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Abstract

Humanoid biped robots are typically complex in design, having numerous degrees-
of-freedom (DOF) due to the ambitious goal of mimicking the human gait.

This thesis describes a walking control algorithm for the stable walking of a lower-
limb exoskeletons of a fifteen DOF (six for each leg and three for the support point).
First of all, the gait locomotion, the human foot and the zero moment point (ZMP)
get studied from an anatomical and kinesiological point of view.

Input variables are imported from the big dataset of the University of Dallas. These
are used for the computation of ZMP and, according to the Linear Inverted Pendu-
lum Model (LIPM), the COG pattern is generated. Consequently, an estimation
algorithm is used to fit the calculated trajectories and the joint angles going from
a dataset to a kinematic model.

Considering the study of kinematic model, this work will be used for the interaction
with the patient and it will take place by controlling the motors of the joints
through electromyographic signals measured by the muscles of the legs and the
torso.

Moreover, it will be possible to create an exoskeleton adding an online analysis of
the EMG signals through deep-learning, where the patient can close the control
loop through his/her movements.



Summary

After a brief introduction there are two macro part. A theoretical part that performs
an analysis of the gait kinematics aimed at the evaluation of main features of the
walk and a simulation part that shows, after all, the human walk of the exoskeleton
on a software.

Theoretical Part

e The First Chapter is an introduction to the history of the walking robots
where is explained the periods of innovation of the wearable device for the
rehabilitation.

o The Second Chapter which provide the study of gait biomechanics and kinemat-
ics, by introducing the analysis of the human foot, providing the fundamentals
for the design of a kinematic model and finally showing an overview of the
stability criteria that talks about ZMP and LIPM.

e The Third Chapter shows the instrumentation and the best option for the
evaluation.

e The Fourth Chapter provides the creation, step by step, of each element of
the exoskeleton through SketchUp and OnShape.

Simulation Part

o The Fifth Chapter describes the experimental datasets used in the various
tests.

o The Sizth Chapter offers a report on analysis of the experimental information,
and explains the processes of generating ZMP, foot and CoM trajectories from
data processing, according to the LIPM model. Then is illustrated the model
that simulated the human walk with the trajectiories generated above.

o The Seventh Chapter shows another simulation of a different model, explained
in Chapter 3, with flat-foot on CoppeliaSim.
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The research has been realised cooperatively with my colleague Michela Rosati. In
particular, the study of Chapter 1, Chapter 2, Chapter 3 was done together; the
study of Chapter 5 and Chapter 6 was done by me; the study of Chapter 4 and
Chapter 7 was done by my colleague.

The report concludes with a chapter in which the results of the experiments are
reviewed and are explained the future works.
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Introduction

0.1 Objectives

The objectives of this research develop:
1. A study of the kinematics of humanoid robots.
2. A study of gait locomotion.
3. A study of gait control algorithm.
4. Stable walking patterns for humanoid robots.

1. A study of the kinematics of humanoid robots

To introduce humanoid robot mobility, many aspects should be taken into account.
Some of them do not include the field of gravity or forces of inertia. These aspects
are related to the number of joints and joint motion ranges for reaching any local or
global goal. Furthermore, the motion planning is constrained to physical velocity
limits of the actuators, so the suitable kinematics model must be developed. This
model computes the joint pattern references (position and velocity) of the control
system.

2. A study of gait locomotion

The word "gait" has various meanings, for example (as selected from a dictionary):
" A particular way or manner of moving on foot".

It is clear that its meaning is suitable for studying humanoid robot gait locomotion.
It is been confirmed that the human gait develops a stable walking pattern. The
passive walkers make a walking motion under the field of gravity and the swing
foot like the human one. The main characteristic of the swing foot motion is that
it falls down from the effect of gravity.

Otherwise, gait stability is controlled by center of gravity (COG) motion. Studies
of biomechanics demonstrates that, when the human walks, the human center of
gravity follows the laws of motion of the inverted pendulum. That way stable gait is
obtained, because the COG is concentrated near the support foot during the swing
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Introduction

motion, and the COG quickly changes its position during the change of support foot.

3. A study of gait control algorithm

The gait control algorithms proposed by a few researchers, after about fifteen years
of research, such as by HONDA Mo. Co. Ltd., are the reference for the next
humanoid robot prototypes. This kind of research introduces an algorithm based
on human gait control. This research proposed this control loop: the Zero Moment
Point (ZMP) control.

A method of generating a highly stable, smooth walking pattern is presented. By
combining the proposed offline walking pattern with real-time modification, the
biped robot can walk smoothly and adapt to unknown environments.

4. Stable walking patterns for humanoid robots
Many walking pattern generation methods are studied in order to obtain stable
humanoid robot walking motion. When it is not possible to be applied in real time
some of them deal with the distributed mass model due to the high complexity of
the multibody dynamics [1], [2]. Other methods deal with the mass concentrated
models, which could be applied in real time because the whole body dynamics
are simplified to one mass motion in space under the field of gravity. The mass
concentrated models for generating dynamics and stable walking pattern of hu-
manoid robots are selected. They are: "Three dimensional Inverted Pendulum
Model, (3D-LIPM)" [3]. These models are successfully tested on the Rh-1 humanoid
robot platform. Otherwise, the new walking pattern generation method in order
to generate an "acyclic gait" is proposed and successfully tested in the HRP-2
humanoid robot platform, currently the most advanced humanoid robot platform.
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Theoretical Part



Chapter 1

History of walking robots

1.1 Walking Robots

In recent years, several efforts of the robotics community have focused on developing
bio-inspired robots, particularly in humanoid biped robots. Many studies on biped
walking robots have been performed since 1970. During that period, biped walking
robots have transformed into biped humanoid robots through the technological
development.

Furthermore, the biped humanoid robot has become a one of representative research
topics in the intelligent robot research society. Many researchers anticipate that
the humanoid robot industry will be the industry leader of the 21st century and
we eventually enter an era of one robot in every home. The strong focus on biped
humanoid robots stems from a long-standing desire for human-like robot that is
desirable for coexistence in a human-robot society [4].

At present, biped humanoid robot research groups developed their own robot
platform and dynamic walking control algorithms. This has resulted in promising
developments such as the ASIMO, Figure [1.1], (the acronym of "Advanced Step
In Mobility") humanoid robot, developed by HONDA with 32 DOF and 52 kg
weight or the 62 kg MAHRU, Figure [1.2], series of Samsung Electronics with
32 DOF. Further examples of contributions in the humanoid robots field are the
QRIO, Figure [1.3], which has an adaptable motion controller that allows the
displacements on uneven surfaces and external forces and the WABIAN, Figure
[1.4], series of Waseda University with 35 DOF, which has played a fundamental
role in the evolution of humanoid robots. Some of the most studied architectures
found in the literature include the H7 from the University of Tokyo with a total of
30 DOFincluding a one DOF toe joint. Another example is the JOHNNIE robot
from the Technical University of Munich, where each leg incorporates six driven
joints, three DOF in the hip, one DOF for the knee, and another two DOF for
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History of walking robots

the ankle joint. Nowadays, most of the humanoid robots mentioned above consist
of two 6-DOF legs, namely 3-DOF hip, 1-DOF knee and 2-DOF ankle. Although
the efforts have mainly focused on achieving human gait, this feature has not been
successful accomplished with a limited number of DOF. Thus, it becomes necessary
to incorporate redundant DOF in order to achieve an approximate human gait
motion.

The addition of an active toe joint to the kinematic model of each leg has drawn
enourmous interest within the robotics scholars, because compared with conven-
tional humanoid robots that are equipped with flat feet, this architecture allows a
robot to walk in a more natural way. There are several references in the literature
related to toe joints in biped robots [5].
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Figure 1.2: MAHRU developed
Flgure 1.1: ASIMO developed by Samsung Electronics

by Honda

1.2 Development of Exoskeletons

The term ‘exoskeleton’ was used in biology referring to the chitinous or calcified
external skeleton used by numerous animal taxa for structural support and defense
against predators. Now, the exoskeletons are generally regarded as a technology
that extends, complements, substitutes or enhances human function and capability
or empowers the human limb where it is worn. Different from other robots, the
operator of an exoskeletons is human who need to make decisions and perform
tasks with exoskeletons. Through combining human intelligence and machine power
exoskeletons enhance the abilities of both human power and machine intelligence.
Since the concept of exoskeleton was produced in the 19th century, the development
of exoskeletons have undergone five phases, i.e. sprout period, exploration period,
dormancy period, accumulation period and climax period. Exoskeletons apply and

7



History of walking robots

Figure 1.3: QRIO developed by Figure 1.4: WABIAN devel-
Sony oped by Waseda Univerisity

merge manifold techniques involving mechanical and electronic engineering, automa-
tion technology, biological, medical, and material science. Recently, exoskeletons
are applied in military, civilian and rehabilitation. For military purposes, the
exoskeletons are designed to augment the travel and loading abilities of soldiers; for
civil applications, the exoskeletons are used to increase an operator’s load-handling
capabilities and reduce the occurrence of musculoskeletal disorders, or for rescue;
for rehabilitation, exoskeletons are aiming at improving the lost functions and the
quality of life of patients with severe or degenerative disabilities, motor cognitive
limitation.

1.2.1 Periods of innovation
Sprout period

The sprout period lasted more than one century from 1830 to 1960. During this
period, a British inventor Robert Seymour proposed the concept to help people
walk by a wearable device which was propelled by steam in 1830 [1.5].

An American inventor Ira C.C. Rinehart conceptually designed a walking machine
which enabled an individual to step seven feet and four inches at an ordinary stride
in 1889 [1.6].

From 1889 to 1890, Nicholas Yagn, of St.Petersburg, Russia, designed a walking,
jumping, and running assisted device using a giant leaf spring. In 1890, another
inventor Yagn designed an exoskeleton with long leaf springs in parallel to the legs

8
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to help people run faster and jump higher. In stance phase, the weight of body
can be transferred to the ground directly by the spring to reduce the forces on the
standing leg. Most exoskeletons were conceptual design in sprout period due to
the limitations of the technology at that time.

Figure 1.6: by Ira C.C. Rine-

Figure 1.5: by Robert Seymour hart

Exploration period

The exoskeleton HARDIMAN developed by the US Department and General Elec-
tric in 1965 marked the exoskeleton development entering the exploration period.
HARDIMAN aimed at augmentation that the individual who worn it could lift
1,500 1bs (682kg)[1.7]. In fact, only one arm of HARDIMAN was developed and
achieved to lift 7501bs (341kg) until the 1970s. The failure of HARDIMAN was
mainly caused by which the energy supplies were too huge to be portable, and the
speed of data processing and function control was slow.

In the late 1960s and 1970s, an active anthropomorphic exoskeletons with pneu-
matic power and partly kinematical program for paraplegics was developed at
the Mihailo Pupin Institute under the Prof. Vukobratovic’s guidance. At the
same time, the theory of legged locomotion systems was first put forward by Prof.
Vukobratovic, which established foundation for present modern high-performance
exoskeletons.

The researchers of University of Wisconsin started to develop a full lower limb
exoskeleton in 1968. This exoskeleton was designed to help those paraplegics with
complete upper limb capabilities to walk again. The wearer can implement the
sit-to-stand, stand-to-sit translation and walk at 50% of normal speed. The hip
and ankle joint both had three rotational degrees of freedom (DOF) and the knee
joint had one rotational DOF. The joints at hip and knee for flexion/extension
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were actuated by hydraulic power, and the other joints were passive. Although
this exoskeleton was developed for paraplegics, there was not any report about the
relevant tests.

Figure 1.7: Hardiman by General Electric

Dormancy period

The development of exoskeleton entered the dormancy period in the 1980s. In the
middle 1980s, the exoskeleton concept “Pitman” was put forward by Jeffrey Moore
at the Los Alamos National Laboratory (Los Alamos, NM) to apply in military
to augment the soldiers’ capabilities. However, this exoskeleton program was not
funded by the U.S. Defense Advanced Research Projects Agency (DARPA).

In 1988, Prof. Jichuan Zhang started to research the electric walking machine
for high leg paraplegia patients at Tsinghua University [1.8]. Using bar linkage
mechanism, the ipsilateral hip joint and knee joint of the exoskeleton were actuated
by only one motor. This structure decreased the weight of the exoskeleton and
became more compact and portable.

In 1990, G. John Dick and Eric A. Edwards developed SpringWalker according to
the mechanism that a device in series with the human leg can reduce the metabolic
cost of running by lowering impact losses and by providing energy return [1.9].
However, SpringWalker can only enhance jumping height. For running, it even
increased metabolic cost by 20% compared to locomotion without it.

Accumulation period

From 1990 to 2000, the research of exoskeleton went into the accumulation period.
In 1992, Prof. Yoshiyuki Sankai of University of Tsukuba started to develop a
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Figure 1.8: by Tsinghua Univer-

sity Figure 1.9: SpringWalker

wearable type robot ‘Robot Suit HAL’ (Hybrid Assistive Limb), which was intended
to physically support a wearer’s daily activities and heavy work. The first prototype
named HAL-1 adopted DC motors and ball screws to augment the wearer’s joint
torque [1.11].

In 1994, researchers of Kanagawa Institute of Technology developed a wearable
power assisting suit for nurses to enhance their muscle strength to lift patients
and avoid back injuries [1.10]. The movement of the joints at arms, waist and legs
of the suit were sensed by strain sensors to detect the muscle force and actuated
by pneumatic rotary actuators with concentric round boxes sliding each other.
Compared to the over-ground exoskeletons, Hocoma AG developed an immobile
exoskeleton Lokomat consisting of an over-ground exoskeleton, an advanced body
weight support system (BWS) and a treadmill in 2000 at Switzerland. The Lokomat
with repetitive walking on one hand help to improve circulation, strengthen bones
and muscles and gain a natural walking pattern, on the other hand decrease the
physical effort and constraint of the therapists.

Climax period

Exoskeletons attracted much more attention of researchers from different countries
including US, Japan, Israel, France, Switzerland, South Korea, China, etc. and the
development of exoskeletons went into the climax period since 2000.

One representative of exoskeletons applied in military, Berkeley Lower Extremity
Exoskeleton (BLEEX) was developed to increase soldier’s load capacity, lessen the
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Figure 1.10: by Kanagawa In- Figure 1.11: HAL-1 of Univer-
stitute of Technology sity of Tsukuba

risk of leg and back injury, decrease the metabolic consumption and reduce the
perceived level of difficulty. BLEEX adopted the hybrid hydraulic-electric portable
power supply in order to achieve carrying its own power source. The hip and ankle
joint of BLEEX had three DOFs, respectively, among which hip flexion/extension,
abduction/adduction and ankle flexion/extension were actuated by linear hydraulic
actuators. Its knee joint had one DOF actuated for flexion/extension. The control
system of BLEEX mainly collected sensory information from exoskeletons to
determine the kinematic and dynamic parameters. It was reported that the soldier
who wore BLEEX can walk at 0.9 m/s with load up to 75 kg and 1.3m/s without
load.

The representative civil application of exoskeletons was the Robot Suit Hybrid
Assistive Limb (HAL)-5 developed by Professor Yoshiyuki Sankai at University of
Tsukuba for both power augmentation and walk assistance. The hip and ankle joint
of HAL-5 were actuated by a DC motor with harmonic drive for flexion/extension,
respectively, and the ankle joint for flexion/extension DOF was passive with
springs to return a normal angle. HAL-5 adopted joint torque augmentation at
the hip, knee and ankle joint, which is different from BLEEX transferring the
load to ground. HAL-5 had two types of control systems: “Cybernic Voluntary
Control System” and “Cybernic Autonomous Control System”. Cybernic Voluntary
Control System understood the wearer’s voluntary intention according to the surface
electromyographic (SEMG) signals through placing the SEMG electrodes below
the hip and above the knee. Then the power units of HAL-5 generated power
assist torque by amplifying the wearer’s joint torque estimated from sEMG signals.
Cybernic Autonomous Control System was developed to provide effective physical
supports for the handicaps by the potentiometers, ground reaction force sensors,
a gyroscope and accelerometer on the backpack to estimate the posture since the
signals of handicaps could cause a broken walking pattern.
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ReWalk from Argo Medical Technologies has been commercialized for fundamentally
changing the health and life experiences of individuals with spinal cord injuries
(SCI). It consisted of a wearable brace support suit with DC motors at hip and knee
joint, respectively, rechargeable batteries, a computer-based controller contained in
a backpack, a wireless mode selector, and an array of sensors that measure upper-
body tilt angle, joint angles, and ground contact. ReWalk utilized a closed-loop
algorithm software control and triggered and maintained the walking pattern by
detecting the wearer’s upper-body movements. Additionally, ReWalk can also help
the wearer climb stairs, transform from sitting to standing and vice versa. The
crutches were necessary to keep balance [6].

Figure 1.12: HAL- 5
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Chapter 2

Kinesiology of the Human
walk

2.1 Analysis of the Human Foot

In human walking motion, the two feet play a crucial role in absorbing impact from
the ground, maintaining stability on uneven terrains,and helping turning motions.
In the same way, the critical design consideration with the foot of a bipedal robot
is to enhance walking stability and performance. The study of the robotic foot is
purposed to implement a human-like walking motion for biped robots by applying
the characteristics of the human foot to the mechanism design. There has been a
recent trend in foot design of adopting simple toe and heel joints to follow human
ankle motion in landing on and taking off from the ground. First of all, it was
confirmed that the flexible foot with toe joints enables increased walking speed and
step length and much reduces energy consumption compared with flat feet. Along
with the mechanical design of the flexible foot, a well-planned walking pattern is
required in order to achieve human-like motion. It has also been found that the
foot trajectory pattern with heel-contact and toe-off motion produces a smoother
hip trajectory and increases adaptability to rough terrains.

These works suggest that adopting toes and heels in the design of the foot mechanism
is of great benefit in enhancing the performance and stability of bipedal robots.
However, most of these approaches are not matured yet and are lacking in analytical
considerations for determining design parameters. Hence, in terms of an anatomical
and kinesiological analysis of the human foot, this section will investigate how to
determine some critical foot parameters from the point of view of walking stability.
In biomechanics, the functional efficiency of the human foot mechanism to support
weight and absorb ground impact has been well investigated. As shown in Figure
[2.1] the human foot has an arch-type skeletal structure which connects heel, toes,
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and ankle, where the large bone at the heel called calcaneus supports about one
third of the load and the metatarsal bones connected to the toes absorb the other
impact force from the ground . The flexible tendon on the sole called the plantar
fascia ligament is in charge of the structural damping with the movement of the
bones by varying the distance between heel and toe. It is also known that the
division of toes helps to maintain stability while walking during the stance phase by
effectively distributing loads. In the mechanical design of a robot foot, more than

W |

Talus, (ankle bone)

CalcaneUs
(heel bone)

Phalanges
._(toe bones)

lW Flexible tendon
3 (plantar fascia ligament)

Figure 2.1: Arch-type skeletal structure of human foot

the morphological imitation it is important to consider how to apply the benefits
that the human foot brings from a mechanical point of view. During the walking
motion, the sole of a human foot experiences pressure change due to the weight
and ground reaction.

The sole of a human foot mainly consists of three parts: heel part, toe joints (the
part where the metatarsal bones end) and the five toes. Figure [2.2] displays the
pressure transition on the sole during a single stride by a standard male as the
ZMP is moving forward from the heel to the toe. As shown, the largest pressure is
exerted at the heel when the foot strikes the ground. The frontal big toe accepts
much more pressure than others when the foot takes off from the ground, which
is a reasonable result considering that the centre of mass of the human body is
located between the two feet [7].
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Figure 2.2: Transient pressure distribution on sole during a single stride (standard
male)

2.2 Kinematics

2.2.1 Anthropomorphic human dimensions, volume and
weight distribution

To build a proper kinematic model of an human-exoskeleton system, human
dimensions must be considered as reference. Kinetics analysis require also data
regarding mass distributions, mass centers, moment of inertia, and the like. It is
also necessary to identify the exact location of the body joints centers of rotation.
Anthropometry is the major branch of anthropology that studies the physical
measurements of the human body to determine differences in individuals and
groups. It relates the body characteristics described above with some of their
determinants such as race, sex, age and body typpe, thanks to a wide variety of
measurements.

Dempster [8] and coworkers have summarized estimates of segments lengths and
joint center locations relative to anatomical landmarks. Drillis and Continini [9]
reported an average set of segment lengths expressed as a percentage of the body
total height, used as relative unit of measure 2.3. By reasoning in this manner,
they also computed the position of the center of mass of each body segment, and
expressed it as percentage of the total length of the segment 2.4. These segment
proportion could be useful as a good approximation in absence of more accurate
data, better if measured directly from the individual [10] .

The moments of inertia of a body segment are defined about an axis of rotation
which, in most studies, is passing through its center of gravity. Occasionally are
defined as passing through an estimated joint center of rotation.
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Figure 2.3: Body segment lengths expressed as a fraction of body height
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Figure 2.4: Location of mass centers of body segment

2.2.2 Reference systems conventions

Interests in the actual patterns of movement of humans and animals goes back to
prehistoric times and was depicted in cave drawings, statues and paintings. Such
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replications were subjective impressions of the artist. It was not until a century ago
that the first motion picture cameras recorded locomotion patterns of both humans
and animals. Marey, the French physiologist, used a photographic "gun" in 1885 to
record displacements in human gait and chronophotographic equipment to get a
stick diagram of a runner. About the same time, Muybridge in the Unites States
triggered 24 cameras sequentially to record the patterns of a running man. Progess
has been rapid during this century, and we now can record analyze everything from
the gait of a child with cerebral palsy to the performance of an elite athlete [10].
The term used for these descriptions of human movement is kinematics. Kine-

Lateral
Medial
Lateral
Dorsal
// Cranial
Ventral K

Y v)’-%
oeSe”

Caudal

Figure 2.5: Human motion planes ©ONASA

matics is not concerned with the forces, either internal or external, that cause the
movement, but rather with the details of the movement itself. A complete and ac-
curate quantitative description of the simplest movement requires a huge volume of
data and a large number of calculations, resulting in a enormous number of graphic
plots. For example, describing the movement of the lower limb in the sagittal plane
during one stride can require up to 50 variables. These include linear and angular
displacements, velocities and accelerations. It should be understood that any given
analysis may use only a small fraction of the available kinematic variables. An
assessment of a running broad jump, for example, may require only the velocity
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and height of the body’s center of gravity. On the other hand, a mechanical power
analysis of an amputee’s gait may require almost all the kinematic variables that
are available.

In order to keep track of all the kinematic variables, it is important to establish a
convention system. Thus if we wish to analyze movement relative to the ground or
the direction of gravity, we must establish a spatial reference system [2.5]. Such
conventions are mandatory when imaging devices are used to record the movement.
However, when instruments are attached to the body, the data become relative,
and we lose information about gravity and the direction of movement.
Trajectories are usually represented w.r.t. an absolute global spatial reference
system, with fixed origin and axis directions. The one utilized throughout this text
is commonly used to describe gait. It is based on the body planes, hypothetical
geometric planes used to divide body into sections, used in anatomical terminology.
The frontal or coronal plane is the vertical plane dividing the body in anterior and
posterior part, the transversal or medial plane is horizontal, and splits the body in
upper and lower part, the sagittal plane is vertical, and separates the body in left
and right part.

The axis of our reference system are X in the direction of progression at the in-
tersection of the sagittal and traverse planes, Y in the sideways direction at the
intersection of the transverse and frontal plane and Z in the vertical direction at
the intersection of the transverse and frontal plane. X is positive in the anterior
direction, Y in the left direction and Z in the superior direction. The angles are
measured starting from the direction of the first axis that expresses the plane (e.g.
for the XY the angle starts from 0°), increasing counterclockwise. The origin of
this absolute reference system is located on the body center of gravity or of mass
(CoG or CoM), positioned at this point at the start of the walk, and then held
fixed in space.

In some cases it has been useful to represent the kinematic variables not w.r.t. to
the center of mass, but w.r.t. the ground. The new reference system will have as
its center the projection of the CoG on the soil, and the XY plane will no longer
correspond to the transverse (or medial) plane but to the ground surface.

Joint angular displacements and velocities are expressed w.r.t. a local frame, cen-
tered in the center of the articulation. It has as its axes the axis of joint rotation,
an axis in directed along one of the body segments connected by the joint and the
last one positioned according to the right hand rule. This convention is very close
to the one used for describing the manipulators in robotics.

In the anatomical literature is established a definite convention to describe the
angular motion of the joints, w.r.t. the body planes described above.

o Flexion and extension: for joint rotations in the sagittal plane. With flexion
the articulation angle is decreasing while during extension increases.
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o Abduction and adduction: for joint rotations in the sagittal plane. During
abduction the body segment is moved away from the medial line, and in the
adduction the opposite occurs.

e FExternal and internal rotation: rotations of a limb around its axis on the
horizontal plane. The former brings the limb closer to the medial line, in the
latter further.

2.3 Gait Cycle

2.3.1 Cycle Divisions

As the body moves forward, one limb serves as a mobile source of support while
the other limb advances itself to a new support site. Then the limbs reverse their
roles. For the transfer of body weight from one limb to the other, both feet are
in contact with the ground. This series of events is repeated by each limb with
reciprocal timing until the person’s destination is reached.

A single sequence of these functions by one limb is called a gait cycle (GC). With
one action flowing smoothly into the next,there is no specific starting or ending
point. Hence, any event could be selected as the onset of the gait cycle. Because
the moment of floor contact is the most readily defined event, this action generally
has been selected as the start of the gait cycle. Normal persons initiate floor contact
with their heel. As not all patients have this capability, the generic term initial
contact (IC) will be used to designate the onset of the gait cycle.

Each gait cycle is divided into two periods, stance and swing. These often are
called gait phases.

Stance is the term used to designate the entire period during which the foot is
on the ground. Stance begins with initial contact 2.6. The swing applies to the
time the foot is in the air for limb advancement. Swing begins as the foot is lifted
from the floor (toe-off). Stance is subdivided into three intervals according to the
sequence of floor contact by the two feet. Both the start and end of stance involve
a period of bilateral foot contact with the floor (double stance), while the middle
portion of stance has one foot contact.

Initial double stance begins the gait cycle. It is the time both feet are on the floor
after initial contact. An alternate term is double limb support. This designation is
to be avoided, however, as it implies an equal sharing of body weight by the two
feet, which is not true during most of the double stance interval. Single limb support
begins when the opposite foot is lifted for swing. In keeping with the terminology
fot the double contact periods, this should be (and often is) called single stance. To
emphasize the functional significance of floor contact by one foot, the term support
is preferred. During the single limb support interval the body’s entire weight is
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Figure 2.6: Division of the gait cycle

resting on that one extremity. The duration of single stance is the best index
of the limb’s support capability. Terminal double stance is the third subdivision.
It begins with floor contact by the other foot (contralateral initial contact) and
continues until the original stance limb is lifted for swing (ipsilateral toe-off). The
term terminal double limb support has been avoided, as weight bearing is very
asymmetrical.

Timing.The gross normal distribution of the floor contact periods is 60% for
stance and 40% for swing 2.1. Timing for the phases of stance is 10% for each
double stance interval and 40% for single limb support. Note that single limb
support of one limb equals swing of the other, as they are occurring at the same
time.

The precise duration of these gait cycle intervals varies with the person’s walking
velocity. The duration of both gait periods shows an inverse relationship to walking
speed. That is, both total stance and swing times are shortened as gait velocity
increases. The change in stance and swing times becomes progressively greater
as speed slows. Among the subdivisions of stance a different relationship exits.
Walking faster proportionally lengthens single stance and shortens the two double
stance intervals. The reverse is true as the person’s walking speed slows. This
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Stance 60%

Initial Double Stance | 10%
Single Limb Support | 40%
Terminal Double Stance | 10%
Swing 40%

Table 2.1: Floor Contact Periods

pattern of change also is curvilinear. Having an interval when both feet are in
contact with the ground for the limbs to exchange their support roles is a basic
characteristic of walking. When double stance is omitted, the person has entered
the running mode of locomotion [11].

For Perry [11], the gait cycle can be split in more refined sub-phases depending
on the support phases and the task which is being executed, in Figure [2.6].

o Phase 1. Initial Contact (IC)

o Phase 2. Loading Responde (LR)
o Phase 3. MidStance (MSt)

o Phase 4. Terminal Stance (TSt)
o Phase 5. PreSwing (PSw)

o Phase 0. Initial Swing (ISw)

o Phase 7. MidSwing (MSw)

o Phase 8. Terminal Swing (TSw)

Phase 1 includes the moment when the foot just touches the floor. The joint
postures present at this time determine the limb’s loading response pattern.
Phase 2 is the initial double stance period. The phase begins with initial floor
contact and continues until the other foot is lifted for swing.

Phase 3 is the first half of the single limb support interval. It begins as the other
foot is lifted and continues until body weight is aligned over the forefoot.

Phase 4 completes single limb support. It begins with heel rise and continues until
the other foot strikes the ground. Throughout this phase body weight moves ahead
of the forefoot.

Phase 5 is the final phase of stance and is the second double stance interval in
the gait cycle. It begins with initial contact of the opposite limb and ends with
ipsilateral toe-off.
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Phase 6 is approximately one-third of the swing period. It begins with lift of the
foot from the floor and ends when the swinging foot is opposite the stance foot.
Phase 7 begins as the swinging limb is opposite the stance limb. The phase ends
when the swinging limb is forward and the tibia is vertical (i.e., hip and knee flexion
postures are equal).

Phase 8 begins with a vertical tibia and ends when the foot strikes the floor. Limb
advancement is completed as the leg (shank) moves ahead of the thigh.

2.3.2 Stride and Step

The gait cycle also has been identified by the descriptive term stride. Occasionally
the word step is used, but this is inappropriate, in Figure [2.7].

Stride is the equivalent of a gait cycle. It is based on the actions of one limb.
The duration of a stride is the interval between two sequential initial floor contacts
by the same limb (i.e., right IC and the next right IC).

Step refers to the timing between the two limbs. There are two steps in each stride
(or gait cycle). At the midpoint of one stride the other foot contacts the ground to
begin its next stance period. The interval between an initial contact by each foot
is a step (i.e., left and then right). The same offset in timing will be repeated in
reciprocal fashion throughout the walk.

Stride length
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Figure 2.7: A step versus a stride
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2.4 Defining the Measure of Balance

2.4.1 Zero Moment Point

Zero moment point (ZMP), in Figure [2.8], is a concept related with dynamics and
control of legged locomotion, e.g., for humanoid robots. It specifies the point with
respect to which dynamic reaction force at the contact of the foot with the ground
does not produce any moment in the horizontal direction, i.e. the point where
the total of horizontal inertia and gravity forces equals to 0 (zero). The concept
assumes the contact area is planar and has sufficiently high friction to keep the
feet from sliding.

This concept was introduced in January 1968 by Miomir Vukobratovi¢ at The
Third All-Union Congress of Theoretical and Applied Mechanics in Moscow.

The zero moment point is a very important concept in the motion planning for
biped robots. Since they have only two points of contact with the floor and they
are supposed to walk, “run” or “jump” (in the motion context), their motion has
to be planned concerning the dynamical stability of their whole body. This is not
an easy task, especially because the upper body of the robot (torso) has larger
mass and inertia than the legs which are supposed to support and move the robot.
This can be compared to the problem of balancing an inverted pendulum.

The trajectory of a walking robot is planned using the angular momentum equation
to ensure that the generated joint trajectories guarantee the dynamical postural
stability of the robot, which usually is quantified by the distance of the zero moment
point in the boundaries of a predefined stability region. The position of the zero
moment point is affected by the referred mass and inertia of the robot’s torso,
since its motion generally requires large angle torques to maintain a satisfactory
dynamical postural stability [12].

Hence, ZMP is a measure of balance, not a control methodology, but many
different control systems have been built exclusively on this measure as a feedback
mechanism and are therefore together here as ZMP control strategies.

One of the most basic measures of balance is the vertical projection of the center of
mass (COM) also known as the center of gravity (COG). If the system moves slowly
enough that the dynamic forces are negligible, then the system will be balanced
if the COG lies within the base of support, or more technically, the convex hull
of contact points. The problem with a COG measure is that it does not account
for the dynamic forces of faster motions and it has a limited ability to deal with
external disturbances. As a result, only a few systems have been based on this
measure. A more suitable measure that takes dynamics into account is called the
center of pressure (COP). The COP is basically a weighted sum of vertical forces
applied to the foot to find the location of the net applied force. Another way of
describing the COP is the location where a single force vector could be applied
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Figure 2.8: Support foot and influence of by the force, moment, ground reaction

without creating a moment about the foot, hence the zero moment point [13].
Figure [2.9] compares the center of pressure with the center of gravity. For slow
motions, the COP and COG coincide. The COP and COG remain within the base
of support and thus the biped remains balanced. For fast motions, however, as the
COM accelerates forward, the COP moves behind the COG. Then as the COM
decelerates, the COP moves in front of the COM until it hits the edge of the foot
and cannot move any further forward. The COM is still within the base of support,
but the COP has moved to the boundary of support, indicating that foot rotation
is about to begin and a fall is imminent.

It should be noted that there is some debate in the literature about the equivalence

of ZMP and COP, however, the differences are semantics. On a flat walking surface,
it has been shown that the ZMP is mathematically equivalent to the COP [13], but
according to Vukobratovi¢, COP and ZMP only coincide in a dynamically balanced
gait. When the gait is not dynamically balanced, the ZMP does not exist.
Walk is understood as moving “by putting forward each foot in turn, not having
both feet off the ground at once.” From this definition, it transpires that walk is
characterized by the displacement of legs such that both feet are not separated from
the ground at the same time, which ensures that the body in the space (usually)
moves forward. In view of the fact that the body is supported by the legs, ensuring
that “the body in the space moves forward” is possible only if avoiding overturning
is constantly taken care of, i.e. preserving the dynamic balance of the mechanism.
Having in mind that all of the humanoid robot joints are powered and directly
controllable except for the contact of the foot and the ground, this contact is
essential for the walk realization.
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Figure 2.9: The use of center of gravity as a measure of balance is only acceptable
when the motions are slow and the dynamic forces are negligible.

The mechanism’s position with respect to the environment depends on both the
relative positions of the links and the relative position of the foot with respect
to the ground. In order for the humanoid to perform the reference motion, it is
necessary to realize the predefined motions at the joints, and at the same time
preserve the relative position of the foot with respect to the ground. Therefore,
to prevent the humanoid from falling, it is necessary to ensure the appropriate
dynamics of the mechanism above the foot to preserve the regular contact of the
supporting foot with the ground. In other words, since the sole-ground contact
is unilateral, a necessary condition for avoiding overturning is that the motion of
the humanoid as a whole is such that, while the regular sole-ground contact is
preserved, the overall ground reaction can be replaced by one force only. This can
be mathematically expressed in the following.

If we introduce a Cartesian frame with the origin at the point where the resultant
ground reaction (pressure) force is acting, with two axes (x and y) being tangential
to the ground and the third (the z-axis) being normal, then a mathematical
expression for the fulfillment of dynamic balance is: > Mx =0 and > My =0 .
The moments include gravity, inertial forces and other external forces acting on
the humanoid body (like wind, different strike, etc.). It should be noted that it
is not necessary for the third component of the moment (about the z-axis) to be
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zero, provided it is compensated by the friction between the foot and ground. In
such a case, > Mz # 0 does not cause motion. The point inside the support area
(excluding its edges) for which it holds that > Mz =0 and > My = 0 is termed
the Zero-Moment Point (ZMP).
To make the above clearer, let us return to the source interpretation of the ZMP.
Let us consider the single-support phase of a dynamically balanced gait of the
mechanism having a one-link foot. The foot of the supporting leg is in contact with
the support surface as presented in [2.10].

Further, let us consider how to preserve dynamic balance of the mechanism and

Az

ZMP=CoP

Figure 2.10: Foot of the supporting in the single-support phase

prevent it from falling. The answer is quite simple: by using an indicator that
will warn of a critical situation approaching and it being necessary to undertake
appropriate action to compensate. This indicator is the position of the ZMP inside
the support area, and it corresponds to the position of the ground reaction force.
The ZMP position inside the support area can easily be determined with the aid of
force sensors on the sole, Figure [2.11]. All the time the ZMP is within the support
area, there will be no rotation about the foot edge and the robot will preserve its
dynamic balance. A warning means that the ZMP is coming closer to the foot edge
[14]. Hence, the notion of the ZMP was introduced in order to control intertial
forces. In the stable single support phase, the ZMP is equal to the COP on the
sole. The advantage of the ZMP is that it is a point where the center of gravity is
projected onto the ground in the static state and a point where the total inertial
force composed of the gravitational force and inertial force of mass goes through
the ground in the dynamic state. If the ZMP strictly exists within the supporting
polygon made by the feet, the robot never falls down.

Most research groups have used the ZMP as a walking stability criterion of dynamic
biped walking. To this end, the robot is controlled such that the ZMP is maintained
within the supporting polygon.

In general, the walking control strategies using the ZMP can be divided into two
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Figure 2.11: Rotation of the supporting foot about its edge.

approaches. First, the robot can be modeled by considering many point masses,
the locations of the point masses and the mass moments of inertia of the linkages.
The walking pattern is then calculated by solving ZMP dynamics derived from the
robot model with a desired ZMP trajectory. During walking, sensory feedback is
used to control the robot. Second, the robot is modeled by a simple mathematical
model such as an inverted pendulum system, and then the walking pattern is
designed based on the limited information of a simple model and experimental
hand tuning. During walking, many kinds of online controllers are activated to
compensate the walking motion through the use of various sensory feedback data
including the ZMP. The first approach can derive a precise walking pattern that
satisfies the desired ZMP trajectory, but it is hard to generate the walking pattern
in real-time due to the large calculation burden. Further, if the mathematical
model is different from real robot, the performance is diminished. On the contrary,
the second approach can easily generate the walking pattern online. However,
many kinds of online controllers are needed to compensate the walking pattern in
real-time, because the prescribed walking pattern cannot satisfy the desired ZMP
trajectory. In addition, this methods depends strongly on the sensory feedback,
and hence the walking ability is limited to the sensor’s performance and requires
considerable experimental hand tuning [4].

The ZMP projection on the sagittal, frontal and ground planes during a walk with
constant step width will appear like shown in 2.12. Each one is a broken line.
The constant traits in the sagittal plane projection represent gait phases in which
the ZMP is stationary on the sole of the support foot (thus they are referred to the
single stance phase), while in the sloping ones it moves forward from the rear foot
towards the front one (thus they are referred to the single stance phases). The same
happens in the frontal projection, where is possible differentiate between constant
single support traits and sloped double support traits. The combination of the two
will produce a graph representing the projection of the ZMP on the ground.
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Figure 2.12: Projection of the ZMP for a constant step walk on the Sagittal,
Frontal and ground planes

2.5 Model for biped robots

2.5.1 Linear Inverted Pendulum Model (LIPM)

Linear inverted pendulum model (LIPM) 2.13 is an effective and widely used
simplified model for biped robots. However, LIPM includes only the single support
phase (SSP) and ignores the double support phase (DSP). In this situation, the
acceleration of the center of mass (CoM) is discontinuous at the moment of leg
exchange, leading to a negative impact on walking stability. If the DSP is added to
the walking cycle, the acceleration of the CoM will be smoother and the walking
stability of the biped will be improved.

Compared with other types of robots, humanoid robots have good adaptability to
the environment, stronger obstacle avoidance ability, and a smaller moving blind
area, which has attracted the attention and in-depth research of scholars. At present,
biped robots are still quite far away from the real sense of anthropomorphism, and
there are many problems to be solved in this field. For example, due to the inherent
instability of biped walking, walking stability analysis is still an important issue
for biped robots. In addition, the biped robot is a high-order and strong coupling
nonlinear system, which makes the trajectory planning and control difficult. The
realization of stable walking is the primary task in the research of humanoid robots.
There are many methods for gait planning of biped robots. These methods could
be divided into two classes. The first uses the accurate information of dynamical
parameters to generate walking patterns. Joint angle trajectories or trajectories
of some key parts, e.g. hip and/or feet, are usually fitted by spline or polynomial
functions, then the coefficients of spline or polynomial functions are determined by
parameter optimization technique. However, these gait-planning methods need a
lot of computation and cannot meet the requirement of trajectory planning in real
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time. The more degrees of freedom and the higher the order of the polynomials,
the more computation time is needed for solving the optimization problem.

The other class is based on a simplified model to generate walking patterns. Inverted
pendulum is widely used because of its simplicity. A biped robot is usually regarded
as a concentrated mass and massless leg. The trajectory of the center of mass
(CoM) is planned with a simplified model, and then the angles of other joints are
solved by inverse kinematics. One of the widely used methods is the linear inverted
pendulum model (LIPM). The advantage of LIPM is that the trajectory of the
CoM has an analytical solution. Moreover, its forward and lateral motions are
decoupled. Another model is the inverted pendulum model (IPM) with constant
leg length. In this model, the CoM moves along an arc. Although the dynamic
equation of IPM is simple, there is no analytical solution due to its nonlinearity.
The disadvantages of LIPM and IPM are that they can only generate the trajectory
of the single support phase (SSP), but cannot generate the trajectory of the double
support phase (DSP).

From an application perspective, when the biped robot is walking outdoors, due
to the unstructured ground environment, the robot is required to have the ability
of real-time gait generation according to the current environment. However, the
more accurate the model is, the more computation is needed. Hence real-time gait
planning may become very difficult. Therefore, the simplified model is a feasible
and very useful method for real-time gait planning.

On the other end of spectrum, there is little attention on the DSP. Many gait-
planning methods consider only the SSP and ignore the DSP, or the DSP is
assumed to be instantaneous. In this situation, the center of pressure (CoP) or
zero-moment point (ZMP) needs to transfer from the trailing foot to the leading
foot instantaneously when the support leg is switched. This requires an impulsive
force between the rear foot and the ground. The emerge of impulsive force could
lead to some adverse factors:

« it has a negative effect on the walking stability analysis;

« generating impulse force needs a sufficiently large joint torque that the joint
driving motors may not provide;

it may damage the hardware of the robot.

The introduction of the DSP can reduce the impact between the foot and the
ground, make a smooth ZMP transition from the trailing foot to the leading foot,
and improve walking stability. In addition, the support polygon area of the DSP
is larger than that of the SSP, so the ground can provide greater external torque
to the robot during the DSP. Therefore, the robot has stronger state-adjustment
ability during the DSP. During the SSP, because the robot’s foot is small, the
ground cannot provide a large enough external torque to avoid the robot falling
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down; as a result, the robot needs more adjustment of the internal state. Kajita
and Tani reported that adding the DSP to the LIPM reduced the loss of the CoM’s
velocity when the support leg exchanges [15].
To overcome shortcomings of models without the DSP, some scholars introduced
the DSP in gait planning. Kajita et al. [16] planned the CoM’s trajectory of the
DSP as a fourth order polynomial function. The coefficients of the polynomial are
determined by the boundary condition and the specified duration of the DSP.
Motoi et al. [17] designed the CoM’s trajectory in the DSP as a fifth order
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Figure 2.13: Linear Inverted Pendulum Model

polynomial function. The disadvantage of their method is that walking stability
was not taken into consideration during the DSP. With the increase of the order of
the polynomial, unexpected oscillation of CoM may occur; as a result, unexpected
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oscillation of the ZMP may occur during the DSP. In addition, the displacement of
the CoM during the DSP is not intuitive and cannot be perfectly integrated with
LIPM.

Shibuya et al. [18] proposed the linear pendulum model (LPM) to plan the tra-
jectory of the CoM in the DSP, and determine the appropriate suspension point,
which can ensure that the acceleration of the CoM is continuous at the moment of
the switch between the SSP and the DSP. However, they only plan the cyclic gait
of the robot on the horizontal ground, and do not give the gait-planning method
when the robot faces a more complex environment. Shibuya et al. [19] extended
the results of [18] to generate DSP trajectories in two situations. One is to land the
swing leg earlier than planned, and the other is trajectory planning to stop walking
in the DSP. However, they still did not put forward the method in more situations.
In this work, LIPM and LPM are used to plan the trajectories of the SSP and
the DSP, respectively. The dynamic equations of LIPM and LPM are linear, so
they have analytic solutions. Trajectory planning only needs a small amount of
computation. Through dynamic analysis of two pendulum models and their ZMP,
the stability of gait can be guaranteed. Moreover, LPM is well-compatible with
LIPM.

2.5.2 3D Linear Inverted Pendulum Model (3D-LIPM)

The 3D Linear Inverted Pendulum Model (3D-LIPM) consists in a point mass and
a massless staff. Let be p=(z,y,2) the position of the mass, r the length of the
staff and 6, and 6, the angles of the staff w.r.t. the axis x and y respectively. The
pendulum equations are:

x = rsin(f,) (2.1)
y = —rsin(6,) (2.2)
2= /(1 - sin(6,)? — sin(6,)2) (2.3)
While the equation is:
rcos(0,)sin(0,)
0 —rcos(0,) —
- (@) \/(1 — sin(6,)? — sin(6,)?)
| =m rcos(6,)sin(6,) +
P rcos(0, 0 -
f (%) \/(1 — sin(6,)% — sin(6,)?)
| sin(0,)  —sin(6;) —\/(1 — sin(0,)* + sin(6,)?) |
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Figure 2.14: 3D pendulum

rcos(0,)sin(6,)

(

\/(1 — sin(0,)? — sin(6,)?)
(6
(

)
)
+ mg rcos(6,)sin(0,)
)
)?

ST = sin(6,)? — sin(9,)?)
_—\/(1—sin(9r + sin(6,)?) |

The dynamic along the x-axis is:

V(L= sin(6,)2 — sin(6,)2
cos(6,)

m(zi — x2) = T, + mgx (2.4)

And the equation for the dynamics along the y-axis is:

V(L= sin(0,)2 — sin(6,)2
cos(6,)

m(zy — yZ) = T, — Mgy (2.5)

The pendulum motion can be constrained in the zy plane , considering that the
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oscillations around the axis z are small compared to the others. The constrain plane
is represented by the respective normal vector (k,, k,,-1) and by its z intersection
z. as [20]:

2= k,x + kyy + 2 (2.6)

Replacing (2.6) and its second derivate in (2.4) and (2.5) we get:

gk 1 \/ (1 —sin(6,)? — sin(0),)?

_ _ 2.7
X Zcx + ZC (l'y l’y COS(@ ) Tp ( )
9 ke, 1 \/ 1 — sin(0,)? — sin(6,)?

_ _ . 2.8
y cy<+ Zc(xy Ty) — COS(@ ) T, (2.8)

If the above equation allow the pendulum motion in any plane and slope, con-
straining that to a flat plane (k, = k, = 0) gives:

1 \/ (1 —sin(6,)? — sin(6,)?
T 2.
v zc 005(9 ) > (2:9)
g 1 \/ 1 — sin( — sin(6,)?
= = 2.1
Y ch 003(9 ) T (2.10)

Considering small oscillations around the axes x and y, the formulas can be
simplified further:

=t — 1 (2.11)

Ze mz.
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7 (2.12)

Ze mz.

These are linear equations, and the pendulum dynamic is governed only by the
parameter z.. Even in the case of a sloped constrain where (k, = k, # 0) we can
obtain the same dynamics by applying the additional constrain:

T + T,y =0 (2.13)

We can conclude that the plane inclination never affect the horizontal motion.
Solving the (2.11) and (2.12) with zero input torques (i.e. 7 = 7, = 0) the trajec-
tories of the pendulum ball motion is obtained in the field of gravity, such as the
two examples in 2.15.

Figure 2.15: 3D Linear Inverted Pendulum Model

For the 3D-LIPM constrained horizontally (k, = k, = 0), we can easily calculate
the ZMP position on the floor (p,,p,):
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Pz = _i
mg
Py = mg

By substituting (2.14) and (2.15) in (2.11) and (2.12)

.9
x—Zc(w+pz)
9
y—Zc(y py)
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Chapter 3

Instrumentation

From the study of [21], in gait analysis the biomechanics of human motion, can
be evaluated with different methods and instrumentation. These methods can be
classified according to various criteria. For example they can be categorized into
non-wearable or wearable sensors:

o Non-wearable sensors, are those that cannot be placed on a specific part of the
body. However, they interact with the patient through their contact. Some
examples in this category are force plates and instrumented treadmills.

o Wearable sensors, of several types, with different measurement accuracy and
purposes. We can find markers, accelerometers, gyroscopes, magnetometers,
electrodes for EMG and many others among them.

3.1 Non-wearable sensors

3.1.1 Force transducers and force plates

To measure the force exerted by the human body on an external body or load,
we need a suitable force-measuring device. Such a device, called force transducer,
generates an electrical signal proportional to the applied force. There are many
kinds available: strain gauge, piezoelectric, piezoresistive, capacitive, and others.
All these work on the principle that the applied force causes a specific strain within
the transducer [10].

o For the gauge type, a calibrated metal plate or beam within the transducer
undergoes to a tiny change (strain) in one of its dimensions.

o Piezoelectrical, require slight of the deformations of the atomic structure
within a block of special crystalline material, such as quartz. Deformation
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of its crystalline structure changes the electrical characteristics such that the
electrical charge across appropriate surfaces of the block is altered and can be
translated via suitable electronics to a signal proportional to the applied force.

o The piezoresistive types exhibit a change in resistance which, like the strain
gauge, upset the balance of a bridge circuit.

Piezo — 305 MM

16 mm thick Al plate PFZO

l — Nylon bolt

16 mm thick Al plate

vVWA —
0.56|1F£: 3BMQ To scope

-

Figure 3.1: Scheme of a piezoelectrical force plate

3.1.2 Treadmills

Recently is becoming more popular to use treadmills for gait studies. They can
be combined with cameras, markers systems, and force platforms can be inserted
directly under the rollers. The use of treadmills in gait analysis has made possible to
record straight line walking that can go beyond the distance covered in a laboratory
limited by the cameras. It’s also much easier to set a walking speed and it’s also
possible to conduct experiments with different inclinations w.r.t. the ground.
However, depending on the future use of the recorded data, one of the disadvantages
may be that the space-temporal recordings of the markers remain confined in the
treadmill dimension’s instead of advancing meter by meter like a real walk, so this
data may need further adjustments [22].
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Figure 3.2: Example of a modern system for gait analysis with the use of a
treadmill

3.2 Wearable sensors

3.2.1 Optoelectronic stereophotogrammetry

It’s a technique that involves cameras to capture the trajectory of spherical retrore-
flective markers attached to the desired locations of the body. With stereopho-
togrammetry we can evaluate, with a good precision, movement and orientation
of each body segment. It enables realistic reconstructions and representations of
the musculoskeletal system during a certain motion task. For these reasons it is
considered one of the best instrumentation for gait analysis [23].

By the way it also suffers a bit from trajectory gaps, it takes longs time for prepa-
ration and the space for analysis is restricted to the area in which the cameras are
operating. In addiction it is expensive.
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3.2.2 Accelerometer

It’s a measurement device whose output consist of the proper acceleration, the
acceleration of the body on which is attached w.r.t. its instantaneous coordinate
frame. Accelerometers can be single or multi axis and detect magnitude and
direction of the acceleration, seen as a vector quantity.

In most accelerometers, the physical principle exploited to measure the acceleration
is based on the inertia of a mass subjected to an acceleration. An elastic element
suspends a mass, and this mass, in case of acceleration, moves from its rest
position. Equating Hooke’s law to Newtons law we have kx = ma and see that the
displacement of the elastic element is proportional to the mass acceleration.

A displacement-sensitive sensor transforms the it into an electrical signal [23]. There
are many types of accelerometers, such as capacitive, strain gauge, piezoresistive
and piezoelectric. For gait analysis the most commonly used are capacitive and
piezoresistive (3.4 and 3.5 respectively).

Siareophotogrammetny

Figure 3.3: Stereophotogrammetry cameras system

3.2.3 Gyroscope

They measure the angular velocity around their sensing axis. Typically they are
mechanical and consist of a rotating device which maintains fixed its rotating axis
exploiting the conservation of angular momentum law. A 3D gyroscope can be
described as a wheel mounted in three gimbals, which are the pivoted supports
that enable the rotation around three different axes. The fundamental equation
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Figure 3.5: Scheme of a piezore-

Figure 3.4: Scheme of a capaci- sistive accelerometer

tive accelerometer

describing a rotating rigid system is the following one.

dL  d(lw)

Mzi_
dt dt

(3.1)

Where M is the torque, L. the momentum, I the inertia and w the angular ve-
locity. The derived motion is the precession, and the reaction force induces the
gyroscope to rotate around a fixed axis, called spin axis, which does not change
its direction even if the support varies its orientation. Thanks to the development
of MEMS, miniaturizes gyroscopes can become widespread. They consist of a
vibrating element that, if subjected to a rotation, is also affected by a vibration in
the orthogonal direction to the original one, according to the Coriolis effect [23]:

F=-2m(w x v) (3.2)

F'is the Coriolis force, w the angular velocity and v the linear velocity of the mass
m.

3.2.4 Magnetometer

A magnetometer is a measuring device that detect a magnetic field. A scalar
magnetometers measure the magnitude of the magnetic field directly, while the
vectorial ones measure the direction and the strength of the magnetic field detecting
the component along a particular axis. Using a three axial magnetometer, thus
knowing the components of the magnetic field in three different and independent
directions, allows to determine the vector in 3D space [23].
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(3.3) represent a single axis magnetometer model, where n is the sensing axes. The
most common of the magnetometers is the compass, which points in the direction
of the Earth’s magnetic north.

3.2.5 Inertial Measurement Units

In many fields, such as navigation, robotics and motion analysis, we need to know
as much precise as possible the angular position in the space of objects. So for an
accurate estimation of the orientation of a rigid body, w.r.t. an inertial frame, we
can use an Inertial Measurement Units (IMU). They are composed by two sensors,
a gyroscope which measures the angular rate, and an accelerometer which measures
the linear and gravity acceleration With these two sensors an IMU can estimate its
attitude.

But since the accelerometer is not sensitive to the rotation around the gravity axis,
an additional reference vector is needed to estimate the heading direction. Recent
studies have discovered that combining an accelerometer with a magnetometer
makes possible to find out both attitude and heading directions. This system is
called Magneto-Inertial Measurement Units or MIMU [23]).
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3.2.6 Electrogoniometers

An electrogoniometer is an electronic device that uses angle sensors, such as
potentiometers, strain gauges and, more recently, accelerometers, appropriately
positioned across a joint to measure its angle. It gives good results when used
for body movements where we have limited speed and amplitude [26]. The most
common electrogoniometers employ one of the following three sensor schemes:

o In Potentiometric Electrogoniometer an electrical resistance can be used to
determine the angle between the joints. These types of electrogoniometers are
somewhat bulky and restrict patient movement.

o For Flexible Electrogoniometer the strain gauge mechanism is housed inside a
spring, which changes its electrical resistance proportionally to the variation
of the angle between the plastic end blocks longitudinal axes.

o Optoelectronic Systems are video systems that use one or more video cameras
to track bright markers placed at various locations on the patient’s body. The
system keeps track of the vertical and horizontal coordinates of each marker,
and a software processes this information to determine the angle on the body
segments of interest.

3.2.7 Optical fiber sensors

These sensors are made of flexible plastic optical fibers (OFS) through which optical
signals are transmitted. The basic components of an OFS-based system are a light
source, a flexible optical fiber and a photodetector. The light source at one of the
extremities generates the optical signal, which travels through the flexible optical
fiber and is received by the photodetector at the other extremity of the fiber. By
measuring the attenuation of the optical signal, it is possible to determine the
bending angle of the fiber.

Due to this simple sensing principle and structure, OFS can be easily integrated
into a monitoring system for measuring human joint angles. The main benefits of
OFS are high resolution, flexibility, light-weight and immunity to electromagnetic
interference [24].

3.2.8 Textile-based sensors

Textile-based sensors are very suitable for developing a wearable joint monitoring
system. The working principles of all these sensors are similar. In all cases,
changes of resistance are measured, and these changes are directly related to the
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Figure 3.8: A potentiometric
electrogoniometer Figure 3.9: Optoelectronic sys-
tem positioned on a patient

corresponding joint angles. To develop a long-term and regular wearable monitoring
device, textile-based sensors can be a good choice because of their flexibility and
simple sensing principle. Furthermore, they can be easily integrated into stretchable
skin-tight fabrics around the joints. The measurement parameter is the resistivity
change of the conductive wire w.r.t. the joints movement [24].
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3.2.9 EMG signals

The electrical signal associated with the contraction of a muscle is called an
electromyogram, or EMG. The study of EMGs, is called electromyography. An
EMG signal increases in amplitude as the intensity of the voluntary muscle activity
it quantifies increases.

Electrodes are used for their recording and can be divided into two main groups,
surface and indwelling electrodes. For both groups, the basic function is linked to
the correct positioning on the patient (position and surface of contact) and the
appropriate adjustment of the amplifier with which they operate (Instrumentation
Amplifier). EMG signals, depending on the application and specifications of the
acquisition system, once recorded are processed with, for example, filters and
rectifiers.

EMG signals are a fundamental tool in the analysis of muscle behavior associated
with a particular task: for this reason they are widely used in gait analysis [10].
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Figure 3.12: Scheme of an instrumentation amplifier
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. elbow circ line
waist circ ling

-- knee circ line

Anthropometric landmarks (AP) EMG electrode points (EP)

1 Back neck 15 Back waist UT  Upper trapezius
2 Front neck 18 Back waist (omphalion) MD Middie deitoid
3 Side neck 17 Anterorr supenor Hac spine BB  Biceps brachii
4 Acromion 18 Buttock protrusion PM Pectoralis major
5 Lateral shoulder 19 Crotch LD Latissamus dorsi
6 Anterior midaxilla 20 Radale GM Gluteus maximus
7 Anterior axillary fold 21 Radial styloid RF  Rechus femons
8 Postenor midaxila 22 Ulnar styloid AM  Adduclor magnus
9 Postenor axillary fold 23 Midthigh BF Biceps femons

10 Bust point 24 Midpatella

11 Auxillary level at midspine 25 Posterior juncture of calf and thigh

12 Front waist 26 Calf protrusion

13 Side walst 27 Lateral mallecus

14  Side waist (omphalson) 28 Medial mallecus

Figure 3.13: Example of a possible placement of electrodes on patient bodies
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Chapter 4
Biped creation

In this chapter is explained how the biped has been created.

In the first place the design was created using a 3D design software (SketchUp) and
then the biped was made on another CAD software system (Onshape) in order to
export and use the project on CoppeliaSim.

4.1 Biped design

The bipedal design was done using SketchUp 2020. SketchUp is a computer graphics
application for 3D modeling, originally created by Last (founded in 2000 by Brad
Schell and Joe Esch) and oriented towards architectural design, urban planning,
civil engineering, video game development and related professions [25]. With
this software each component is created to safely support a patient undergoing
rehabilitation. The height of the structure is 1579mm, it width is 473mm and the
thickness is not always the same, it varies between 10mm and 43mm. The figures
[4.1] show the entire structure of the biped.
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Figure 4.1: Biped design

4.1.1 Biped parts

In this section all the parts that make up the biped are shown.
In Figure [4.2] there is the trunk design together with the hip joint responsible for
the rotation around the Z-axis (Yaw):

Figure 4.2: Trunk design
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In Figure [4.3] is shown the right hip design composed by both the joint respon-
sible for the rotation around the X-axis (Roll) and the rotation around the Y-axis
(Pitch):

Figure 4.3: Right hip design

In Figure [4.4] is shown the right up leg together with the knee joint responsible
for the rotation around the Y-axis (Pitch):

Figure 4.4: Right up leg and knee joint design
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In Figure [4.5] is shown the right low leg together with the ankle joint responsible
for the rotation around the Y-axis (Pitch):

Figure 4.5: Right low leg and ankle joint(Y) design

In Figure [4.6] is shown the right foot together with the ankle joint responsi-
ble for the rotation around the X-axis (Roll):

Figure 4.6: Right foot and ankle joint(X) design

In Figure [4.1.1] is shown the toe together with its joint responsible for the rotation
around the Y-axis (Pitch):
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In order to implement everything on matlab a prototype with this design has been
created on Onshape.

Onshape is a computer-aided design (CAD) software system, delivered over the
Internet via a Software as a Service (SAAS) model. It makes extensive use of
cloud computing, with compute-intensive processing and rendering performed on
Internet-based servers, and users are able to interact with the system via a web
browser or the iOS and Android apps[26].

In the following figure is shown the prototype.

Figure 4.7: Prototype created on Onshape
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Chapter 5
Incline Experiment

InclineEzxperiment.m contains leg joint kinematics, kinetics, and EMG activity
from an experimental protocol approved by the Institutional Review Board at the
University of Texas at Dallas. Ten able-bodied subjects walked at steady speeds
and inclines on a Bertec instrumented treadmill for one minute per trial. Each
subject walked at every combination of the speeds 0.8 m/s, 1.0 m/s, and 1.2 m/s
and inclines from -10 degrees to +10 degrees at 2.5 degree increments, for a total
of 27 trials. During each trial, a 10-camera Vicon motion capture system recorded
leg kinematics, while force plates in the Bertec treadmill recorded ground reaction
forces, and a Delsys Trigno EMG system recorded muscle activation of the rectus
femoris, biceps femoris, tibialis anterior, and gastrocnemius. This data can be used
to test different hypotheses and models of human locomotion at varying speeds
and inclines.

The file is of *.mat format and can be opened using MATLAB.

This experiment’s data is saved in two MATLAB structs, Continuous and Gaitcycle.

Continuous: This struct has one minute data recorded at 100 Hz (6000 mea-
surements). The EMG and force plate data, which record at 2000 and 1000 Hz
respectively, were downsampled so that all data in this struct is shown at 100
Hz.The units for all quantities are included in the struct Data Hierarchies below.

y = Continuous.(subject).(trial).(datatype).(leg).(variable) (5.1)

[y will generally be of dimensions 6000x1 or 6000x3, depending on if the variable
is scalar-valued or has x,y,z components]
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o (subject) =

— ABXX: Individual results are shown for all 10 anonymous able-bodied
subjects.

o (trial) =

— subjectdetails: This field gives the subject’s gender, age, height, weight,
and left /right leg lengths.

— sXXi/dYY: Results are given for each combination of walking speed and
incline a subject performed. In the naming convention shown, XX =
speed of the trial in m/s, and YY = incline of walking in degrees. Decimal
points are replaced with an “x.” An “i” before YY indicates an inclined
trial, while a “d” indicates a decline. For example, s1x2i7x5 would mean
the trial was recorded at 1.2 m/s at positive incline of 7.5 degrees. This
information is also provided explicitly in (trial).description.

 (datatype) =

— description: A cell array containing the speed and incline of this trial.

— time: An array with the time since the beginning of the experiment for
every frame.

— kinematics.markers: An array with world-frame positions of all motion-
capture markers, located on the Anterior Superior Iliac Spine (asi), Poste-
rior Superior Iliac Spine (psi), the thigh, knee, tibia, ankle, heel and toe
of both legs.

— kinematics.jointangles: An array with the joint angles for the pelvis, hip,
knee, ankle, and foot as calculated by Vicon Plug-in Gait (Vicon, Oxford,
UK).

Joint definitions, provided by Vicon:

« pelvis: (absolute) The angle between the pelvis and the laboratory
coordinate system.

* hip: (relative) The angles between the pelvis and the thigh (+x is
flexion, -x is extension).

« knee: (relative) The angles between the thigh and the shank (+x is
flexion, -x extension).

* ankle: (relative) The angles between the shank and the foot (+x
dorsiflexion, -x plantarflexion).

x foot: Absolute. The angles between the foot and the global coordinate
system.
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+ (emgdata.emg):

— Delsys EMG sensors (Model: Trigno wireless system, Delsys, Natick, MA)
were attached to the rectus femoris (RF), biceps femoris (BF), tibialis
anterior (TA), and gastrocnemius (GC). The EMG signals have been
rectified and low-pass filtered (fc=40) with a zero-phase digital filter
(MathWorks, Natick, MA).

— emgdata.accel: Each Delsys EMG also contains a 3-axis accelerometer
that reports an acceleration vector in the local frame.

— kinetics.jointpower: An array of the power generated by each joint, deter-
mined by Plug-In Gait (Vicon).

— kinetics.jointforce: An array of the force applied at each joint, determined
by Plug-In Gait (Vicon).

— kinetics.jointmoment: An array of the moment generated by each joint,
determined by Plug-In Gait (Vicon).

— kinetics.forceplate.force: A 3D force vector from force plates in the split
belt instrumented treadmill (Bertce, Columbus, OH). These signals have
been low-pass filtered (fc=40) with a zero-phase digital filter (MathWorks).

— kinetics.forceplate.moment: A 3D moment vector from force plates in the
split belt instrumented treadmill (Bertec).

— kinetics.forceplate.cop: The center of pressure location (world-frame) from
force plates in the split belt instrumented treadmill (Bertec).
o (variable)=
— (marker): In the markers (datatype), results are given per marker: asi,
psi, thigh, knee, tibia, ankle, heel or toe.

— (joint): In several (datatype), results are given per joint: hip, knee, or
ankle and for the jointangles (datatype), also pelvis and foot.

— (muscle): For the emgdata (datatype), results are given per muscle: RF,
BF, TA, or GC.

— (forceplate): For the forceplate (datatype), results are given per the force,
moment, or center of pressure (cop) measurement from Bertec forceplates

(Bertec).
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Gaitcycle: This struct contains the same uderlying data as Continuous, but
has been broken down into individual gait cycles which begin and end at heel strike.
It contains most of the same fields as Continuous, plus the fields listed below:

y = Gaitcycle.(subject).(trial).(datatype).(leg).(variable) (5.2)

[y will generally be of dimensions 150xM where M is the number of strides recorded
for that subject and trial. The 150 points are a linear interpolation of the continuous
signal over a given gait cycle.]

 (datatype)=

— stepsout: Contains a vector of strides that we have identified to be outliers,
as defined by having kinematics 3 standard deviations from the mean.

— cycles.time: An array with the same dimensions as the other Gaitcycle
data that indicates the time since the beginning of the corresponding
stride.

— cycles.frame: A vector that indicates what frame each heel strike occurred
on.

« (variable)=

— (joint): For the jointpower (datatype), results are given per joint: hip,
knee, or ankle.

— (muscle): For the emgdata (datatype), results are given per muscle: RF,
BF, TA, or GC.

— (direction): For most other (datatype), results are split into three compo-
nent directions: x, y, or z.

— (joint)mean, (Muscle)pean, or (direction)yean: The mean of all M strides’
(datatype) for a given subject, trial, and leg. This will be a 150 x 1 vector.
Note this mean includes strides that were indicated to be outliers.

— (joint)sq, (muscle)gq, or (direction)gq: The standard deviation of all M
strides’ (datatype) for a given subject, trial, and leg. This will be a 150 x
1 vector. Note this standard deviation includes strides that were indicated
to be outliers.

Known issues:

Kinematic data will be missing when less than three cameras have a concur-
rent view of a marker. These points are represented by a NaN in this dataset. We
recommend the use of ‘nanmean’ and ‘nanstd’ on these data.

Jointpower, jointforce and jointmoment have not been filtered. We recommend a
low-pass filter before use, but the cut-off frequency may depend on the application.
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Chapter 6
Simulation on Matlab

In collaboration with the study made by [21], the first step to do, at this point, is
to generate the necessary input variables for the kinematic cycle. These variables
are CoM, meta trajectories (the projection of the ankle on the floor), feet angles
and trunk angles w.r.t. the ground and their respective speeds.

The first stage of the reference variables generation process consists in obtaining of
the ZMP trajectory from the gait and the feet and steps characteristics. Then there
are four events determined from the feet markers contained in the experimental
dataset, that determined the motion of the meta of the feet. From the ZMP
trajectory, according to the LIPM model theory, were computed the CoM position
and speed.

Finally, the trajectories and speeds variables were packed together to be used in
the kinematics cycle.

The data used for this simulation are imported from the subject ABO1 (1 m/s of
treadmill’s speed, treadmill with 0 inclination).

It is very important to establish the support point (heel and toe) and the support
leg (left or right) at each moment of the trial.

There are two states variables: the stance leg (right or left) and the stance point
(heel or toe). The alternation between these determines four states: left heel
support, left tip support, right heel support, right tip support. The events that
must occur in order to change state are:

o The change of the support point: When ZgtancefootH < ZstancefootT the toe marker
is at the same level or below the heel marker, the foot must be flat or the heel
must be lifted w.r.t. the terrain. The support point is changing from the heel
to the toe of the stance foot.

o The change of the support leg: if there is a local minimum of Zsyingingfootrr While
standing on the toe of the opposite foot, it corresponds to a heel-strike of the
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swinging foot. The support leg changes, as well the support point, and a step
was completed.

The first state is determined by the different time plots of Zgotpoint, and depends
on which marker is lowest, while the others depend on events.

Sometimes the subject walks without placing the heel on the ground, especially
at high walking speed. However Zgyingingfootn has a local minima also in this cases,
so a short period of heel support will always be accounted before switching to the
tip support state, even if only of one sample. In addition the condition for event
A makes possible to change support point even if the heel and the toe do not lie
together on the ground for a moment.

It has been verified that the double support period corresponds to the time spent
in heel support, while the single support period corresponds to the time passed in
toe stance, in the case of a slow walk. Thus it is possible not only to determine
the stance leg and the support point, but also if the subject is in double or single
stance.

At the end of this process, is generated an array with the following information:

« Stance leg.

e Support point.

e Step number. Together with the support point it gives the support state.
e The initial instant of the time period spent in a certain state.

o The final instant of the time period spent in a certain state.

o An array providing the current state of stance, single or double for the whole
period spent in a certain state.

o The time array of the period, starting from zero and ending at the final time
less the initial time.

Using this array it is possible to segment the data according to the status of the
media.

Evaluation of kinematic variables and body segment lengths

In the gait analysis it is fundamental the evaluation of the antropometric data of the
subject, and if it is conducted on a kinematic level, the information on the correct
lengths of the body segments and the position of the joint centers are essential.
Due to the lack of measurements on the lower limb segments, their length were
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Figure 6.1: State machine representation

calculated from the markers, following the procedure given by the Vicon Plug-in
Gait Reference guide [27]. The Newington-Cage [28] model is used to define the
positions of the hip joint centers in the pelvis segment. The interAsis distance
is computed as the value between the left AST (LASI) and the right ASI (RASI)
markers. The distances from the Asis to the Trocanter are calculated independently

for each leg, using the following formula:

AsisTrocDist = 0.1288 LegLength — 48.56

The offsets vectors for the two hip joint centers (the left LHJC and the right RHJC)

are calculated as follow:

X = Ccos(0)sin(B) — (AsisTrocDist + mm)cos(f3)

Y = —(Csin(f) — aa)

Z = —Ccos(0)cos(B) — (AsisTrocDist +mm)sin(f)
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where:

C = 0.115MeanLeglLength-15.3
aa is the interAsis distance

0 is taken as 0.5 rad

[ is taken as 0.314 rad

For the right joint center, the Y is negated, since Y is in the lateral direction
for the pelvis embedded coordinate system.

Outputs

The extensions of the tibial segments, of the femur segments, of the plant of the
feet and of the pelvic segment are calculated at each instant. The time-averaged
length of each body segment was determined, and the standard deviation of each
time sample.

To determine whether the values of the joint offsets have been chosen correctly,
the standard deviations must not exceed a certain threshold: this would mean
that the lengths very excessively over time. In any case, it is impossible to obtain
the time invariant length of the body segments, because of the same measurement
methodology. The motion capture system may not measure the position of the
markers correctly, and markers may shift during walking. There will always be a
few values that deviate significantly from the average, even in the best situation.
As output to this process we have the data obtained from the state machine and
the average values of the body segments.

Joint Joint Offset
Left KJC 40 mm
Right KJC 40 mm
Left AJC 36 mm
Left AJC 35 mm

Table 6.1: Chosen center offsets for the subject AB01 and trial s1i0

6.1 Cartesian variables generation

The output from the event based data were used to compute the reference variables
needed for the kinematic analysis. Our reasoning starts from the paper of SangJoo
Known et al. [7] in which it is explained how to adapt the generation of the
trajectories of the ZMP and feet developed by Choi et al. [29] to produce human-
like trajectories instead. Then the trajectory of the ZMP is used to reconstruct the
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Body Segment Time-Averaged Lenght
Pelvis 187 mm
Right Femur 409 mm
Left Femur 400 mm
Right Tibia 425 mm
Left Tibia 448 mm
Right feet plant 250 mm
Left feet plant 245 mm
Right feet dorso 187 mm
Left feet dorso 174 mm
Right AJC-meta distance 39 mm
Left AJC-meta distance 32 mm

Table 6.2: Time-averaged extension of the body segments

COG pattern, according to the LIPM modeling. The remaining reference variables
needed for the kinematic analysis, i.e. trunk angles w.r.t. the ground and knee
joint angles, are taken directly from the experimental data.

6.1.1 ZMP and feet trajectories generation

In order to describe the trajectories of the ZMP and the meta of the feet, a series
of variables obtained from the outputs of the state machine and the markers’ data
are required. First of all, the incomplete steps were deleted from the recordings, to
start and end the trial with a flat-foot event. Then, starting from the first flat-foot
event of the trial, the following parameters are found iteratively:

stepN : the step number, assigned from supportinfos, deleting the first incom-
plete step.

t;, - time between flat-foot and toe-off events of the support foot.
ths © time between toe-off and the heel-strike events of the support foot.
ty © time between heel-strike and flat foot events of the support foot.

Azg.,: the longitudinal distance between the meta of the feet, calculated at
the flat-foot event.

Aygep: the lateral distance between the meta of the feet, calculated at the
flat-foot event.

ly: the longitudinal distance between the markers of the meta and of the toe
of the supporting foot during the flat-foot event.
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o [,: the longitudinal distance between the markers of the meta and of the heel
of the supporting foot during the flat-foot event.

The first six parameters vary with each step, while the last two Iy and 1}, are constant,
because they depend only on the length of the foot.

ZMP generation from the support states

In flat-footed walking, the ZMP remains fixed in the middle of the sole of the
supporting foot until it abruptly moves to the opposite foot during the double
stance phase. However, in human walking the ZMP always travels from the heel
to the toe of the supporting foot, and changes foot more gradually. The ZMP
longitudinal trajectory between two flat-footed events occurring at time t; and time
t¢ respectively is given by:

ZMPX(ti) + (lf/tﬁr)t fOTti <t<t+1tg

ZMP,(t)=
( ) {ZMPX(t1> + (lb/tto)t — lb + A(I‘Smp) fOT’ti + tﬁ‘ <t S tf

Instead in the lateral direction is given by:

A(Ystep) forty <t <ti+tg

ZMP, (t)=
y( ) {(Kf—Ky)(t/tto) — K fOT’ti—f-tff<t§tf

The parameter Ky is defined at each steps and is calculated as:

K — A(ystepwntanh(wn)<tto))
Y (1 + A(Ystep)wntanh(wy (o)) +

where wy, = g/zcoq is the natural frequency of the inverted pendulum that from
the ZMP (its base) to the CoM. This formula was derived from the CoG trajectory
constrain along the lateral direction defined by Choi et al. in [29]. The parameter
K; is equal to Ky calculated for the next step. It can be noticed that the time
difference between t; and t; (i.e. the time between two flat-foot events) is equal to
the sum of tg and tq.
The comparison shows that the calculated ZMP has a similar trend to that of the
CoP in the longitudinal direction x and they almost overlap completely. In the
lateral direction y, however, the situation is different: the lines parallel to the time
axis of the ZMP and those of the CoP corresponding to the single support phase
do not coincide. This occurs for two reasons: during the double stance phase, force
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Figure 6.3: Comparison between computed ZMP and the CoP along x

platforms are unable to measure the displacement of the CoP from one foot to the
other, and during the single stance phases, the CoP moves from the inner part of
the sole to the outer part due to the pronation of the stance foot.

The double stance phases correspond to the intervals between a heel-strike event
and a flat foot event of the same foot.

The generated trajectory of the ZMP can be seen as a continuous piecewise linear
functions. Its break-points have been recorded to be used in the CoG generation
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Figure 6.4: Comparison between computed ZMP and the CoP along y

process to compute the angular coefficients of the ZMP linear traits.

Outputs

The outputs of the processes defined previously in the section are the ZMP trajec-
tory, the meta trajectories and the angles of the feet w.r.t. the ground.

To these variables a first trait was added to simulate the transition from standing
with both feet touching the ground to the first half-step. This ensures that the
biped starts from a stable position.

The recorded ZMP break-points are collected to be used for reconstructing the
continuous piece-wise linear function which matches the ZMP trajectory.

6.1.2 CoG computation

The CoG motion can be derived from the ZMP as stated by Kajita et al. [30].
He proposed to solve numerically an infinite-horizon LQR problem to stabilize
the ZMP, optimizing the quadratic cost of the ZMP tracking against the CoG
acceleration. The weakness of this method is the high computation time. For this
reason, the method of Russ Tedrake et al. [31], which proposes an iterative method
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for finding solutions to the LQR problem, was preferred for calculating the CoG
trajectory and verifying the proper ZMP tracking at the same time. The CoM and
ZMP dynamics of a legged rigid body systems con be written in the state space
form as:

. 02x2 IQX2 02x2
— Az + Bu = + 6.6
. o “ |fbx2 02x21 v [IQXQ] “ ( )
— Zcom
y=Cz+ Du(x,u) = [ngg ngg} T+ — Ioott (6.7)

com

where & = [ZcoG, T0oG, TCoGs LCoG > U = [Fcoas Zcoc)’s Y = [Tzmp, Tzmp]t, g the
constant gravitational acceleration and zcoy the center of gravity vertical position.
Assuming a constant CoG height zcog the terms D(z,u) becomes D(u).

The desired ZMP trajectories, y4(t) can be described by a continuous piecewise
polynomial of degree k with n breaks at t; (with to=0 and t,=t;).

Given the desired trajectory of the ZMP y,(t) the optimal ZMP tracking con-
troller can be obtained solving a continuous-time LQR problem. Q and R explicitly
trade off ZMP tracking performance against the cost of accelerationg the CoG.
The final LQR problem with a cost on state in coordinates relative to the final
conditions is:

inf
miimize [ (|l(t) - ya(o)] I+ u(o)| )

subject to Q = Q' >0
R=R">0
ya(t) = y(ty), vt > t;
2(t) = Az(t) + Bu(t)
y(t) = Cx(t) + Du(t)
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where:

g(z(t),u(t)) = 271z + 27 q2(t) + g3 (t) + u(®)" Ryu(t) + u(t) ra(t) + 227 () Nu(?)

(6.8)
Q=CTQC () = —20TQul) a5 = |lFa(®)I} (6.9)
R, =R+ D"QD ro(t) = —2DQy4(t) N =C"QD (6.10)
The optimal cost-to-go for this problem has the general form:
J(z(t),t) = 27 (#)S1(t)z(t) + 77 so(t) + s3(1) (6.11)
The optimal controller is defined as:
u*(t) = —Ry(Npx(t) + rs(t)) (6.12)

where Ng = NT + BTS) and r, = (1/2)(ro(t) + BTsy) and Sy, so and s3 terms
are computed via the Riccati differential equation. After some considerations the
optimal feedback controller can be expressed as:

u*(t) = Kqz(t) + k() (6.13)
where the feedback matrix K is a constant and:

at) = ~B; (3 B ss(t) — DQ(1)) (6.14)

The solution to this systems, as in the above has the general form:

k
Z(t) = eAZ(t*tj)aj + Z bjﬂ'(t — t])l (615)
=0

The following algorithm solves for the coefficients of 6.15 forward in time.
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Data: z(0), A., B., degree k piecewise polynomial y,(t) with n breaks
Result: a;, b;;. Vj e (1,..., n), vie (0,..., k)
for j=mn, ..., 1 do
Bj,k = —A;lec’fjsk;
fori=LF—1,..., 0 do

‘ bj,i = 44;1((? -+ 1)bj7¢+1 — Bzcj‘,i);

end

biall 2 2] = bl 2] +y(ty)s

Outputs

The process outputs are the optimal input u, the output y and the state variables x
of the state space system of 6.6. Using the ZMP generated from the support states
and the LQR gains in 6.16 in the plots in 6.5 and 6.6 are obtained.

100 0 0.01 0
©= [ 0 100] = [ 0 0.01] (6.16)

The reference ZMP was perfectly tracked thanks to the use of a rather large time
horizon of about sixty seconds. The longer the reference ZMP, the more accurate
the tracking.

The motion of the CoG is stable, and never moves outside the line traced by
the ZMP, except during the first half step. Along the longitudinal direction its
trajectory seems a straight line, while in the lateral a sine wave which peaks
approach the ZMP during the single support phase.

The velocity of the CoG along x starts from zero, increases, and then begins to
oscillate around a constant value, equal to the trial’s walking speed, reported in
the experimental data. Instead the CoG’s speed along y is represented by a a
triangular wave with rounded edges, and reach is peak during the double support
phase, when the position of the CoG pass from a side the other.

6.2 From variables to the model on the kine-
matic cycle

The kinematic with redundancies guarantees the WBC of the model, and is struc-
tured take into account together the Cartesian variables related to the balanced of
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Figure 6.5: Comparison of the reference and tracked ZMP with the generated
CoG along x,y

the model while walking, and the angular variables of the joints to guarantee the
synchronous movement of the biped with the experimental test data.

6.2.1 Direct Kinematics

The direct kinematics is a function K () that relates the linear and angular
displacements of the model in the Cartesian space to its configuration, i.e. the set
of its joint angles 6.

v = K(0) (6.17)

Direct kinematics creates a link between joint space variables 6 and Cartesian space
variables x.

Consider two reference systems RFjy, RF}, and an arbitrary point P in space. Let
po be the vector of coordinates of P w.r.t. the reference frame RF{. Instead let p;
be the vector representing the position of P w.r.t. RF;. Let d-1) be the distance
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of the origin of RF} from the origin of RFj, and R_1) be the rotation matrix of
RF, with respect to RFy. The position py of P in RFj is given by:

Po = dio—1) + Ro-1)p1 (6.18)

Hence, 6.18 represents the coordinate transformation (translation + rotation) of a
bound vector between two frames.

After the computation of the homogeneous transformation matrix 71, that gives
us all the information needed to describe the direct kinematics: it is a suitable
instrument for describing the orientation and position of a body in space w.r.t a
reference frame, in terms of its ZYX angles ¢ (calculated from R) and its translation
vector p, giving all the Cartesian space variables x:

v = ﬂ _|¢ (6.19)
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Then is computed the homogeneous transformations of the reference frames of the
meta of the supporting foot (F}), of the model’s CoG (CoG) and of the meta of the
swinging foot (F5). These are obtained by the product of a series of homogeneous
trans- formations starting from the base frame (i.e. the Cartesian reference system)
to the corresponding point:

Tosrm = Tosi1Ti2To3T5
Tococ = Tos3T554Ta5T5 6165717818919 scoc (6.20)
Toom = Tos10T0-11 1115121125137 135 14T 1415115

Given a model such as those defined in the previous section, we consider fixed the
support point of the foot until it is changed. In each joint and point of interest
there’s a local frame, like described in the previous section. The value 0 indicates
the reference frame located on the support point and attached to the terrain,
while the other numbers indicates the other reference frames located on the joints.
Each of these, except the last of each formula in 6.20 (7| (3=F) > L(9—coq) Which
are constant transformation, T{;5-,5,), depends on the i-th joint angle. Thus the
position of F} depends only on the angles of the support foot w.r.t. the ground.
Instead F, and CoG position depends also on the other joint variables.

6.3 Differential inverse kinematics

The differential direct kinematics gives us the relationship between the joint veloci-
ties and the linear and angular velocities of the various points forming the model.
It is expressed by the following formula:

T = Ja(0)0 (6.21)
where J4 is the analytical Jacobian and:
0K (0)
00

The matrix J4(@) can be obtained from the partial derivatives of the ZYX angles ¢
and of the vector p, coming from both the homogeneous transformation representing
the direct kinematics, w.r.t. the joint angles . Given a set of three linear and
three angular velocities (p and <b) to be computed, the analytical Jacobian is a 6x6

matrix such that: _
Fres = M _ [J‘ﬁ(@)l _ JA(0)0 (6.23)

Ja(0) = (6.22)

p Jp(e)

This formula represents the linear relationship between the velocities in Cartesian
space and those at the joints. In our case, we want to track precisely the motion of
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the CoG, of F; and of Fy, the orientation and position of their reference frames
in space, and how their time evolution. Their Cartesian linear and rotational
velocities are grouped within the vector i,.f, the vector of the reference speeds.
The differential direct kinematic that gives the set of reference variables z,.¢ can
be written as follows:

b
by r,
Os_py
QlfAnklel
. 02— Ankie,

¢COG eKneel
pCoG 0.1_Hz'p1
Trep = G?Fl = Ja(15215) (9) 9'27Hip1 (6.24)
¢F2 9.3—Hip1
PF, 6'3*Hip2
Q2—Hz‘p2
01-mip,
.GKHBGQ
02— Ankies
_elfAnkleg_

where:

Jaase1s)(0) = | Jom ( (6.25)

To obtain the redundancy of constrains, the number of degree of freedom has to
be lower than the reference variables. Constrain can be added in both joint space
and Cartesian space. The knee angles were added on the left side of Eq. 6.24 as
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additional reference variable, obtaining:

01-p
O2—r
O3k
‘ 01— Ankie,
[ ¢COG | ‘92‘7Anklel
PcoG Orcnees
O 0 rip,
Or, | = Jaareis)(0) | Oommip, (6.26)
. pF2 (9'37Hip1
QKneel Q?)—Hipz

_eKneel_ QQ_HiPQ
01— Hip,

. gKneez
‘9‘27Ankleg
101 Ankies |

where:

[Jococ(0)]
Jpcoc(0)
J¢>F1 ('9)
JA(17J;15) (9) = J¢F2 (9) (627)
Jpr,(0)
JAKnee1
L JAKneeg J

The analytical Jacobian J4 passed from being square to being rectangular, with
more rows than columns. When the Jacobian is square, it can be inverted to obtain
the inverse differential kinematics. Instead if it is rectangular and the number of
rows exceeds the number of columns, the inversion is not possible, and instead is
used the left pseudo-inverse. When the number of constrains exceed the number of
DOF, the inverse kinematics has no solution. Thus an approximate solution can be
obtained using the weighted least square method. Multiplying both sides of 6.21
for a diagonal matrix W of weights we have:

Wipes = WJaH (6.28)

The matrix W is a 17x17 square matrix, with different weights for each of the
reference variables. The weighted least-square method gives the pseudo-inverse of
J A

0= T\ Wiy = (JIWIN) T W i,y0 (6.29)
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The least square method gives the solution which minimizes ||W.J4(0)0 — &,/||
and minimizes ||Wx,.s||. The higher the value of a weight, the more the respective
Cartesian speed variable given by the result of the least squares method 6 will be
similar to the respective reference variable, to the detriment of the variables with a
lower weight. Solving the inverse kinematics with the computed pseudo-inverse we
obtain the joint speeds:

é = lejjref (630)

The joint angles can be obtained integrating the inverse differential kinematic
solution 6.

Fitting the data

A series of kinematics cycles is used for fitting the experimental data to the biped
model. The aim is to ensure that there is simultaneous tracking of the generated
variables in the Cartesian space and of the joint angles experimental data [32]. The
selected angles are those at the knees joints, but these can be replaced by different
ones or others can be added to increase the constraints. As the number of reference
variables is greater than the number of DOF, it is not possible for all of them to be
tracked accurately. Thus, the weighted least squares method was used as described
in the inverse kinematic section: it enables the choice of which variables should be
tracked more precisely by giving them a higher weight.

The home configuration is thus determined, which will be used to calculate the first
Jacobian J4(6(so)). It can be noted that the upright position does not correspond
to any of the various models defined above, as the feet touch the ground with the
entire sole. If both feet of the model touch the ground, a closed kinematic chain is
formed, whereas our models correspond to open kinematic chains. The first model
selected was the one corresponding to the first support other than both feet lying
on the terrain, and the home configuration was established using it.

A global reference system was positioned at the point where the CoG was projected
onto the floor, with the longitudinal axis in the direction of the walk, the lateral
axis in the direction of the right foot and the vertical axis in the direction of the
CoG. The distances between the origins of the model’s base frame and the global
frame just defined are calculated.

The values of the elements of the diagonal matrices W |, G and G;j are then chosen.
The first is the already mentioned matrix of weights used in the least squares
method, the others will play a role in correcting the reference variables from their
tracking error.

W, G and G;j are to be chosen for best results in fitting inverse kinematics with
constrain redundancy.

The solution 8 does not guarantee a perfect tracking of all reference speeds, but a
better tracking of the variables with a high weight in W, at the expense of those
with a low weight in W.
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By integrating 6(s), the next configuration 6(s) is obtained. With the an apposite
MATLAB command we obtain the matrices of the homogeneous transformation
of the CoG, F; and F; reference frames w.r.t. the base frame. The homogeneous
transformations can be used to determine the vector x(s) containing the Cartesian
variables of interest.

It should be noted that is not the same for all the four models, i.e. it differs
according to the kinematic chain. A matrix containing the model configurations at
each sample was defined for each model: depending on the support point we have
Orn (left heel support), 07 (left tip support), Org (right heel support), Oz (right
tip support). This matrix is an n X m, where n is the number of configurations
variables and m is the number of samples. The first three values of a columns
depend on the rotations on the support point. The value of 6 does not change
when selecting a new model with the base frame located on a support point on
the same side of the body (0, = 0.1 and gy = Orr). Instead when the stance
leg is swapped, the configuration vector changes along with the model. The three
values of the configuration depending on the orientation of the new stance foot are
calculated from the ZYX angles of its meta w.r.t. the base frame of the previous
model, while the remainder are the same but with their order is reversed.

To make the Cartesian quantities converge in time to the values of the reference
trajectories, a proportional integral loop is closed on the Cartesian positions. The
reference speeds are corrected with the reaction:

Tref(s+ 1) = Zpep(s + 1) + G(aref(s) — x(s)) + G; /Ot(ajref(s) —z(s))dt  (6.31)

where G and G; are diagonal matrices of gains and (x,.; — ) is the tracking error.
High gain values impose a higher error consideration, and therefore more severe
correction. The presence of the integrating action is justified by the fact that the
integration in time of the velocities leads to drifts in time.

When a model with a different support point than the previous one is selected, the
distance to the global reference frame is recalculated, adding the distance between
the new and old support point. The global frame distance is added to the variables
in the local reference frame (the base frame), obtaining a representation in the
global one.

When changing support leg, the angular velocities of the joints at the new support
point are not available. These are obtained by deriving the values of the angles in
time obtained previously for the new support foot.

6.4 Results

The simulation inputs are the reference speeds @,.; , and the respective angles
and position contained in z,.;. The reference velocities are the angular and linear
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velocities of the CoM and of the feet, and the rotational speed of the knees. The
torso angular speeds about the y-axis and the z-axis, and the knee angular speeds
were derived directly from the experimental data. To complete the set of reference
variables, the angular speeds of the feet around the axes x and z and those of
the trunk around z are missing. These have been set to zero because no lateral
oscillation of the feet due to a prone-supination action is wanted, and the rotations
around z are small and cannot be considered while walking in a straight line.
The values chosen for the gains (for the data coming from the trial s1i0, subject
ABO1) are as following:

W =diag(10%,10%,10%,10%,10*,10%,10%, 10%, 10°, 10?, 10*, 10*, 10?, 107, 10°, 70, 70);
G =diag(2.3.5,3,3,1,3,0.5.0.8,1,1,1,1,1,1,5.3,0.6,0.6);
G; =diag(0.1,0.15,0.4,0.1,0.1,0.3,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1, 0.61,0.01,0.01);

These have been chosen to ensure good tracking (the perfect is impossible) of all
reference variables.

It was not possible track precisely the input angles are the knees and at the same
time of the trajectories of the CoM and of the feet. Other gains were also tried,
in an attempt to obtain a pattern of the knee angles similar to those in z,¢s :
unfortunately it was not possible to obtain a good result, and the other reference
variables deviated significantly from those in the data. This could be caused
by a discrepancy in the origin of some Cartesian variables w.r.t. others. As we
already mentioned, some are obtained from the trial measurement while others
are generated according to the LIMP model. When the variables from the dataset
are valued by giving them high weights, this is to the detriment of the variables
generated, and vice versa. Finally, with the resulting data, a real-time animation
was developed to show the evolution of walking over time.

In general, the plots of reference trajectories and angles have two lines: one named
"Reference”, which refers to the simulation inputs, and one "Effective”, which
represents the actual movements made by the biped (i.e. the outputs of the fitting
process). On the other hand, as regards the speed graphs, a third line, "Corrected
reference”, is added to the above-mentioned ones, representing the input speed
corrected by the feedback in 6.31.
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Figure 6.7: Biped walker animation
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Figure 6.8: CoM trajectory along x-axis,y-axis,z-axis
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Chapter 7

Simulation on CoppeliaSim

7.1 CoppeliaSim

The robot simulator CoppeliaSim, with integrated development environment, is
based on a distributed control architecture: each object/model can be individually
controlled via an embedded script, a plugin, a ROS or BlueZero node, a remote
API client, or a custom solution. This makes CoppeliaSim very versatile and ideal
for multi-robot applications. Controllers can be written in C/C++, Python, Java,
Lua, Matlab or Octave [33]. CoppeliaSim is used for fast algorithm development,
factory automation simulations, fast prototyping and verification, robotics related
education, remote monitoring, safety double-checking, as digital twin, and much
more [34].

7.1.1 Design simulation

In order to create a good simulation using our prototype first we import as a Mesh
the Biped.stl file, then we create the pure shapes from the mesh adding the joints
in the correct position. The hierarchy, as can be seen from the figure 7.3 in the
next page, has the following structure:

1. The Base is the pure shape associated to the Trunk

2. The leftHipJointZ is the joint associated to the rotation around Z-axes (same
for the right side)

3. The leftHipJointX is the joint associated to the rotation around X-axes (same
for the right side)

4. The leftHipJointY is the joint associated to the rotation around Y-axes (same
for the right side)
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10.

11.
12.

13.

The leftUpperLeg is the pure shape associated to the (UpLeg (same for the
right side)

The leftKneeJointY is the joint associated to the rotation around Y-axes
(same for the right side)

The leftLowerLeg is the pure shape associated to the I[LowLeg (same for the
right side)

The leftAnkleJointX is the joint associated to the rotation around X-axes
(same for the right side)

The leftAnkleJointY is the joint associated to the rotation around Y-axes
(same for the right side)

The Spheres between some joints connect the latter to each other (same for
the right side)

The leftFoot is the pure shape associated to the [Foot (same for the right side)

The leftFootPath: a path is a pseudo object, representing a succession of points
with orientation in space [35] (same for the right side)

The leftFootTip connected to the leftFootTarget they are both dummies. A
dummy object is the simplest object available: it is a point with orientation,
and it can be seen as a reference frame. Dummies are multipurpose or helper
objects: they are used alone to identify specific points or reference frames in
the scene, they are also used in pairs to specify loop closures or tip-target
relationships for dynamics or kinematics calculations. [36] Linked dummy:
dummy linked to this one. Linked dummies (easily recognizable by a colored
segment linking them, in the scene hierarchy) have special properties and
behavior. Link type: the link type will specify the behavior of the linked
dummies during simulation. [37] See the figures below (same for the right

side)

Dummy - dummy linking Dummy - dummy linking

Linked dummy leftFootTip - Linked dummy leftFootTarget v
Link type I¥, tip-target - Link type IK, tip-target v

Figure 7.1: Dummy target Figure 7.2: Dummy tip
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Figure 7.3: Hierarchy of the Biped
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7.1.2 Walking analysis

In this simulation there are only three phases:
 Phase 1.In this phase the support leg is the left one (Single stance), Figure 7.4

o Phase 2. In this phase both the foot are in contact with the ground (Double
stance), Figure 7.5

o Phase 3. In this phase the support leg is the right one (Single stance), Figure
7.6

ﬂ;‘:
Figure 7.4: Figure 7.5: Figure 7.6:
Phase 1 Phase 2 Phase 3
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7.1.3 Angle and position graphs

In this section are shown the trend of the biped and the angles of the joints over
time. As first step in order to move the structure is to assign the trajectory to the
feet using the function 'Path’ in CoppeliaSim, the design of this path is equal to
the one proposed by Matlab [38] shown in the following figure.

End Effector (Feet) Trajectory

Left Foot Traj
Right Foot Traj
—6— Left Foot
=& Right Foot

Figure 7.7: Matlab Feet Trajectory
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The first graph shown is in the figure below. It is the representation of the
position of the trunk along X and Y.
The Y position is just the forward movement of the biped.
The X position is sinusoidal, the center of the trunk is oscillating. The single stance
is on the peaks instead the double stance is when it goes from one peak to another.
This last trend is similar to the one proposed by Matlab [38] shown in the figure 77.

Time graph
0,4
Trunk_X (Meters)
0.3 Trunk_Y (Meters)
0,2 3 T
/ =
/ AL ¥y
U’l O i b
LY 4
: S
5 L A N o e o
0 5 10 15 20 25

Time (seconds)

Figure 7.8: Trunk X and Y position

—E— Virtual Leg and COM of LIP
Trajectory of COM

Foot Hold
Left Foot
Right Foot

0.6
0.4
0.2

Figure 7.9: Trunk Trajectory Matlab
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The following three figures represent the joints hip angles. In the biped there
are three hip joints in each leg: Yaw, Roll and Pitch.
In the first figure there are the yaw angles, it can be seen that those angles are
very small.
In the second figure the trend is similar to the trunk one.
At the starting point of the simulation the support leg is the left one, this can be
seen in the third figure. If the left leg is on the ground the right one is bent and
the pitch joint create an angle.

Time graph
L5Ey Ir': \'-.I I,a'f —— L_Hip_Z (Degrees) [
1 I ,:"‘I { ;’ I-I‘ ——— R_Hip_Z (Degrees) [i"
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i
41,5
o 5 10 15 20 25
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Figure 7.10: Left and right hip joint angles (Yaw)
Time graph
10
—— L_Hip_X (Degrees)
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./'/ \\\ ’ A
S :
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Figure 7.11: Left and right hip joint angles (Roll)
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Time graph
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Figure 7.12: Left and right hip joint angles (Pitch)

25

In the following figure there is the trend of knee angles, also in this graph is

possible to see that at the starting point of the simulation the support leg is the
left one, instead the right knee creates an angle.

Time graph

\ n
15 - f \

\ | B |
10 g o |

—— L_Knee_Y (Degrees) |:

—— R_Knee_Y (Degrees)
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Figure 7.13: Left and right knee joint angles (Pitch)
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This two figures are the representation of ankle angles. The same considerations

for the previous graphs can be made.
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Figure 7.14: Left and right ankle joint angles (Pitch)
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Figure 7.15: Left and right ankle joint angles (Roll)
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This last figure confirm the consideration made before because represent all the
walk phases, in particular:

e From 0 seconds to 2 seconds there is the single stance with the left foot on

the ground.

e From 2 seconds to 4 seconds there is the double stance phase.

e From 4 seconds to 6 seconds there is the single stance with the right foot on

the ground.

e And so on...
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Figure 7.16: Feet Z position
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7.1.4 Code

In order to move the biped a code attached to the Base must be included. The code
is wrote in Lua (lightweight, high-level, multi-paradigm programming language
designed primarily for embedded use in applications [39]) and it is wrote taking
as example the Asti mobile robot proposed in CoppeliaSim. All the functions are

explained as comments (—) in the code:

function sysCall_init ()

end

sim . getObjectHandle (" Base")

—sim.getObjectHandle (): it retrieves an object handle based on
its name

IFoot=sim . getObjectHandle ("leftFootTarget")
rFoot=sim.getObjectHandle ("rightFootTarget")
IPath=sim.getObjectHandle ("leftFootPath")
rPath=sim.getObjectHandle ("rightFootPath")
IPathLength=sim . getPathLength (1Path)

—sim . getPathLength (): it returns the lengths of a path.
—FEach path point will have a corresponding length value
——(taken as the distance from the path’s first point, along the
path)

—Lua synopsis —> number length=sim.getPathLength (number
objectHandle)

—Lua parameters —> objectHandle: handle of the path object

—ULua return values —> length: length of the path given in meters

rPathLength=sim.getPathLength (rPath)
dist=0
correction=0.0305

minVal={0, — Step size
0 — Walking speed
}
rangeVal={2, — Step size
0.8 — Walking speed
}

relativeStepSize=1
nominalVelocity=0.1

function sysCall actuation ()
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—Get the desired position and orientation of each foot from the
paths:

t=sim . getSimulationTimeStep () *nominalVelocity

—sim . getSimulationTimeStep (): it retrieves the simulation time
step

——(the simulation time (i.e. not real—time)

—that passes at each main script simulation pass).

—This value might not be constant for a given simulation.
—Lua synopsis —> number timeStep=getSimulationTimeStep ()

dist=dist+t
IPos=sim . getPositionOnPath (1Path , dist /IPathLength)

—sim . getPositionOnPath () : it retrieves the absolute
—interpolated position of a point along a path object

—Lua synopsis —> table_3 pos=sim.getPositionOnPath (numb
pathHandle ,

—numb relativeDistance)

—Lua parameters —> pathHandle: handle of the path object
—relativeDistance: a value between 0 and 1, where 0

—is the beginning of the path,

—and 1 the end of the path.

—Lua return values —> position: table of 3 values (x, y and z)

10r=sim . getOrientationOnPath (1Path , dist /IPathLength)

—Retrieves the absolute interpolated orientation of a point
—along a path object.

—Lua synopsis —> table_3 eulAng=sim.getOrientationOnPath (
—numPathHandle , numRelativeDistance)

—Lua parameters —> pathHandle: handle of the path object
—relativeDistance: a value between 0 and 1, where 0 is the
—Dbeginning of the path,and 1 the end of the path.

—Lua return values —> eulAng: table of 3

—values (alpha, beta and gamma)

p=sim . getPathPosition (rPath)

—Retrieves the intrinsic position of a path object

——(a distance along the path).

—The position is given in meters

—Lua synopsis —> numb pos=sim.getPathPosition (numb objectHandle)
—Lua parameters —> objectHandle: handle of the path object
—Lua return values —> position: linear position on the path
—given in meters

rPos=sim . getPositionOnPath (rPath ,( dist+correction)/rPathLength)
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rOr=sim . getOrientationOnPath (rPath ,( dist+correction)/rPathLength)

—Now we have the desired absolute position and orientation
—for each foot.

—Now transform the absolute

—position/orientation to position/orientation relative to biped
—Then modulate the movement forward with the desired "step size'
—Then transform back into absolute position/orientation:

trunkM=sim . getObjectMatrix (trunk,—1)

—Retrieves the transformation matrix of an object

—Lua synopsis —> table_ 12 mat=sim.getObjectMatrix (numb
objectHandle ,

—numb relativeToObjectHandle)

—Lua parameters —> objectHandle: handle of the object.
—relativeToObjectHandle: indicates relative to which reference
frame

—we want the matrix.

—Specify —1 to retrieve the absolute transformation matrix
—Lua return values —> matrix: table of 12 numbers

——(the last row of the 4x4 matrix (0,0,0,1) is not returned)

trunkMInverse=simGetInvertedMatrix (trunkM)
nm=sim . multiplyMatrices (trunkMInverse ,sim. buildMatrix (1Pos ,10r))

—Builds a transformation matrix based on a position vector and
Euler angles

—Lua synopsis —> table 12 matrix=sim.buildMatrix (table_3 pos,
table_3 eulAng)

—Lua parameters —> position: table to 3 numbers representing
—the position component

—eulerAngles: table to 3 numbers representing the angular
component

—Lua return values —> matrix: table containing the
transformation matrix

——(except for the last row).

—Note: table values in Lua are indexed from 1, not 0.

—Multiplies two transformation matrices

—Lua synopsis —> table_12 resultMatrix=sim.multiplyMatrices (
—+table_ 12 matrixInl ,

—table_ 12 matrixIn2)

—matrixOut: the output matrix (the result of the multiplication:
—matrixInl+«matrixIn2).
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—A transformation matrix contains 12 values (the last row
(0,0,0,1)

is omitted):

—The x—axis of the orientation component is (matrix[1l],matrix
[5], matrix [9])

—The y—axis of the orientation component is (matrix[2],matrix
[6] ,matrix [10])

—The z—axis of the orientation component is (matrix[3],matrix
[7], matrix[11])

—The position component is (matrix[4],matrix[8],matrix[12])

m[8]=m[8]*relativeStepSize

m=sim . multiplyMatrices (trunkM ,m)
IPos={m[4] ,m[8] ,m[12]}

10r=sim . getEulerAnglesFromMatrix (m)

—Retrieves the Euler angles from a transformation matrix

—Lua synopsis —> table_3 eulerAngles=sim.
getEulerAnglesFromMatrix (

—table_ 12 matrix)

—Lua parameters —> matrix: table to 12 numbers (the last row of
the

—4x4 matrix (0,0,0,1) is not needed).

—Table values in Lua are indexed from 1, not 0!

—Lua return values —> eulerAngles: table to 3 numbers
—representing the Euler angles, or nil in case of an error

nm=sim . multiplyMatrices (trunkMInverse ,sim. buildMatrix (rPos ,rOr))
m[8]=m[8]*relativeStepSize

m=sim . multiplyMatrices (trunkM ,m)

rPos={m[4] ,m[8] ,m[12]}

rOr=sim . getEulerAnglesFromMatrix (m)

—Finally apply the desired positions/orientations to each foot
—We simply apply them to two dummy objects that are then handled
—by the IK module to automatically calculate all leg joint
—desired values

—Since the leg joints operate in hybrid mode, the IK calculation
—results are then automatically applied as the desired

—values during dynamics calculation

sim.setObjectPosition (1Foot,—1,1Pos)

—Sets the position (x, y and z—coordinates) of an object.
—Lua synopsis —> sim.setObjectPosition (number objectHandle ,
—number relativeToObjectHandle ,table 3 position)

—Lua parameters —> objectHandle: handle of the object.
—relativeToObjectHandle: indicates relative to which reference
—frame the position is specified.
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end

—Specify —1 to set the absolute position
—position: coordinates of the object (x, y and z)

sim.setObjectOrientation (1Foot,—1,10r)

—Sets the orientation (Euler angles) of an object

—Lua synopsis —> sim.setObjectOrientation (

—number objectHandle ,number relativeToObjectHandle ,

—table_3 eulerAngles)

—Lua parameters —> objectHandle: handle of the object.
—relativeToObjectHandle: indicates relative to which reference
—frame the orientation is specified.

—Specify —1 to set the absolute orientation.

—-eulerAngles: Euler angles (alpha, beta and gamma)

sim.setObjectPosition (rFoot,—1,rPos)
sim.setObjectOrientation (rFoot,—1,rOr)
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Conclusion & Future Works

A robotic exoskeleton intended to be a powerful assistant for overground gait
training has been developed. The device is a "powered suit" that is worn by the
patient. The objective is creating a tool that helps clinicians in the rehabilitation
process of stroke and spinal cord injury patients.

From the side of the simulation part, the generation of feet, ZMP and CoM tra-
jectories gave good results consistent with the data used. But, the results of the
fitting process were no perfect: a choice had to be made about whether to give
value to the balancing action or to synchronism with physiological joint patterns.

The future improvements are:

o For further verification it would be important to develop a new dataset, where
measurements are accompanied by the precise dimensions of the various body
segments of the subjects.

o A complex deep-learning tool, able to measure the EMG signals while the
patient is moving, translates them into torque signals for the joints of the
robot, compute the difference between the effective torque produced by the
patient’s muscles and the required torque to accomplish the postural task.

o A control system for postural equilibrium works together with the neural
network, to correct input torques at each joint.

e The development of a control system for a dynamic model uses the ZMP to
assess balance while walking in real-time.
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