip occurs in the form of foot rotation (Fig. 5.14). In particular,

foot rotation occurs during the single support phases where the support-

ing foot rotates and therefore changing the course of the walk direction.

Solutions to reduce foot slip include the use of better traction material

and limiting the acceleration and decelerations. In this work, a motion

steering approach using rate gyroscope for feedback compensation is pre-

sented.

5.3.1 Motion Steering

The notion of motion steering is to compensate for foot slips to improve

the directional control of the walk. Motion steering is realized through

the use of sensory feedback. In this study, a rate gyroscope is used to

determine the amount of angular deviation for feedback compensation.

Motion steering attempts to correct not only angular deviations but also
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The placement of the ’master’ foot determines the directional control of the
walk.

Figure 5.13: Concept of ’master’ foot

displacement errors that are attributed due to error in angular velocity

(Fig. 5.15). The estimations of the displacement errors is computed based

on the angular error measured.

5.3.2 Step Displacement Estimation

The angular deviations of the humanoid is measured using a rate gyro-

scope mounted in the body. As instantaneous angular compensation for

humanoid is difficult due to the complex dynamics involved for stability, a

per step measurement method is used. Consider the scenario (Fig. 5.16)

where the walk starts at the double support phase ’A’ and is moving to

double support phase ’B’ based on the commanded velocities. At double

support phase ’B’, the amount of angular change (θmeasured) is measurable

using the rate-gyroscope. The estimated displacement (−→xyestimated) based
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Figure 5.14: Foot slip problem

on the angular change is given as:

−→xyestimated =
−→
L −
l −R(θmeasured)

−→
L +
l , (5.8)

where θmeasured is the measured angular change per step using the rate-

gyroscope.
−→
L −
l and

−→
L +
l are the positions of the support foot with respect to

the CoM expressed in vectors.
−→
L −
l and

−→
L +
l are obtained using the forward

kinematics of the joints. R is the rotational matrix that rotates the
−→
L −
l

with respect to the CoM in double support phase ’A’. Based on the step

displacement, the measured velocities of the step is given by ṗmeasured =

(fxyestimated, fθmeasured), where f is the oscillating frequency.
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(a) Angular compensation (b) Motion steering

Angular compensation does not correct the displacement errors in the walk
direction for the frontal and sagittal plane movements.

Figure 5.15: Compensation techniques for foot slip

θmeasured is the amount of angular change measured using the rate-
gyroscope and −→xyestimated is the displacement based on measure angular
change.

−→
L −
l and

−→
L +
l are the kinematic vectors with respect to the CoM.

Figure 5.16: Step displacement estimation
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5.3.3 Velocity Compensation

The motion steering controller tracks the displacement error and trans-

late the error into additional velocity commands for compensation. Con-

sider that pkmeasured and pkdesired is the measured and desired displacement

and angular position at step k respectively. The error,if any foot slip, is

given by:

pkerror = pkmeasured − pkdesired. (5.9)

The desired displacement and angular position at step k + 1 is computed

as:

pk+1
command =

ṗk+1
command

f
,

pk+1
desired = pkdesired + pk+1

command − p
k
error,

ṗk+1
desired = fpk+1

desired,

(5.10)

where ṗk+1
command is the velocity command for step k + 1, f is the oscillating

frequency and ṗk+1
desired is the desired velocity for the following step. ṗk+1

desired

is the compensated velocity output to the walk-stepper controller. pk+1
desired

is registered by the motion steering controller as the desired displace-

ment and angular position for the next step and used for computation.

This allows the motion controller to keep track of the error even when

the following step fails to compensate due to constraints enforced by the

walk-stepper controller.
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5.4 Simulations

The omnidirectional walk generator is simulated in the MATLAB / Simulink

and Autodesk Inventor Dynamic Simulation environment. Table 5.2 shows

the parameters used in the simulation. Dynamic walk is initiated after

the first oscillation cycle of lateral motion.

Table 5.2: Parameters for omnidirectional walk simulation
Parameter Value

Oscillating Frequency, f (Hz) 2.0
Oscillating Frequency, ω (rad/s) 12.566

CoM Lateral Shift Amplitude, A (rad) 0.0100
Desired Peak ZMP Amplitude, |py(peak)| (m) 0.0502

Foot Clearance (m) 0.025
Time Period for Foot Lift Motion (s) 0.06

Time Period for Foot Landing Motion (s) 0.06
Ground Contact Stiffness (N/mm) 2 x 103

Ground Contact Damping (N s/mm) 2 x 102

Commanded Frontal Speed (m/s) 0.02
Commanded Sagittal Speed (m/s) 0.08

Commanded Transverse Speed (rad/s) 0.13

5.4.1 Frontal, Sagittal and Transverse Plane Movements

The movements in the various planes are independently simulated by ap-

plying the respective step / rotation commands. Movements are generated

in real-time based on the time instances from the phase generator of the

lateral walk-oscillations generator.
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Variation in the foot trajectories for single and double support phases is
due to the phase generator to assert stability.

Figure 5.17: Foot trajectories for frontal plane movement

Figure 5.18: Real-time foot placement trajectories generated for frontal
plane movement
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Figure 5.19: Angular change during transverse plane movement

Figure 5.20: Real-time hip yaw joints trajectories generated for trans-
verse plane movement



151

Smaller step size during the initial phase of walking due to step accelera-
tion control by Walk-Stepper controller.

Figure 5.21: Foot trajectories for sagittal plane movement

Figure 5.22: Real-time foot placement trajectories generated for sagittal
plane movement
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Fig. 5.17 to Fig. 5.22 show the result outputs of the individual plane

movements generated in real-time for walking. It is seen that the foot

placement trajectories generated produce sustained walking gaits in the

various movements. The variations in the walking as observed in the foot

placement trajectories in the 3D plot is due to the dynamic time instances

generated by the phase generator within the lateral walk-oscillation gen-

erator.

5.4.2 OmniDirectional Walk

The generation of the omnidirectional walk is simulated by applying the

velocity commands in various plane at the same instance. The velocity

command ṗ = (0.08, 0.02, 0.13) is send to produce the omnidirectional

walk.

Figure 5.23: Foot trajectories for omnidirectional walk
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Figure 5.24: CoM and foot trajectories for omnidirectional walk

Figure 5.25: Real-time foot placement trajectories generated for omnidi-
rectional walk
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Fig. 5.23 and Fig. 5.24 show the trajectories of the CoM and foot in

the 3D space. The results show that sustainable omnidirectional walk-

ing gaits are produced by using the superposition theorem to combine the

various plane movements. The velocity command sent is constant which

should result in a perfect circular path as the humanoid is walking for-

ward, turning and side stepping at the same time. The distortion of the

perfect circular path is due to the initial acceleration required based on

the walk-stepper controller. The fairly repetitive foot placement trajecto-

ries (Fig. 5.25) generated in real-time highlight that the gaits produced is

consistent and sustainable.

5.5 Experiments

The real-time gait generation of omnidirectional walking is applied to the

REJr humanoid robot. The walk-stepper and motion steering controller

are implemented in the low level micro processor of the robot which op-

erates at 80MHz. Rate-gyroscope sensors mounted in the humanoid foot

are used to measure the ZMP at a sampling of 200Hz. A threshold filter

and Runge-Kutta filter is applied to the gyroscope readings. The joint ac-

tuators are commanded at a frequency of 50Hz. Position feedback of the

joints are obtained at the same frequency. The commanded walking ve-

locities are send wirelessly via a game controller. The parameters applied

for the experiment are shown in Table 5.3.
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Table 5.3: Parameters for omnidirectional walk experiment

Parameter Value
Oscillating Frequency, f (Hz) 2.0

Foot Clearance (m) 0.025
Time Period for Foot Lift Motion (s) 0.06

Time Period for Foot Landing Motion (s) 0.06

Table 5.4: Velocities and accelerations for omnidirectional walk
Parameter Value

Maximum Sagittal Velocity (m/s) 0.35
Maximum Frontal Velocity (m/s) 0.15

Maximum Transverse Velocity (rad/s) 0.54
Maximum Frontal Acceleration (m/s2) 0.20
Maximum Sagittal Acceleration (m/s2) 0.10

Maximum Transverse Acceleration (rad/s2) 0.18

5.5.1 Plane Movements

The humanoid is commanded to generate frontal, sagittal and transverse

movements separately on a carpeted surface (Fig. 5.26). The walk-stepper

controller is manually tuned to ensure that the walk produced is sustain-

able. Fig. 5.26 shows the frontal, sagittal and transverse plane movement

generated by the humanoid. The ability to produce sustainable walking

motion highlights that the real-time gait generation approach is effective.

The walking motions in the various planes are tuned experimentally by

modifying of the walk-stepper acceleration profile. Table 5.4 shows the

maximum walking speed and acceleration for the various plane move-

ments.
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(a) Frontal plane movement

(b) Sagittal plane movement

(c) Transverse plane movement

Figure 5.26: Walking movements

5.5.2 OmniDirectional Walk

The omnidirectional walk is implemented by combing the motions in vari-

ous planes. Fig. 5.27 shows the snapshots of the implemented walk on the

humanoid. The humanoid is moving forward, side stepping to the right

and turning to the left.
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Humanoid robot performing the frontal, sagittal and traverse plane move-
ment at the same time to achieve omnidirectional walking.

Figure 5.27: Omnidirectional walking
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The overhead camera above the walking field tracks the position and ori-
entation of the humanoid using the color markers mounted on the robot
head.

Figure 5.28: Color markers mounted on the humanoid head

The experimental results shows that the omnidirectional walk imple-

mented is successful. Parametrization of the walking is also achieved

with the walk-stepper controller.

5.5.3 Motion Steering

The motion steering controller is implemented on the humanoid. To mea-

sure the walk, a camera tracking system based on the RoboCup SmallSize

vision system [126] is used. A overhead camera tracks the movement of

the humanoid by the color marker mounted on the head of the humanoid
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Figure 5.29: Humanoid set on a circular path

(Fig.5.28). Two experiments are conducted on the humanoid. The first

is a straight line walk experiment where the humanoid accelerates from

rest to the commanded velocity in a straight line for 2 m. The second ex-

periment sets the humanoid on the circular path based on a fixed velocity

command (Fig. 5.29).

From the experimental results, it is observed that the humanoid with

motion steering is able to conform to the desired path better. In the

straight line experiment, the humanoid direction changed without mo-

tion steering whereas with motion steering, the humanoid is fairly able to

walk a straight path. In the circular path experiment, the humanoid with

motion steering attempts to conform to the desired path whereas with-

out motion steering the humanoid deviates away from the desired path

(Fig.5.30). Due to foot slip and possibly asymmetric hardware, the hu-

manoid in its nature can not conform well to the desired path. The prob-

lem of asymmetric hardware can be overcome by experimental calibration

whereas the degrading control effect of foot slip is erratic. Although the
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Figure 5.30: Captured movement of humanoid set on a circular path

humanoid without motion steering provides a much smoother and circu-

lar shape path, it deviates significantly from the desired path. This is

particularly undesirable in the case of memory-mapping of the walking

in humanoids for localization purposes. With motion steering, the con-

formation of the humanoid to the desired path improved. The inability to

fully conform to the desired path with motion steering is due to the limita-

tion enforced by the walk-stepper controller. The walk-stepper controller

limits the rate of change of foot step to ensure stability and, therefore,

instances where foot slip resulted in significant deviations which cannot
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Table 5.5: Velocities and accelerations for omnidirectional walk with mo-
tion steering

Without Motion With Motion
Parameter Steering Steering

Max. Sagittal Velocity (m/s) 0.35 0.40
Max. Frontal Velocity (m/s) 0.15 0.20

Max. Transverse Velocity (rad/s) 0.54 0.54
Max. Frontal Acceleration (m/s2) 0.20 0.30
Max. Sagittal Acceleration (m/s2) 0.10 0.12

Max. Transverse Acceleration (rad/s2) 0.18 0.18

be immediately compensated. Table shows the improved maximum veloc-

ities and accelerations for the plane movement with motion steering. The

experiments show that motion steering helps to improve the directional

control of the humanoid.

5.6 Conclusion

Real-time gait generation for omnidirectional walking is realized using

simple sine and cosine functions that generate the foot placement trajec-

tories in real-time. Based on the time instances dynamically generated by

the lateral walk-oscillations, omnidirectional walking gaits are produced.

A walk-stepper and motion steering controller is implemented. The walk-

stepper controller regulates and superimposes the foot placement trajec-

tories of various plane movements using a concept of a ’master’ foot. Mo-

tion steering based on rate-gyroscope feedback is used to enhanced the

directional control of the walk. The approach show successful results in

both simulations and experiments in generating omnidirectional walking

gaits.



Chapter 6

Compliant Control

The use of compliant control to improve biped locomotion has been studied

extensively in recent years [78, 81, 83–85, 87, 88]. Compliant control is

adopted to mimic the human muscles and tendons which can exercise

controlled flexibility within a certain range. This flexibility makes the

human walk versatile, dexterous and adaptable which in why researchers

wish to adopt compliant control to enhance biped locomotion ability.

Compliant control is realizable using compliant mechanism and mo-

tion compliance. Compliant mechanism utilizes properties of material to

achieve compliance. [79] proposed the use of compliant ankle joints us-

ing spring mechanism to provide good contact between the sole and the

ground, and for foot landing impact reduction. The effective use of toe

springs to facilitate running and hopping for biped robot is presented

in [78]. A simple and low-cost leg-foot compliant system is achieved by

combining visco-elastic material with metal [127]. Compliant mechanism

is also realized by coupling complaint material with actuators. [128] em-

ploys ideas from both the active-actuated biped robot legs and the passive

162



163

dynamic walkers in the design of humanoid biped walking robot legs to-

wards natural walking. However it is noted that the use of compliant

material can induce undesired oscillations and disturb stability [129].

Motion compliant is realized by applying the control paradigm that

produces motion exhibiting compliant characteristics such as a virtual

spring-damper system. In [116] and [88], compliance is utilized to im-

prove the quality of walk through the reduction of landing impact. The

handling of dynamic walking environment is the key focus in many of the

works on compliant motion in biped robots [82–85]. Robust walking con-

trol algorithm based on compliant control to handle uneven terrain has

been reported in [86–88].

In this chapter, compliance is applied to the knees of a humanoid by con-

figuring the parameters of the actuators. The compliant knees reduce the

foot landing impact. The ground reaction force is estimated from the knee

depression. For reduction of foot landing impact, a stiffness controller

based on sensory feedback using the torso angular tilt of the humanoid

is proposed. Estimation of the ground reaction forces is presented by uti-

lizing the depression in the compliant knee joints and the readings of the

accelerometers mounted on the humanoid body. The compliant joints in

the ankle leads to saving in energy by under-actuating of the ankle roll

joint during lateral walk-oscillations. The under-actuation of the knee

joints leads to variable foot-step period which in turn leads to variation in

walking frequency.

In section 6.1, the realization of compliant joints in the knee is pre-

sented. Section 6.2 describes the stiffness control used for reducing foot
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landing impact. Section 6.3 discusses the estimation of the ground reac-

tion forces with the help of the compliant joints and accelerometers. The

energy-saving scheme is presented in Section 6.4. Section 6.5 concludes

the chapter.

6.1 Compliant Knee Joints

In this work, the concept of compliant control is applied to the knee joints

of the humanoid. Rather than using compliant mechanism which has

the possibility of introducing uncontrollability [130], motion control based

compliance is utilized.

6.1.1 Compliant Motion using Torque Control

Motion control based compliance is realized by manipulating the control

of the knee joints. Considering the torque applied for the position control

by the actuators in the knee is modelled as a proportional - derivative

(PD) controller given by:

τ = −kp(θ − θref )− kv(θ̇ − θ̇ref ) + τdist, (6.1)

where θ, θref , θ̇ and θ̇ref are the current and reference positions and veloc-

ities. kp and kv are the gains of the PD controller and τdist is the torque

disturbance that is un-modelled or unknown. Assuming that τdist is small,

the torque applied is expressed as a torsional spring and damper system

where the gains, kp and kv, are the spring constant and damping coef-

ficient respectively. The knee actuators are realized as compliant joints

(torsional spring and damper system) where the stiffness and damping of
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Figure 6.1: Spring-damper compliant knee joint

the joint is determined by the PD control gains (Fig. 6.1).

6.1.2 Stiffness and Damping Coefficients

The compliant joint is a position control system for actuation. To prevent

the introduction of unwanted oscillations and vibrations, the critically

damping of the compliant joint is desirable (damping ratio = 1). A crit-

ically damped spring-damper system returns to equilibrium as quickly as

possible without oscillations. The stiffness and damping of the complaint

joint is determined by:

ζ = 1,

=
kv

2
√
mkp

,

kv = 2
√
mkp,

(6.2)
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Figure 6.2: Servo control parameter kstretch1 > kstretch2 [4]

where m is the mass of the load and ζ is the damping ratio. The gains

of the PD controller are selected to ensure that the system is critically

damped. With critically damped compliant joint, the controller parameter

to decide is kv or kp (6.2). This parameter is to be translated to the actuator

control parameter.

6.1.3 Translating to Actuator Control Parameter

The actuators utilized are digital servos with position control. The control

gains of the servo are configured to model the PD torque controller for

compliant control. Particularly of interest is the control gain parameter

that determines the amount of the power applied. The control parameter
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in relation to the power (Fig. 6.2)is given as:

P =



0, for θerror < θthreshold

kstretch(θerror), for θerror ≥ Pthreshold

and P < Pmax,

pmax, otherwise

(6.3)

where kstretch is the adjustable control parameter of interest in the servo.

Pmax is the maximum power rating of the servo and θthreshold is the min-

imum error threshold above which the power is delivered. As power re-

lates to torque and velocity (P = τ θ̇), the parameter kstretch relates to the

gain by which the torque is supplied for actuation and is assumed to be

equivalent to kp. Experimental testing shows that the assumption is rea-

sonable as the servo is able to exhibit stiffness characteristic of a compli-

ant joint by adjusting kstretch. Based on the maximum holding torque of

the servo and from experiments, it is determined that the maximum and

minimum stiffness are approximately 1103 Nm/rad and 8.689 Nm/rad re-

spectively. It is noted that the servo does not allow a configuration where

it can produce underdamped or undamped characteristic. kstretch is a inte-

ger value ranging from 1 to 127 where 1 and 127 produce the minimum

and maximum stiffness respectively. As such, kp and kv are step values

of kstretch. Compliance of the knee is determined by the parameter, kstretch.

The servo actuators in the knees of the humanoid are realized as compli-

ant joints (Fig. 6.3).
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Figure 6.3: Compliant knee reacting to a force from the top

6.2 Foot Landing Impact Reduction

Impulsive forces are generated during foot landing which can cause insta-

bility to the humanoid during walking. Significant contact reaction forces

are generated when the foot lands early and the foot strongly pushes down

on the floor with large impact. This large impact creates a ’bounce’ ef-

fect and introduces vibrations to the humanoid affecting stability. In this

work, compliant knees are used for reducing the foot landing impact to

enhance biped walking.

6.2.1 Foot and Ground Contact Model

The contacts between the humanoid foot and the ground are modelled as

spring-damper interaction [87] (Fig. 6.4). The vertical ground reaction
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Figure 6.4: Spring-damper contact model

force is computed as:

Fgz = max(0,−Kcz − Cċzf(−cz)),

f(z) =


1, for 0.01 < z

100z, for 0 ≤ z ≤ 0.01

0, for z < 0

(6.4)

where Fgz is the vertical ground reaction force, cz and ċz are the position

and velocity, K is the stiffness constant and C is the damping constant.

No force is exerted when cz is greater than zero. Contact forces are gen-

erated in two ways; when the foot ’penetrates’ the ground giving z < 0

or when the velocity upon impact is non-zero. In high stiffness mate-

rial, penetration is minimum but the slightest penetration will result in

large reaction forces being generated whereas in low stiffness material,

the penetration will be larger but as the coefficient is small, smaller reac-

tion force is generated. Hence, deformative material exhibiting low stiff-

ness properties, such as foam and cushion, are often used for mechanical

shock absorption in reducing landing impact.
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Figure 6.5: Virtual spring-damper system

6.2.2 Virtual Spring-Damper System

The compliant knee joints presented in Section 6.1 can be described as a

virtual spring-damper system installed between the hips and the ankle.

Using the parallel crank mechanism installed in the knee, the virtual

spring-damper system with controllable stiffness is used to reduce the

landing impact.

Figure 6.6: Foot landing impact experiment



171

Based on the foot and ground contact model, reaction forces are gen-

erated when the foot touches the ground with non-zero velocity and this

describes the situation when the foot lands early. The problem is over-

come by rapid modification of the hip vertical height to absorb the land-

ing impact. This is achieved by applying an appropriate stiffness to the

virtual spring-damper system. Using the force sensors mounted in the

humanoid foot, an experiment is conduced to measure the ground reac-

tion forces generated with various settings of stiffness executing the foot

landing motion on a carpeted surface. The height of the hip is mounted

at the standing posture (Fig. 6.6). Fig. 6.7 shows the results of the mea-

sured ground reaction forces with various stiffness coefficients. The re-

sult shows that with lower stiffness the impulse ground reaction force

is reduced. However, if the stiffness is too low, oscillations are induced.

Stiffness (kp) values of less than 260.55 Nm/rad are too low and cannot

facilitate the foot lift and landing motion. Experiments (Fig. 6.7) shows

that by applying a lower stiffness to the virtual spring-damper system

(compliant knee joints) can reduce the landing impact. The stiffness coef-

ficient of 434.3 Nm/rad is applied to the compliant knee joints to generate

lateral walk-oscillations. The motion of the humanoid is observed to be

smoother but with an increased tilting of the body in the frontal plane.

Impact reduction is realized using the compliant knee joints without the

need of force sensing devices.

6.2.3 Stiffness Control using Angular Tilt Measurement

Using the inertia measurement unit and Kalman filter, the angular tilt of

the body in the frontal plane is measured with and without the compliant
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Figure 6.7: Stiffness versus ground reaction force

joints to validate the observation made in section 6.2.2. Fig. 6.8 shows the

angular tilt of the humanoid in the frontal plane measured during lateral

walk-oscillations with and without the compliant joints. The result show

that the angular tilt of the body becomes smoother with the compliant

knee joints which likely explains the smoother motion observed. However,

there is an increase in the amount of body tilting (Fig. 6.9).

The forces acting on the two knees changes when the CoM shifts later-

ally towards the supporting foot during double support phase, this results

in unequal depression of the compliant joints. The phenomena becomes

more apparent when lower stiffness is applied as lower stiffness creates

a greater amount of depression for the same force exerted. This leads to

tilted hip and in turn leads to undesired tilting of the humanoid in the

frontal plane (Fig. 6.10). A simple solution is to apply the lower stiffness
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Figure 6.8: Angular tilt in the frontal plane with and without compliant
knee joints

only during foot landing. However, instantaneous transitions from low

stiffness to high stiffness can lead to sudden jerks in the motion and to

determine the time instance for such transition is difficult. To address the

issue, a stiffness controller is proposed to vary the compliance of the knee

joints dynamically.

The notion of the stiffness controller is to allow the use of low stiffness

while eliminating unequal knee depression and transition issues. The

stiffness controller divides the control into the single and double support

phases. It is assumed that the humanoid starts in the single support

phase. A high stiffness coefficient ksupport, equivalent to having no or little

compliance, is first applied to the knee of the supporting foot whereas

a low stiffness kimpact sufficient to facilitate foot lift and landing motion,

and, for impact reduction is applied to the lifted foot. Upon foot landing,
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Figure 6.9: Snapshot of unequal hip height phenomena

rather than immediately applying ksupport to the landed foot’s knee, the

proportional-derivative (PD) controller takes ownership and governs the

stiffness kcontrol applied. The PD controller performs a balancing act where

it attempts to match the vertical height of the landed foot’s side of the hip

to that of the supporting foot hip side. To determine whether the hips are

levelled, the angular tilt of the humanoid in the frontal plane is used as

the reference input of the PD controller. The PD controller is implemented

as follows:

kcontrol = kpθy + kdθ̇y, (6.5)

where kp and k − d are the controller gains. θy and θ̇y are the angular

tilt and velocity of the body in frontal plane. The angular tilt and veloc-

ity is measured using the inertia measurement unit sensors mounted in



175

Figure 6.10: Resultant tilt due to unequal depression in compliant knees

the body described in Chapter 2. The controller gains are tuned exper-

imentally where the gains are adjusted to minimize the frontal angular

tilting as much as possible without inducing undesired oscillations. As

lateral shifting continue in which the CoM returns to the center, kcontrol is

increased to ksupport. The controller takes control over the stiffness of the

supporting foot, which is intended to be lifted, whereas the other foot is

applied with ksupport stiffness. The controller releases the control upon foot

lifting and kimpact is applied to the lifted foot. Fig. 6.12 shows the frontal

plane angular tilt applying compliant knee joints with stiffness control.

Fig. 6.13 shows the stiffness control system.

6.3 Estimation of Center of Pressure using
Accelerometers and Compliant Joints

The humanoid has a total of 8 force sensors in the foot sole for ground re-

action forces sensing to determine the CoP. These force sensors requires
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The stiffness of the knee is dynamically adjusted to minimize the amount
of undesired angular tilt during double support phase.

Figure 6.11: Stiffness control

Figure 6.12: Angular tilt in the frontal plane with compliant knee joints
and stiffness control

additional hardware such as power source, connections cable and cus-

tomized foot mechanism installation. The approach is to eliminate the

use of force sensors to minimize hardware dependency while maintaining

the ability to infer the CoP. In this work, the accelerometers and compli-

ant knee joints are used to infer the CMP.

6.3.1 Vertical Ground Reaction Force Estimation us-
ing Compliant Joints

Consider that the compliant knee joint is driving a load connected by a

massless link in a particular plane with a force exerted on the load (Fig.
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Figure 6.13: Stiffness control system

6.14). Motion equations of the system is given by:

kp(θ − θref ) + kv(θ̇ − θ̇ref ) +ml2θ̈ + lFm sin(θ) = 0, (6.6)

where Fm is the force acting on the system, θref is the reference position

of the control system, kp and kv are the stiffness and damping coefficients,

and, m is the mass of the load. θ, θ̇ and θ̈ are the angular position, velocity

and acceleration. Rearranging (6.6), the force acting on the system is

given by:

Fm = −kp(θ − θref ) + kv(θ̇ − θ̇ref ) +ml2θ̈

l sin(θ)
. (6.7)

As θ, θ̇ and θ̈ are measurable from the position feedback of the actuator,

the force F exerted on the system is also measurable. The compliant knee

joint therefore acts like a force measurement sensor.

The exerted force on the complaint knees is a force projection between

the hip and the ankle (Fig. 6.15). Considering that the mass above

the knees is much larger in comparison to that of below the knees, the

force projected can be assumed as a vector estimation of the total vertical

ground reaction forces acting on the system given by:

Fgz = −Fm cos(θankle−roll) cos(θankle−pitch), (6.8)

where F is the measured force from the compliant joint, Fgz is the vertical

ground reaction force, and, θankle−roll and θankle−pitch is the roll and pitch
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θref is the reference position, θ is the angular position, l is the length of the
link, τ is the torque acting on the system, Fm is the force acting downwards
on the load, and, kp and kv are the stiffness and damping coefficients of the
complaint joint.

Figure 6.14: Compliant knee joint with load

joint angles of the ankle respectively. Equating (6.7) into (6.8), the vertical

ground reaction force is given by:

Fgz =
kp(θ − θref ) + kv(θ̇ − θ̇ref ) +ml2θ̈

l sin(θ)
cos(θankle−roll) cos(θankle−pitch). (6.9)

Fig. 6.16 shows the ground reaction force measured using force sensors

and the compliant knee joints. The discrete readings of the force sensed

by the compliant knee joints is due to the sampling rate of the actuators

(50 Hertz). The estimated vertical ground reaction force is used to infer

the CoP.
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Fg is the vertical ground reaction force, Fm is the projected and measured
ground reaction force with respect to Fg between the hip and the ankle.
Xf , Yf , Zf are the forces acting at the ankle.

Figure 6.15: Force projection and ground reaction force vector

6.3.2 Computation of Center of Pressure (CoP) using
Accelerometers

The humanoid has accelerometers mounted in the body to measure the

linear displacement acceleration in the frontal and sagittal directions.

In Chapter 2, a Kalman filter with acceleration bias correction is pre-

sented that eliminates false acceleration readings due to angular tilting.

The center of pressure (CoP) is the point on the ground where the re-

sultant of the ground reaction force acts. When no horizontal moment

acting about the body’s CoM, the CoP coincides with the Centroidal Mo-

ment Pivot (CMP) [37] (Fig. 6.17). The ground reaction force is the cross

product of the horizontal and vertical forces acting on the CoM. Assuming



180

Figure 6.16: Force measured by force sensor and compliant knee joint

that the force exerted on the humanoid body is equivalent to that exerted

on the CoM, the horizontal ground reaction forces are given by:

Fgx = m ˆ̈XRobot,

Fgy = m ˆ̈YRobot,

(6.10)

where ˆ̈XRobot and ˆ̈YRobot are the sagittal and frontal accelerations of the

CoM, and, m is the mass. The CMP location in terms of the CoM position

[35] is given as:

xCMP = xCoM −
Fgx
Fgz

zCoM ,

yCMP = yCoM −
Fgy
Fgz

zCoM ,

(6.11)
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where (xCoM , yCoM ,zCoM ) is the position of the CoM in the Cartesian co-

ordinate. Fgx, Fgy and Fgz are the ground reaction forces. Fgx and Fgy are

measurable from the accelerometers and Fgz is obtained by the compliant

joints. The CMP is used to infer the CoP. However, in practice, accelerom-

eter readings are noisy. Inferring of information from the accelerometer

readings is non-trivial where the use of observer and filters can introduce

time lag [93,131]. Experimentations are used to strike a balance between

the time lag and the noisy sensors reading. Fig. 6.18 shows the esti-

mation of the CoP using the accelerometer readings and compliant joints

obtained experimentally. The quantized trajectory is due to the low sam-

pling rate (50 Hertz) of the compliant joint force measurement due to the

commanding of the actuators. Further improvement work are required to

make the estimation of the CoP suitable for better utilization. Conclud-

ing work on the estimation of the CoP did not totally materialize as the

noisy reading from the accelerometer is difficult to utilize [93, 131]. Fur-

ther research in the field of signal processing or sensor fusion is required

to address the same. Nevertheless, the work on the estimation of the CoP

serves as a demonstration on how the novel approach, using compliant

joints for ground reaction force sensing, can be applied and highlighted

future research work that can be done in compliant control.

6.4 Energy Saving using Under-Actuation

In this section, a method of under-actuation of the roll ankle joint dur-

ing the single support phase is presented to conserve energy during lat-

eral walk-oscillation. The method adopts the concept of passive-dynamics

where momentum and inertia are used. The humanoid utilizes its own
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Fg is the ground reaction force, a is the horizontal acceleration of the CoM,
g is acceleration due to gravity, m is the mass of the CoM. HCoM is the body
angular momentum.

Figure 6.17: Centroidal Moment Pivot (CMP)

momentum to return from the single support phase (Fig. 6.19).

6.4.1 Under-Actuation of Ankle Roll Joint

The under-actuation of the joint is realized by ’freeing’ the actuator in the

roll joint of the ankle in the supporting foot. It is noted that the ’freeing’ of

the actuator is different from having the lowest stiffness in the actuator.

Due to the friction in the gearing, the freed actuator does not swing freely

like a passive joint. The freed actuator exhibit characteristic of a damped

oscillator. For ease of implementation, the model of the freed actuator is

determined experimentally. Table 6.1 shows the characteristic of the freed

actuator determined experimentally . However, if the humanoid body is
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Figure 6.18: Center of Pressure (CoP) computed using accelerometer and
compliant joint

allowed to fall freely, the hip of the lifted foot falls in the direction of the

return (Fig. 6.20). To overcome this issue, during the period of under-

actuation, the ankle roll joint (Fig. 6.21) of the supporting foot and the

hip roll joints are commanded with under-actuated joint trajectories as

follows:

θ12 = θ11 = θ2 = θ1,when θ1 is under-actuated

θ12 = θ11 = θ1 = θ2,when θ2 is under-actuated

(6.12)

Angular joints computed using inverse kinematic from the lateral walk-

oscillation generator are over-written by the joints trajectories with under-

actuation. Modifications are made to the phase generator within the lat-

eral walk-oscillation generator.
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Figure 6.19: Under-actuation for energy saving

Table 6.1: Characteristic of the freed actuator surface
Parameter Values

Un-damped Natural Frequency, wd (rad/s) 5.342
Damping Ratio, ζ 0.5222

6.4.2 Phase Tracking and Modified Oscillation Cycle

In Chapter 3, the generation of the offline gaits is based on predetermined

oscillation frequency. With the introduction of under-actuation, the tim-

ing of the single support to double support phase possesses a certain de-

gree of uncertainty. The phase generator tracks the single and double

support phases. Based on the functions of the phase generator, the under-

actuated phase is introduce as a special case of the single support phase.

The phase occurs when the CoM is swinging laterally to the extreme and

ending when the lifted foot lands (Fig. 6.22. During this phase, the apply-

ing of the joint trajectories given by (6.12) is the only change that occurs

in principle. However, the time period of the under-actuation can vary in

which the time for foot landing can be increased or decreased based on the
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Figure 6.20: Falling of the lifted foot’s hip

desired CoP. As such, there is a conflicting issue as depending on the dif-

ference between the walk oscillating frequency and the under-actuation

damped frequency, the desired CoP might be drastically different. To

overcome this issue, the phase generator is modified not to track the CoP

for the bound (Chapter 4) given by:

yland = A(1 +
ω2

ω2
n

) sin(ω(0.5T − Tland)). (6.13)

Instead, the bound is translated into the roll ankle joint in which the

phase generator tracks the angular joint of the under-actuated ankle for

determining the foot landing time instance. With the modified phase gen-

erator, the walk oscillates at a dynamic frequency.

6.4.3 Energy-Saving Measurement

The energy-saving scheme is implemented on the humanoid and an exper-

iment is conducted to evaluate the effectiveness. The humanoid executes

lateral walk-oscillation at two different frequencies, the desired walking

frequency at 2 Hertz and the damped natural frequency of the freed ac-

tuator at 0.85 Hertz. In each oscillating frequency, a total of 20 trials
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Figure 6.21: Roll joints of the ankle and hip

Table 6.2: Average voltage drop measured for 20 trials

Parameter At 2Hz At 0.85 Hz At 2Hz At 0.85 Hz
w/o scheme w/o scheme w/ scheme w/ scheme

Avg. Volt. Drop. 0.647 v 0.455 v 0.619 v 0.378 v

are conducted. The humanoid runs on lithium polymer batteries which

can provide up to 25 minutes of operation. At the beginning of each trial,

the voltage is recorded and then the humanoid is set to oscillate for 10

minutes. Upon 10 minutes, the voltage of the battery is recorded again

and the trial ends. The trial measures the amount of power consumed for

providing 10 minutes of lateral walk-oscillations (Table 6.2). The result

shows that the scheme is more effective if the humanoid is oscillating at

the damped natural frequency of 0.85 Hertz.
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The under-actuated phase occurs when the body is swaying back from the
single support phase at the extremes to the double support phase.

Figure 6.22: Under-actuated phase

6.5 Conclusion

In this chapter, the use of compliant control implemented on the hu-

manoid REJr is presented and discussed. Compliant control is applied to

the knee joints of the humanoid and translated to the actuator parameter.

The compliant knee joints are used for foot landing impact reduction and

the estimation of the vertical ground reaction forces. The compliant knee

joints act like a virtual spring-damper system installed between the ankle

and the hip for shock absorption by applying low stiffness coefficient. A

stiffness controller is proposed and implemented to eliminate the unequal
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knee depression, and for a smooth transition from high to low stiffness to

better facilitate the foot landing impact motion. A method of measuring

the center of pressure (CoP) without explicit sensing is proposed. Utiliz-

ing force reading capability in the compliant joint and noisy accelerometer

readings, the CoP is inferred from CMP. The use of under-actuation for

energy-saving is realized through phase tracking. Experimental results

show that the energy consumption is lower if the humanoid oscillates at

the natural damped frequency of the under-actuated joints for smoother

motion.



Chapter 7

Conclusion

7.1 Implemented Work

The research carried out on dynamic walking in this thesis is imple-

mented on the humanoid robot ’REJr’. REJr actively participates in the

KidSize Humanoid Soccer League competition at the annual robotics event,

RoboCup. The work is successfully demonstrated during the competition

where REJr has proofed to be one of the faster walking robots in the com-

petition (2011). Part of the work in the thesis, lateral walk-oscillations

and omnidirectional walking, is generalized and have been applied to a

larger size humanoid, ’Robo-Erectus Senior’ (RESr) which participate in

the AdultSize category of the soccer league competition. Success of the

implemented work is highlighted when the RESr won the 1st runner-up

for the AdultSize soccer league competition consecutively for 2 years, 2010

and 2011.

189
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7.2 Summing Up

In this thesis, the work done on biped locomotion for a small size hu-

manoid robot is presented. The aims for the research is to formulate an

approach that provides a simple and effective dynamic walking gait gener-

ation for humanoid robot. Using a practical approach, the work presented

addresses physical real system problem through theoretical studies, sim-

ulations and experimentations.

The first part of the thesis introduces the work done in the develop-

ment of a small size humanoid robot, Robo-Erectus Junior (REJr). REJr

is a 22 degree-of-freedoms (DOFs) humanoid robot. The humanoid adopts

the double parallel crank mechanism for actuation in the legs which pro-

vided redundancy in the DOFs for simplification of the inverse kinematic

through the decoupling of motion. A closed-loop control architecture is

implemented in the humanoid with various feedback sensors utilized for

the gait generation of dynamic walking. Appropriate filters are applied

with the necessary computations to make full use of the sensors equipped

on-board.

In this research work, the dynamic walking motion is decoupled into 1©

lateral walk-oscillations and 2© omn-directional walking. An offline gait

generation of lateral walk-oscillations is presented and discussed. Using

sinusoidal reference foot trajectories, stable lateral motion are generated

using the linear inverted pendulum model (LIPM) based on the Zero Mo-

ment Point (ZMP) criterion. The lateral walk-oscillations are generated
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from the ZMP trajectory in lateral motion. The influence of walking en-

vironment disturbance and limitation of the offline gait generation ap-

proach are studied through simulations. The proposed approach is suc-

cessfully implemented on the humanoid REJr. Experimentation suggests

that the use of the LIPM for reduced complexity and computation in de-

signing the reference gait for lateral walk-oscillations is suitable. Imple-

mentation work on the humanoid shows that the offline gait generation

of lateral walk-oscillations is viable.

The work on offline gait generation of lateral walk-oscillations is fur-

ther extended. An online gait generation approach to produce sustaining

lateral walk-oscillation online is presented. An offline gait reference with

online feedback compensation approach is used for gait generation. ZMP

based tracking and compensation control technique are applied and real-

ized using a two-stage compensation system. The two-stage compensation

system comprises of a lateral shift amplitude controller that corrects the

shift amplitude after every oscillation and a real-time ZMP compensator

that eliminates ZMP deviations within the oscillation cycle. A phase gen-

erator is incorporated to dynamically generate the time instances for the

single and double support phases. The phase generator asserts stabil-

ity for single to double support or vice versa transitions. The online gait

generation approach is verified using simulation and through experimen-

tation. Results show that the approach is able to produce sustainable

lateral walk-oscillation even when subjected to walking environment dis-

turbances.

The omnidirectional gait for dynamic walking is generated in real-time.

The omnidirectional walking is decoupled into movement in the frontal,
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sagittal and transverse plane. In each plane movement, sine and cosine

functions are used to interpolate the motion for the desired direction of

walk based on the dynamic time instances generated by the phase gener-

ator within the lateral walk-oscillation generator. Foot placement trajec-

tories generated for the various plane movements are superimposed with

the lateral walk-oscillations to produce omnidirectional walking. A walk-

stepper controller is implemented to regulate the step size to generate

sustainable dynamic walk. The concept of the ’master’ foot is proposed

to overcome the issues related to the superimposing of the plane move-

ments. Improved directional control of the dynamic walk is achieved with

the use of a motion steering controller. The controller determines the dis-

placement and angular error due to foot slip during walking. The success

of the approach is highlighted and demonstrated in simulation and im-

plementation to produce sustainable dynamic walking.

Motion based compliance is introduced to improve the quality of the

walking motion. Compliant control is applied to the knee joints of the

humanoid and translated to actuator control parameter. Like a virtual

spring-damper system installed between the hips and ankle, the compli-

ant joint is utilized to reduce the landing impact of the foot. Experimen-

tation shows that low stiffness can reduce landing impact but ill effects

such as undesired tilting of the humanoid body during double support

phase and jerky motion due to sudden change of stiffness are induced. A

stiffness control based on the angular tilting of the body is implemented

to vary the stiffness accordingly. Vertical ground reaction force sensing

is realized by the measurement of the depression of the compliant knee

joints. Coupled with accelerometer data, a method to infer the Center
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of Pressure (CoP) without explicit sensing is proposed. A energy-saving

scheme is devised to capitalise on the natural dynamics of the system us-

ing under-actuation of the ankle roll joints. Experimentation show that

the scheme has its merit and drawback.

In summing up, the thesis’s contributions to the field of robotics in biped

gait generation are as follows:

1. A simplified bipedal model (LIPM) and simple sinusoidal functions

are used to generate stable walk-oscillations in simulation and ex-

periment.

2. ZMP compensation is realized solely by manipulating a single pa-

rameter in the lateral motion using a designed two stage ZMP com-

pensation system.

3. The need for ZMP prediction is eliminated by asserting stability dur-

ing support phase transitions.

4. The complexity involved in biped gait generation is addressed by

using simple and computational inexpensive solutions by decoupling

dynamic walking into independent motions.

5. Compliant joints are realized without the need of additional hard-

ware and mechanism, or extensive control algorithms using com-

mercial servos.

6. Compliant joints are applied for ground reaction forces measure-

ment without explicit sensing devices.
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7.3 Future Direction

Several refinements and extensions of the presented work are conceiv-

able. The two-stage compensation in Chapter 4 can be extend to handle

other terrains such as inclination surfaces. This can be achieved by in-

corporating the stiffness control in Chapter 6 where the system actually

performs a balancing act of matching the height of the hips. Better con-

trol can be used to reinforce the stability of the omnidirectional walk.

The possibility of introducing an upright postural controller [30] could

improve and increase the amount of sagittal movement speed.

In conclusion, this thesis is drawn upon a practical approach where

much of the focus is on feasible and simple implementable solutions. Prob-

lems are formulated and simplified based on certain assumptions.
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