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Abstract

Abstract

The presented work in this manuscript focuses on the development of a gait training machine
based on a Cable-Driven Parallel Manipulator (CDPM) to move the legs and a Body Weight
Support Device to suspend the body. Mainly, this research is focused on the design of the cable
robot.

Persons attained by neurological injuries such as Spinal Cord Injury and Stroke, may
lose their motor functions including the ability to walk. These injured patients can relearn
walking through intense and task-oriented rehabilitation therapy, which consists in simulating
the gait movement. Walking is the most crucial locomotion activity and is essential for daily
life activities. Therefore, the first preoccupation of injured patients is the recovery of the gait
function. Therapist-assisted gait training is physically demanding, thus we are limited by the
performance of the rehabilitation assistants. In this context, robotic-based gait training
machines overcome these constraints, alleviate the high workload of therapists and offer a long
duration of rehabilitation. By relying on robotic-based training devices, improvement in
locomotion recovery could be potentially enhanced.

Several complex robotized machines have been developed. Based on rigid links, market
available gait trainers are heavy, bulky and expensive. In our case we are investigating a
machine based on a cable robot. Such robots are well known for their lightweight structure,
reconfigurability and low cost, and they can be an alternative to the existing machines. The
proposed training machine is called Cable-Driven Leg Trainer (CDLT) and its design can be
described as follows: On the one hand, the patient is kept in an upright position through the use
of a Body Weight Support Device (BWSD). It is made out of an elastic spring allowing to select
the unloading percentage of the patient’s weight by setting the spring pretension. On the other
hand, the posture of the lower limb is controlled by a cable robot called the Cable-Driven Leg
Manipulator (CDLM). In fact, the end-effector of this robot consists of an orthosis, placed on
the patient’s leg, in the aim of reproducing a natural gait pattern. Further, a treadmill helps
keeping the pace of the walking motion.

The main function of the rehabilitation machine is to simulate the gait walking by
producing the kinematics of a normal gait. Consequently, a good understanding of the gait
pattern is of utmost importance. A gait analysis is carried out using an optical motion capture
system and a force platform. Details of the experimental setup and the protocol including

markers placement and type of motions are provided. Further, data analysis methods such as
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identification algorithm of joint centers and angle definitions are given. Thereby, the kinematics
and dynamics of a normal gait are measured and then normalized, which will be employed to
achieve a dynamic simulation of walking.

Thereafter, an inverse dynamic study of a body weight support treadmill walking is
investigated. The target motion is the recorded kinematics and the output information is the
required actuation wrench to be generated by the CDLM to drive the lower limb during
ambulation. The human body is modeled as a multi-segment articulated mechanism. The
addressed free-body diagram shows all exerting forces for each segment. The external forces
on the human body are the unloading force and the ground reaction force. The dynamic model
is simulated using two methods: the first one is the Newton-Euler formulation, and the second
one is using Matlab SimMechanics toolbox. The two methods yielded similar results
concerning the actuation wrench. The obtained results are used in the design of the CDLM
through the calculation of the required external wrench of the CDLM and the cable tensions.

The rehabilitation machine is based on a cable-driven parallel manipulator (CDPM).
The design of this CDPM is one of our main objectives. The design problem can be state as
follows: given a prescribed workspace and a required external wrench, find the geometric
parameters that ensure non-negative tensions in all the cables over all the desired workspace.
An approach based on interval analysis is developed to solve this problem. Interval analysis is
a method used to provide a reliable computing method when working with inaccurate and
inexact data. Such uncertainties can be caused by mathematical rounding errors and
manufacturing errors. In the context of designing CDPMs the workspace is discretized in a set
of poses. However, the interval method examines the workspace as an entire range of poses.

The dynamic equilibrium of a CDPM is a linear set of equations. A pose is said to be
wrench-feasible when the unknown cable tensions are in specific and non-negative ranges.
Using interval analysis method, the equilibrium is written in its interval form. Then, by means
of a strong feasibility theorem, its wrench-feasibility is checked by solving a finite number of
classical linear set of equations.

The proposed algorithm receives as inputs: the desired workspace, the external wrench,
a set of design parameters, their ranges and their discretization steps. Consequently, all possible
designs of a CDPM’s structure are generated. Wrench-feasibility of each one is checked for the
specified workspace and with respect to the given external loads. Thereby, all feasible designs
are found and saved. The best solution is selected according to a design criterion, to be specified

by the user. The algorithm is illustrated by designing a planar and a spatial CDPMs. Based on
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the list of all possible designs, feasible ones are found successfully and the optimal one is
selected.

Based on a case study, it is observed that a solution may be overestimated if the required
workspace is defined by a large grid size. This problem is known in interval analysis as
dependence and wrapping effects. Bisecting intervals into smaller ones can lessen the effect of
overestimation. However, large computation time is required in this case.

Unlike discrete methods, where only a finite number of poses is examined, interval
analysis method processes all the desired space for the wrench-feasibility. Thus, the major
advantage of the developed algorithm is that it guarantees that all the desired space is free from
singularities.

Lastly in this work, a design study of the CDLT is carried out. All the aforementioned
findings are collected to get the optimal design parameters of the CDLM. Indeed, the gait
kinematics and the dynamic simulation are used to calculate, respectively, the required
workspace and the wrenches to be produced by the CDLM. Then, the algorithm of CDPMs
design is used to calculate all feasible designs based on a specific search ranges of the design
variables. Relying on a tensegrity analysis, an optimal design is selected. Power requirements
for the cables are then computed and the specifications of actuators are determined. Moreover,
actuation mechanisms included in the BWSD are also selected. Finally, a CAD model of the
gait training machine is presented.

The organization of this manuscript is as follows. Chapter 1 gives an introduction to the
context of gait training and the biomechanics of the lower limb. In addition, a review of
rehabilitation methods and gait training machines is presented. This chapter ends with a
description of the proposed rehabilitation machine.

Chapter 2 begins by describing the pattern of a normal walking cycle. Then, an
experimental protocol and data processing steps of the quantitative gait analysis are provided.
The required gait kinematic and dynamic data are obtained, which is then used as an input for
the dynamic simulation of the CDLT.

In Chapter 3, the previous results, including angular trajectories of the hip, knee and
ankle joints in addition to the measured ground reaction, are used to derive an inverse dynamic
simulation. Initially, human body modelling, inertia data and length specifications are provided.
Then, the dynamic simulation is carried out by solving dynamic equations and through a Matlab
SimMechanics model. Finally, the obtained actuation wrenches are presented.

Chapter 4 focuses on giving an approach based on interval analysis to design a CDPM

for a desired workspace and a specific external wrench. First, the analysis of the workspace of
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the CDPMs is introduced, then an overview of the interval analysis method is presented. The
wrench-feasibility of a CDPM’s equilibrium in its interval form is discussed, and the design
algorithm is described. Lastly, the algorithm is illustrated through two different designs of a
cable robot.

In Chapter 5, we address the design of the CDLT machine based on the results of the
previous chapters. Then, the actuation mechanisms of the CDLM and the BWSD are calculated
and selected. This chapter ends by presenting the CAD model of the gait trainer.

A final chapter summarizes the main results obtained in this work.




Chapter 1. Introduction

1. Introduction

Summary:

In this first chapter, a presentation of the required background for gait disorders, fundamentals
of human movements and the anatomy of the lower limb are given. Then, we provide a
description of the anatomy and physiology of the nervous system. Major causes of functional
impairment such as gait disorders are spinal cord injury and stroke. These pathologies affect
directly the functioning of the nervous system. After an injury, gait training is essential for the
injured person to restore the gait function. An overview of different rehabilitation protocols is
given. Then, a review on the development of the existing walking rehabilitation machines is
addressed and a classification of these machines is performed. Amongst various devices, we

adopt an architecture based on a cable robot

1.1. Introduction to Gait Disorders

In the everyday activities, walking is the most vital action to satisfy the well-being of a person.
Loosing this function, decreases the quality of life, rises the dependence on others and puts
individuals at a risk of falls and injuries. Frequently, neurological injuries lead to a partial
paralysis that causes walking deficits, hence injured persons will suffer from long-life
locomotion impairments.

Worldwide, Spinal Cord Injury (SCI) and Stroke neurological injuries are major causes
for disability [1][2][3]. From 1950 to 2012, the global incidence of SCI varied from 8 to 246
cases per million population per year [4]. In the United States, the reported rate is about 40
cases and in European countries the incidence varied from 13.9 to 19.4 per million [5].
Likewise, stroke has an important impact, approximately every 40 seconds a stroke occurs in
the United States and the reported annual rate is 795 000 incidents [6]. In the UK, the estimated
rate is around 150 000 strokes occurring every year [3]. Worldwide, the prevalence, i.e., the
cumulative number of strokes, was 33 million in 2010 [7]. In addition to SCI and Stroke
pathologies, ambulation disability can be caused by non-traumatic injuries, i.e., neurological
diseases such as Parkinson’s disease [8], multiple sclerosis and cerebral palsy [9].

It is thought that task-oriented, intensive and repetitive therapy have benefits in
regaining walking ability [1][10] and hence enhance the patient’s quality of life [11][12]. The
first goal of disabled patients is the rehabilitation of walking, specifically early gait
rehabilitation is fundamental for a faster and efficient locomotion recovery [13][14].

Conversely, immobility during hospitalization promotes the risk of mortality and encourages
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Chapter 1. Introduction

impairments [15] in addition to other side effects such as bone acceleration, sensory

deprivation, isolation delirium and incontinence [16].

1.2. Biomechanical Background

1.2.1. Human movements

Motions of body segments can be described using a set of planes and directions defined
relatively to the human body taken in standing position (see Figure 1). The planes are three: the
frontal, the transverse and the sagittal planes. The frontal (coronal) plane is positioned vertically
and it divides the body in anterior and posterior parts. The transverse (horizontal) plane lies
horizontally and splits the body into inferior and superior portions. The sagittal planes are
situated vertically, dividing the body into right and left sides. The midsagittal plane is positioned
at the midline of the body and the parasagittal plane is a midsagittal parallel plane [17][18][19].
Moreover, standard directions are described by the following paired terms: superior/inferior,
anterior/posterior (ventral/dorsal) and left/right (medial/lateral) (see Figure 1).

Sagittal plane

[Superior

Posterior

"‘ Z Transverse plane
Left

Frontal plane

Right

Anterior

llnferior

Figure 1: Planes of the human body [20].

The human body is characterized with a set of articulated segments, each segment has
a proximal and a distal ends, which are, respectively, the closest and the farthest points to the
segment’s attachment point. Body parts are articulated to form joints rotational motions are
classified according to the axis of rotation that passes through the articulation’s center. The
most common angular movements are: flexion/extension, abduction/adduction and
internal/external rotations [17][18][19].

The flexion/extension are the movements that take place in the sagittal plane. Flexion

occurs when bringing two segments closer to each other or when a limb moves forward (along
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the anterior axis) and extension is the rotation in the opposite direction of flexion. Moving a
joint backward beyond its normal range is called hyperextension (see Figure 2(a, b)).

Abduction/adduction are the movements of a segment in the frontal plane. Abduction is
the motion when a part goes away from the body midline superior/inferior direction.
Conversely, Adduction is defined when bringing two segments together (see Figure 2(c, d)).

Internal/external (medial/lateral) rotations occur when a segment revolves around its
own longitudinal axis. Internal rotation is the movement when turning toward whereas external
rotation is when turning away (see Figure 2(e)).

Yet, there are special movements that have specific names and occur only at certain
joints, such as dorsiflexion/plantar flexion and inversion/eversion of the foot (see Figure 2(f)).

Hyperextension

\

Extension

Extension

Adduction

Figure 2: Types of angular movements [18][19].

1.2.2. Anatomy of the lower limb

The lower limb is the biomechanical mechanism that have two main functions: support of body
weight and locomotion. It is composed of four main segments: the pelvis, the thigh, the leg and
the foot (see Figure 3). Note, the leg is commonly known as the shank or the calf. The lower
limb is a weight bearing system, then its bones are stronger than other bones of the skeleton
system. Furthermore, its skeleton contains 31 bones per limb. The pelvis is formed of two hip
bones called also coxals. The unique bone of the thigh is the femur which is the longest and
strongest bone of the skeleton system. The leg contains two bones: the fibula and the tibia.
Bones of the foot are in three rows: a first row of 7 tarsals, a second row of 5 metatarsals and a

third row of 14 phalanges [21]. The forefoot consists of metatarsals and phalanges [21].
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In anatomical terminology, while the superior face of the foot is called dorsum, the
inferior face is named sole of the foot. Moreover, the posterior and the anterior parts of the foot

are called, respectively, the heel and the toe [21].

Pelvis — i!,%' 7/ Hip Bone
< -
\ \ 2y 7
Hip joint Y* T
. ¢
. 4"
Thigh — Femur
l
Knee joint—— \‘} g — Patella
% ‘ :,‘P 4‘,)/ /7‘
Leg— —Fibula
—Tibia
Ankle jointﬁ?}: A
Foot — 7+ 4 i
] ”} Metatarsals
[ /l'_I~ Phalanges

Figure 3: Anatomy of the lower limb [18].

Sites where skeleton rigid links meet each other are called joints or articulations. Several
types of joints can be they are. Functionally, articulations of the lower extremities are classified
as freely movable (diarthrosis), and structurally, they are known as synovial joints. Indeed, they
contain a fluid-filled cavity, and ends of the bones are covered with an articular cartilage. The
joint cavity is enclosed with two layers: a synovial member and a fibrous capsule. The fluid and

the cartilage lubricate these freely movable joints [19].

Articulating
bone

Synovial (joint)
cavity (contains //
synovial fluid)

. “ LeL) ‘
Synovial joint 2\)//
Articular v L

cartilage

Synovial
membrane

~Fibrous
capsule

Articulating
bone

e % \ ._'

A0 N,
Figure 4: A typical synovial joint (the knee joint) [19].
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The lower extremity includes 4 synovial joints: the hip, the knee, the ankle and the foot
[21]. The hip joint is a ball and socket type of synovial joint formed by the acetabulum of the
hip and the spherical head of the femur. The hip joint is a spherical joint then rotational
movements occur in all axes. Figure 2(a), Figure 2(c) and Figure 2(e) show, respectively,
Flexion/Extension, Abduction/Adduction and Medial/Lateral motions of the hip joint.

The knee joint is the most complex joint in the body, it is a modified hinge variety of a
synovial joints. The knee includes surfaces of 4 bones: the femur, the tibia, the fibula and the
patella. The patella bone (or knee cap) is placed in front of the joint (see Figure 3). The major
occurring movement is the flexion/extension (see Figure 2(b)), but some medial/lateral
rotations are permitted [18].

The ankle joint is a strong weight-bearing hinge joint. The inferior ends of the tibia and
the fibula, and the talus of the foot meet to form this articulation. The only possible motion is
the Dorsiflexion/ Plantar flexion (see Figure 2(f)).

In addition to all above joints, the various bones of the foot include numerous joints.
Such articulations include intratarsal, tarsometatarsal, intermetatarsal, metatarsophalangeal,
and interphalangeal joints [21]. For example, the intratarsal joint allows the Inversion/Eversion

movement of the foot (Figure 2(f)).

1.3. Understanding Spinal Cord Injury and Stroke

1.3.1. The nervous system

An understanding of the anatomy and physiology of the nervous system (NS) is substantial to
explain SCI and Stroke, since these neurological injuries affect directly the functioning of the
NS.

Human body motions are controlled by the NS which have 2 parts: the Central Nervous
System (CNS) and the Peripheral Nervous System (PNS) (see Figure 5) [19]. The CNS includes
the brain and the spinal cord, and the PNS comprises nerves that extend from the brain and the
spinal cord, i.e., located outside the CNS. The spinal cord and nerves consist of pathways to
transmit information as an electrical signal between the brain and the sensory receptors/effector
organs. Neuron or nerve cell is the basic structural unit of the NS. Further, a neuron is a cell

that transmit information as electrical impulses between body parts [19].
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Figure 5: Main divisions of the nervous system [22].

The brain is located in the skull and has 4 parts: cerebrum, cerebellum, diencephalon
and brain stem (see Figure 6) [19]. The cerebrum is the biggest part of the brain (83% of total
brain mass) and is made up of two communicating hemispheres. Functionally, this part controls
all sensory and motor functions, thought processes and memories. The left cerebral hemisphere
is concerned with sensory/motor functions of the right side of the body and vice versa. Similarly
to the cerebrum, the cerebellum has two hemispheres. Functionally, it initiates subconscious
movements like walking and coordinates muscle movements of the human body, and hence
helps in controlling posture and equilibrium. The diencephalon consists of a relay station that
dispatches sensory/motor pathways to and from the brain. In addition, it has an area that
controls: various vital functions (e.g. eating, drinking and temperature regulation), endocrine
system and autonomic functions. The brain stem is a connection with the spinal cord and it
controls: the movements of the neck and the head through cranial innervation and involuntary
functions necessary for surviving like breathing and heart rate regulation. In summary, the brain
has different identifiable regions [22], each one has a specific function (see Figure 7). An injury
that may happen to the brain can disturb sensations, movements and thoughts, and even can
cause death [22].

15



Chapter 1. Introduction

- "\/ Cerebrum

Diencephalon

Cerebellum/ﬁ.’f‘ B X 4
l‘*/(\‘u ,,1‘-) 4 Brainstem

Figure 6: The brain and it is main parts [19].
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Figure 7: Main functions of the different areas of the brain [23].

The second part of the CNS is the spinal cord which lies within the vertebral column, it
consists of a bidirectional pathway between the brain and the peripheries (i.e. skin, joints and
muscles) of the human body via spinal nerves, which are part of the PNS. The spinal cord
innervates the neck, limbs and trunk through 31 pairs of spinal nerves roots, they are divided
into 5 regions: cervical, thoracic, lumbar and coccygeal. Each group of spinal nerves has a
specific destination to a periphery, Figure 8 depicts the locations and the functions associated
with spinal nerves, e.g. the movements of the lower limb are controlled through the L1-S1
innervations. Incoming sensed information is sent to the brain through ascending tracts (i.e.
nerves), and outgoing motor information is carried to periphery via descending tracts [19].

Furthermore, the spinal cord acts as a reflex center, i.e., produces involuntary responses.
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Transection of the spinal cord result in a permanent loss of sensation and paralysis of voluntary
movements [18].
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Figure 8: The spinal cord [24].

The PNS includes the parts of the NS that lies outside the brain and the spinal cord, i.e.,
the CNS. More precisely, the PNS consists mainly of both: cranial nerves and spinal nerves,
i.e., nerves that extend from the brain and the spinal cord, respectively [18]. These nerves are
the communication pathways between the peripheries and the CNS. The peripheries include
sensory or afferent nerve receptors such as receptors found in the skin, joints and muscles, and
motor or efferent motor nerves such as skeletal muscles and glands.

To sum up the physiology of the NS, sensory receptors of the PNS sense the internal
and external environment (e.g. blood pressure and touch). Afferent signals are carried to the
CNS that analyses information, makes decisions, and sends commands. Afferent signals from
the CNS are carried away to the organ effectors (e.g. muscles and glands). Therefore, the NS is
the communication and control system of the human body [19]. If this system is attained by an
impairment or a damage, a disability may occur and a rehabilitation strategy is required to

restore the lost functions.

1.3.2. SCI and stroke pathologies
SCI and stroke are neurological pathologies that disrupt the physiology or the functioning of

the NS. They are damages that dysfunction, respectively, the spinal cord and the brain.
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A SCI is a damage to the spinal cord that affects motor, sensory and autonomous
functions of the human body [10][25]. It results from both traumatic and nontraumatic causes.
Traumatic SCI happens due to a physical impact such as accidents, vehicle crashes, violence,
falls and so on. A nontraumatic SCI results from poor health condition like infectious diseases
and tumors that may affect the spinal cord [24].

Lesion (damage) to the spinal cord may destroy signals traffic to/from the brain and it
can lead to a dysfunction of movement control even if muscles are valid. Lesions to the spinal
cord are classified by the Neurological Standards Committee of the American Spinal Injury
Association (ASIA), standardization is in the aim of providing rigorous information between
clinicians and research fields [25]. A SCI may be complete if there is no preservation of sensory
and motor functions at S4-S5 region of the spinal cord, whereas an injury is said to be
incomplete if any sensory and/or motor function is preserved below the neurological level
including the sacral segment (S4-S5) [25]. Moreover, lesions can be at different regions of the
spinal cord. The higher the region of damage is, the greater impairment will be. Cervical SCI
is defined as tetraplegia, it causes paralysis in the four limbs, the trunk and the pelvis. Damage
in the thoracic, lumbar or sacral regions is called paraplegia. Where the trunk, legs and pelvis

are involved with an impairment depending on the level of injury [25].
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Figure 9: Illustration of stroke causes [23]: a) Ischemic stroke, and b) Hemorrhagic stroke.

Another important cause of long-term disability is Stroke, known also as
CerebroVascular Accident (CVA). It occurs when blood supply to an area of the brain is
blocked or burst [23][26]. Without oxygen and nutriments, brain cell starts to die within

minutes. A Transient Ischemic Attack (TIA) called also mini-stroke takes place if blood supply
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is disrupted for a short time, a TIA is a warning for a Stroke. There are two types of stroke:
Ischemic Stroke and Hemorrhagic Stroke (see Figure 9). The first subtype is the most common,
indeed about 85-90% of strokes are ischemic [3] and it happens when a blood vessel (artery) is
occluded. The second one happens if a blood vessel is burst and blood spoils around the brain.

Depending on the function of the damaged location of the brain (see Figure 7), effects
of a stroke are: pain, depression, decrease of sensory/motor function, memory problems, vision
weakness ... Hence, walking ability may be deteriorated or lost. On a one side of the human
body, a motor weakness is called hemiparesis, while a complete paralysis condition is called
hemiplegia [27]. After a stroke, 20% of patients became dependent to wheelchair and about
70% are able to rewalk with a reduced performance [28].

After a SCI or a Stroke, on top of primary effects of injury, health condition
degeneration such as cardiovascular disorders and musculoskeletal deterioration is another
complication for disabled subjects. Therefore measures for an early and effective rehabilitation
strategy is substantial [11][12].

1.4. Gait Rehabilitation
1.4.1. Rehabilitation after a neural injury
The fundamental truth for the foundation of rehabilitation is that the NS can acquire new skills
and learn by experience [29]. However, rehabilitation can be explained by the mechanism of
neural plasticity, which is the neural adaptations and changes in neural circuits to gain a motor
skill or to manage a cognitive task [29]. After a CNS or PNS injury, this intrinsic biological
evolving and adaptability within the NS, enhances motor function recovery and lessens
impairment. Locomotor training is based on the principal “train like you walk”, neural plasticity
is linked to the nature of the practiced activity. This approach is known as activity-dependent
plasticity which is the enhancement of learning of the neural circuitry in response to the
intensive practice of a specific movement which is in our case walking [27]. Patients who
practice activity-dependent plasticity, can learn more potentially and hence, gain more effective
functional recovery

Furthermore, the neurorehabilitation of walking is explained by the stimulation of
neural circuits responsible of locomotion control [30] commonly called central pattern
generator (CPG) which is an intrinsic capability of the spinal cord [31][32][33]. The CPG,
located at the spinal cord, is a neural network that generates Spatio-temporal information of

rhythmic or stepping movements such as walking or swimming. Thus, gait training consists in
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stimulating neural activity, and consequently enhancing neural plasticity of neural center of
locomotion.

In summary, for neurological deficits where motor/sensory functions are partially
preserved, intense training program could encourage the restauration of ambulatory function.
After an injury, regeneration and repair of the nervous system occur spontaneously and is
enhanced by undergoing a training therapy [10]. Thus walking relearning or restoration of
locomotion is gained naturally, and in response to a rehabilitation treatment.

After a neural injury, Task-specific rehabilitation should begin early as soon as possible
in order to maximize the potential of gait restauration by accelerating neurological adaptations
or neuroplasticity [34]. Developing effective gait training program is the first challenge of
rehabilitation specialists. In general, after a neural injury onset, the overall gait rehabilitation
process follows three phases: i) mobilized of inpatients into wheelchair as soon as possible, ii)
restauration of walking function and, iii) improvement of gait quality [35][36]. To promote
locomotion rehabilitation, many approaches have been developed: conventional over-ground
training, body weight support (BWS) training, body weight support treadmill training
(BWSTT) and robotic-assisted technology [27][29].

1.4.2. Therapist-assisted rehabilitation of walking

Conventional over-ground gait training can only begin if the patient has sufficient strength to
stand up in parallel bars or in a hemibar [27][29]. Before being able to sustain in an upright
position, therapy starts with some activities in a lying posture, such as passive rotation of the
hip, knee and ankle joints. These activities aim to strengthen weak muscles and rise the range
of motion of stiff joints. Further, developing various body postures such as sitting and standing
balance is important to improve impaired balance [29]. Once enough endurance and stability
for standing in parallel bars, therapists assist patients to control torso posture and lower limbs
movement. Thereby, one aims the improvement of balance and weight-bearing during gait. In
the meanwhile, the patient is asked to practise some single movement of the gait cycle, then as
recovery progresses, more complex movements are introduced [37]. Beside physical help,
providing verbal instructions is also essential to shape the pattern of gait [29]. For both: stroke
and SCI patients, intensive training has promoted walking function recovery [38][39][40][41].
However, conventional treatment requires large assistance of physiotherapists due to the
important workload of the rehabilitation task. As a consequence, duration of training is limited

which may reduce the effectiveness of walking recovery process.
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To help patients to stay in upright position, a BWS system was introduced [42]. Thanks
to BWS, patients who are unable to fully weight bear, can benefit for an early training in secure
and safe condition, consequently far from the risk of falls. A basic BWS device includes an
overhead harness to be worn by a patient and a mechanical frame with a counterweight system
[43][44] (Figure 10(a)). The BWS provides an easy balance control and reduces gravitational
forces which facilitates the practice of stepping movements. Thereby therapists focus only on
assisting leg’s motion more than assisting balance control.

BWS can be used for overground training [43] (Figure 10(a)), but for a more practical
rehabilitation, BWS is usually carried out using a treadmill (Figure 10(b)). This method is
known as Body Weight Supported Treadmill Training (BWSTT) which is the technical
translation of task-oriented training. Severely injured patients with limited voluntary motor
function can benefit from an intensive gait training resulting in enhancement of training-
induced neural plasticity of the CNS [27]. One shall note that the word partial is often used with
BWSTT since the amount of unloading can be adjusted [45]. The amount of BWS is high in
the beginning of therapy and as walking capacity evolves, the amount is decreased gradually
[46].

For a hemiparetic person, while be suspended through a harness over a treadmill (see
Figure 10(b)), one clinician provides assistance to pelvic rotation movements and another
clinician guides foot placement [27]. In the meanwhile, various parameters can be adjusted such
as the level of weight support, walking speed and temporal specifications of the gait cycle [29].
The action of the BWS can be cancelled if the patient reaches a full weight bearing, then

treadmill speed is gradually increased as walking ability progresses.

(a) (b)
Figure 10: Therapist-assisted training [27]: (a) Overground BWS training, and (b) BWSTT.
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The BWSTT facilitates the task of clinicians to provide a regular gait pattern, as close
as possible to the natural gait pattern. Moreover, acute SCI and chronic Stroke patients can
benefit for an early and safe training. Postural stability is given by the BWS and the regularity
of gait pattern is promoted by the treadmill. Viewed as a task-specific practice, BWSTT has
been demonstrated a good improvement of motor function for overground locomotion
compared to conventional treatment [47][48][49][50].

Furthermore, therapist-assisted BWSTT is a secure and effective strategy for gait
training. Many studies has confirmed improvement of walk speed, endurance and walking
ability [27][51][52]. However, this approach is still limited by the performance of assistants
and physically-demanding due to intensive labour work. Depending on the severity of injury,

up to 3 assistants may be needed to ambulate disabled persons [45].

1.4.3. Robotic-assisted rehabilitation of walking
During a BWSTT, the use of assistive devices such as robotic systems is very helpful by giving
prolonged and regular task-oriented training, thereafter enhancing motor recovery. Compared
to Therapist-assisted BWSTT, robotic-assisted training promotes recovery of ambulation by
increasing the total duration of therapy and decreasing the labor and intensive workload [45].
For Manual-assisted training, sessions are limited by the physical performance of the trainers,
and further, spatio-temporal specifications of the gait cannot be reproduced faithfully. On the
contrary, automated machines replicate the task of therapy continuously, accurately, and
consistently. Further, gait parameters can be adjusted precisely. All these advantages contribute
to enhance learning capacity and should lead to a more effective gait recovery
[45][53][54][55][56].

Design and development of rehabilitation robots have been began since the 1960s [57].
For gait training, Several types of robotic-assisted systems have been developed, their design
outlines focus on suspending patients and assisting the motion of legs [36]. Mainly, such system
are made out of: i) a mechanized BWS with controllable body weight unloading
[46][58][59][60][61][62][63], ii) actuated orthoses with programmed gait trajectories, to be
attached to the lower limbs, and iii) with or without a treadmill to emulate the overground
walking. These machines aim to provide a physiological gait pattern with both: a minimum
intervention of therapists, and adjustable gait parameters such as walk speed and the amount of
unloading.

The basic control strategy of gait training consists on reproducing the walking pattern

regardless of the participation of patients, i.e., guiding movement on fixed gait trajectories. This
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position control strategy is largely implemented in robot-assisted gait trainers, it consists of a
control system that tracks joint angles and applies motor torques with reference to normative
gait trajectories obtained from experiments [64][65]. Conversely, an important determinant in
gait training of a wide range of neurological injured patients is the voluntary effort and the
active participation of a subject to achieve a movement [64][66]. Control strategies that take
into account forces produced by patients are known as patient-cooperative approaches. In the
literature, the terms: patient cooperative, assist as needed, compliant, force-controlled, adaptive
and interactive robots are used to design patient’s involvement in gait training [66][67][68].
Cooperative approaches are introduced by employing impedance and adaptive control systems
[64][66].

Structurally, robotic devices can be distinct into 2 forms: first there are the powered
exoskeletons: a serial robot attached to the thigh and the leg, and second ones are devices that
use movable footplates to drive the feet. Another possible form is similar to the first one, but
powered orthosis are substituted with flexible elements such as cables.

Among various trainers from the first form we cite: The Lower Extremity Powered
Exoskeleton (LOPES) [67], the Ambulation-assisting Robotic Tool for Human Rehabilitation
(ARTHUR) [69], the Active Leg Exoskeleton (ALEX) [70], the Pelvic Assist Manipulator and
the Pneumatically Operated Gait Orthosis (PAM /POGO) [71], Lokomat [72], LokoHelp [73],
ReoAmbulator [74]. And from the second type, we mention: The Gait Trainer (GT) [75], the
haptic Walker [76] and the gait robot G-EO [77].

The LOPES system designed in the University of Twente (Enschede, The Netherlands)
combines a 3 DOF pelvic support, and a 3 DOF exoskeleton for each leg [67]. The pelvic
support has two actuated horizontal motions along posterior/anterior and medial/lateral
directions. However, the superior/inferior displacement is kept for free motion. The vertical
displacement of the pelvis is weight compensated using a spring mechanism, i.e., a suspension
system. Connected to the pelvis support, each leg’s exoskeleton has two rotations at hip joint
(flexion/extension and Abduction/ adduction), and one rotation at the knee. The ankle joint is
left free Thus the mechanism has a total of 8 actuated joints and one passive DOF. In addition,
the LOPES includes a treadmill to achieve walking. Upright standing and balance control have
to be carried out by the patient.

Interaction between the LOPES and the patient is achieved through an impedance
control. For that, the active joints consist of elastic actuators made out of Bowden cables.
Indeed, two operational modes can be selected: “patient-in-charge” and “robot-in-charge”. For

the first, the LOPES follows patient in unconstrained movement and for the second, the system
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guides the patient for a prescribed gait pattern. The Evaluation of the LOPES with healthy
persons in “patient-in-charge” mode during a free walking showed a pattern close to a free
treadmill walking [67]. A new LOPES system (Figure 11(a)) was designed including a BWS
system [65][78], a clinical trial has showed positive therapeutic outcomes in training four out

of five stroke subjects [78].

(b) ()

Figure 11: (a) The new LOPES system [65], (b) The Alex prototype [70], and (c) Diagram of the
ARTHUR gait trainer [69].

The active leg orthosis ALEX (University of Delaware, Newark, The USA) [70],
conceptually based on the passive Gravity Balancing Leg Orthosis [79][80], combines a trunk
orthosis and a leg orthosis (Figure 11(b)). The first part is a partial weight support device that
keeps the patient stable on a treadmill through a harness system and it has 4 passive DOF held
with springs. The second part embodies two linear actuators to actuate the hip and knee joints
in the sagittal plane. To allow interaction with patients, the ALEX relies on the use of a force-
field controller. In contrast to the LOPES, ALEX uses friction compensation method in place
of series elastic actuation to achieve backdrivability of the device [81]. Thereby, training is
based on the “assist as needed” approach in which the robot assists or resists the leg’s motion
on a desired trajectory [70]. By training two stroke patients, improvement of gait pattern
including walking speed and joint excursion was reported [82].

The ARTHUR consists of two horizontal linear motors that drive two linkages connected
at their ends [69] (Figure 11(c)). The end-effector can be attached at the knee or the ankle in
order to move the lower limb. Interaction with legs is possible through the use of linear motors
that have low backdrive friction and can exert substantial force. Training is based on teach and

replay technique, consisting in recording motion during manual assistance and then replaying
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it during robotic-assisted training. Evaluated on SCI patients, ARTHUR has demonstrated a
reliability to replay trainer-induced stepping movement [83].

Designed at the University of California (Downey, USA), The PAM/POGO is a
pneumatic trainer able to be compatible for full range of natural gait movement of both: the
pelvis and the legs (see Figure 12(a)) [71]. The Pelvic Assist Manipulator (PAM), used to assist
the pelvic motion, is a two 3-DOF robotic segments, each one has three pneumatic cylinders
assembled in a tripod configuration. Compliant with the PAM, the Pneumatically Operated Gait
Orthosis (POGO) is a pneumatic device (2 cylinders per leg) that actuates the hip and knee
joints in the sagittal plane. The PAM/POGO is a force controlled system, in fact it is capable of
producing large force with a lightweight moving parts, .i.e., the system is backdrivable.
Therefore, the system is able to drive the patient through a reference trajectory. Initial

experiments with SCI patient were achieved successfully [71].

(b) ()
Figure 12: (a) Experimental setup of the PAM/POGO [71], (b) Lokomat system (picture
courtesy of Hocoma AG [84]), and (c) ReoAmbulator (picture courtesy of Motorika Ltd. [85]).

The Lokomat trainer (Hocoma AG, Volketswil, Switzerland) is made out of a Driven
Gait Orthosis (DGO), a counterweight BWS and a treadmill [72]. On one hand, the suspension
system combined to a rotatable parallelogram mechanism, stabilises the movement of patient’s
torso in vertical direction and produces a weight unloading. On the other hand, The DGO drives
the thigh and the leg, respectively, at the hip and the knee. Joints actuation is conducted through
DC motors and linear ball screws. The ankle joint is stabilized using a foot-lifter made of elastic
straps. The controller of the Lokomat synchronizes the speed of the treadmill and the speed of
the DGO to generate a gait-like pattern. The extended version of the Lokomat (see Figure 12(b))

includes advanced features such as: i) impedance-control allowing assist as needed training
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[66][86], ii) optional module allowing pelvis lateral displacement and hip abduction/adduction,
and iii) augmented visual feedback [87].

The electromechanical gait device Lokohelp operates with a double side levers device ,
a BWS system and a motor-driven treadmill [73]. The treadmill plays a double function:
emulation of overground walking and a driver for the levers device. For each leg, an orthosis
stabilizes the ankle joint and has to be connected to one lever that transmits the gait pattern by
following a mechanical track. Thereby, gait simulation is produced by guiding the ankles’
orthoses. The feasibility of the Lokohelp is confirmed by training patients with different
neurological injuries, in fact likewise manual BWSTT, same improvement is observed using
the LokoHelp machine [73][88]. A main limitation of this device is that generated gait shape is
constrained mechanically, and hence cannot be adjusted.

Similar to the Lokomat, The ReoAmbulaotr/Autoambulator (Motorika Ltd., USA
/HealthSouth Corp., USA) [74] is a BWSTT powered gait orthosis (see Figure 12(c)).
Simulation of walking is carried out using two robotic arms (i.e., exoskeleton). Each arm has
two DOF (for hip and knee joints) and has to be strapped at the thigh and the ankle. Moreover,
a lifting mechanism (.i.e., a BWS) suspends and holds the patient over the treadmill [74].
Significant improvement was reported following the treatment of hemiparetic stroke patient
[89].

Now moving to the second type (movable footplates) of gait restauration systems. The
Gait Trainer | (Reha-Stim GmbH /Free University, Berlin, Germany) drives the lower limb by
moving the sole of the foot [75]. The patient is secured by a harness system and positioned over
footplates (Figure 13(a)). The gait pattern is produced by a planetary gear system, simulating
foot motion during a gait cycle. In addition, vertical and horizontal motions of the patient’s
CoM are controlled via ropes attached to the harness. Advantages of such system is that no
constraints are putted on the hip and knee joints. Further, physical therapists can apply
corrections to the motion of the knee (Figure 13(a)). Although operating in position control
with the lack of any force control [90], multiple evaluations including the largest clinical study
DEGAS [91] have confirmed the effectiveness of the Gait Trainer 1 [91][92][93].
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(a) v(b) T
Figure 13: (a) the Electromechanical Gait Trainer [90], (b) The HapticWalker walking
simulator [90], and (c) the gait robot G-EO [94].

In contrary to the Gait trainer which provides pure passive guiding, the HapticWalker
[76] and the gait robot (G-EO) [77] have two freely programmable 3 DOF footplates. This
feature allows training patients for repetitive daily life walking situations such as stair climbing.

The HapticWalker is a redesign of the Gait Trainer | aiming the achievement of high
dynamics and arbitrary motions [76]. This machine is a heavy robot manipulator driven by
powerful electric drives to reach high speed movements. Each foot platform includes a six DOF
force/torque sensor allowing the measure of the interaction with a patient. Preliminary trials
with stroke and SCI subjects are encouraging. Further, evaluations are under-going [90][95].

The G-EO (Reha Technologies, Bozen, Italy) was designed to train stroke patients [95],
its mechanical structure is smaller than the HapticWalker. In addition to feet actuation, the
patient’s CoM is controlled in vertical and lateral translations. Tests with simulated floor
walking and stair climbing showed comparable muscle activation between real and simulated
movements, which confirms the feasibility of the G-EO in training stroke patients [77].
Moreover, an adaptive control strategy is implemented by measuring foot reaction forces via a
pair of overshoes [96]. Seeing that main drawback of footplates-based trainer is the lack of true
swing phase since the foot is in permanent contact with the machine [96], the adaptive algorithm
allows a natural gait simulation by controlling the resistive force of the footplates.

Amongst all above described training machines, only five of them are commercially
available: the Lokomat, the ReaAmbulator/AutoAmbulator, the Lokohelp, the Gait Trainer |
and the G-EO. Clinical trials in stroke patients reported the superiority of the Lokomat and the

Gait Trainer | in gait function recovery [77].
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1.4.4. Cable based system for gait rehabilitation

Aforementioned exoskeleton type and movable footplates form machines have been largely
studied and evaluated. Further, they are effective and reliable for gait training [36][57][64].
However, such systems are heavy, bulky and potentially dangerous, consequently they require
complex safety techniques. Since rehabilitation is based on a pure interaction with patients,
development of patient-friendly rehabilitation robots is substantial [97]. Safety, reliability and
flexibility are high-demanding standards for robot-aided rehabilitation devices.

Widespread of current rehabilitation machine is hindered by their expensiveness. For
example only 600 Lokomat units have been sold since 2001 [84], the price is about 300 000 $
per unit [98]. As consequence, many patients will be unable to receive an adequate therapy and
conversely by using low cost gait trainers’ multiple machines may be installed within a clinic.
Consequently, development of rehabilitation devices should make a priority for simple and
cost-effective designs.

In this context, cable robots have promising features including lightweight structure,
large reachable space, low cost and easy setup. Thus, integration of cable robots into
rehabilitation machine could be very advantageous [99][100].

Moreover, features such as lightweight and high dynamics [101] promote the
backdrivability of the machine, thus assist-as-need approach can be easily implemented. One
shall note that compliance paradigm is essential with hemiparetic stroke subjects since patient
has one valid leg and one paretic leg. Patient-cooperative training appears to be more suitable
than fixed trajectory control strategy since the first one encourages active and voluntary
involvement of patients during gait training [99].

Another possible advantage of cable robots is the simplification of the setup procedure
to start a training session. For the exoskeleton type machine, an alignment of patient’s joints
and the robotic arm joint is substantial which is not required for cable robot, thus the setup is
easier and shorter using CDPM [99].

Based on wire technology, the first system that addresses rehabilitation of walking is
the STRING-MAN [102], developed at Fraunhofer Institute IPK (Berlin, Germany). STRING-
MAN is a dynamically controlled weight-suspension and posture control support for the
practice of treadmill gait training. The first design had a mechanical configuration of 7 cables
(see Figure 14(a)) that drive the trunk and the pelvis by mean of a harness worn by the patient.
Thus, the robot can be described as a 6 DOF system for posture control and partial weight
bearing. Each wire is connected to the patient via a pulley and is actuated by a linear drive. The

STRING-MAN is equipped with a powerful sensory system allowing its interaction with
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subjects. Such sensors are: foot gait phase detection sensor, reaction force sensing (foot forces)
and zero-moment point (ZMP) estimation sensor, knee-goniometer, wire force and linear
actuator position sensors, as well as pulley rotation sensors [102].

Wire sensors are used to measure Cartesian body position and Cartesian body forces
including the amount of weight bearing. Further, integrated sensors allow detection of different
gait phases, and possibly an abnormal walking.

(b)

Figure 14: (a) Experimental setup of the STRIN-MAN system [100], and (b) Concept of the
SMART-STRING system [100].

The control algorithm includes a robust position-based impedance controller and a force
controller. These controllers are substantial to control the robot-human interaction allowing the
support of patient voluntary initiative. Further, the system can be tuned from totally passive to
completely active. However, human body motion cannot be well estimated due to geometric
uncertainties, harness elasticity, flexibility of wire’s attachment point. In fact the robot is never
controller in position mode [100]. Moreover, safety measures are critical and require
improvement.

First experiments have been performed with dummies and healthy subjects. For weight
balancing reasons, it was observed that satisfactory results could be obtained using a 3 DOF/4
wires configuration. Besides, to actuate the lower limb 3 wires per leg may be added. To
improve the actuation technology, it was proposed to actuate wires using a Pneumatic Artificial
Muscle (PAM). This concept is called SMART-STRING (see Figure 14(b)).
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As a second system, the Cable-driven Locomotor Trainer (CaLT) is a compliant robot,
I.e., generates controlled forces on the legs [103]. This device uses the technique of counter-
weight BWSTT combined to a cable robot to drive the lower limbs. Each leg is driven by two
cables through an attachment around the ankle (Figure 15). Four spools coupled to motors drive
the 4 cables via pulleys. Torque load cells are inserted between motors and spools to record the
applied torques. Further, to get the position of the ankle, a custom three dimension sensor is
used. This architecture allows to control the assistance/resistance force during locomotor
training. In fact, the cable robot can be moved with minimal resistance force, i.e., the system is
highly backdrivable. Therefore, the robot can assist stepping movement if patient is unable to
step forward during treadmill walking. Feasibility of the CaLT was carried out by training
fourteen stroke subjects and nine SCI individuals. Results have showed significant changes in
walking capacities with both type of patients. It was found that the CaL T system is feasible in

training people with stroke and chronic SCI people [99].
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Figure 15: Description of the CaLT gait trainer [103].

Eventually, based on rigid links, classical rehabilitation devices are heavy, expensive
and fairly ergonomic. Conversely, Cable robots have various promising features including low
inertia, ability to reach high speeds, low fabrication costs and easy to setup. Moreover, such
robots are highly backdrivable and compliant which allows to implement assist-as-needed
training paradigm. Up to now, there are no market available wire-based gait training machines.
Ongoing developments aim to exploit benefits of wire robots while overcoming some limitation

such as various geometric uncertainties and tensionability constraints [99][101].
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1.5. Design of the Cable-Based Gait Rehabilitation Machine

In this work, we propose a machine based on a CDPM, called the CDLT. It includes: a Body
Weight Support Device (BWSD), a Cable-Driven Leg Manipulator (CDLM) and a treadmill
(T). A new orthosis was designed to be attached to the leg and it is controlled by a cable system
to move the lower limb. The number of cables was chosen in a way to totally restrain the
movement of the orthosis in the sagittal plane. This design comes with all the benefits of cable

driven robots. Hereby, a diagram of the CDLT is presented in Figure 16.
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Figure 16: Mechanical description of the proposed gait training machine.

As included in all gait rehabilitation devices, this design comprises a BWSD made out
of elastic springs. In the literature, there are various architectures for BWS [46]:

i)-Static System (Figure 17(a)): in such mechanisms, the harnessed patient is lifted using
a basic winch (Figure 17(a)). The spooling action can be made manually or using an electric
motor. The desired unloading is proportional to the lifted distance. More sophisticated systems
integrate a force sensor to help in adjusting the amount of unloading. Irregularity of the weight
support and restrictions of the pelvic vertical displacement are the major drawbacks of static

devices.
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i1)-Passive Dynamic Counterweight System (Figure 17(b)): unlike static systems, in this
case, the patient is unloaded by means of a mass that produces a gravitational counterforce.
During a gait, changes in counterweight acceleration yield inconsistent unloading.

iii)-Passive Dynamic Elastic System (Figure 17(c)): The suspension force is generated
by a set of springs or other elastic elements. Thus, the amount of unloading is proportional to
the tension in the springs, when the inertia of the moving parts is neglected. The unloading
force is relatively stable since it follows the variation in the spring length. The use of long
springs with low stiffness can lessen force rippling. A patented design [104] showed that more
suitable results are provided by adding an extra elastic force exerting element in a way to
compensate the deviation in the main force.

iv)-Active Dynamic System (Figure 17(d)): Similar to the previous system, the
integration of an active force generating mechanism allows to eliminate the variations in the
suspension force. As an example, the active Lokolift system [46] produces this compensation
force through a closed loop between a force sensor and an electric drive. Such system produces
a relatively constant unloading, further it performs a rapid change between different BWS
values. Compared to the aforementioned BWS devices this one is relatively more complex.

The passive elastic BWS is widely used in training machines, it offers good results with
respect to a simple and basic mechanism. A similar mechanism called the BWSD is included
in The CDLT (Figure 16).

force
sensor

controller

elastic
spring

winch counterweight

N\

actuator

(a) (b) (c) (d)

Figure 17: Common body weight support systems [46]: (a)Static BWS: a simple winch, (b)
Passive dynamic BWS with adjustable counterweight, (c) Passive dynamic BWS with elastic
spring, and (d) Active dynamic BWS with force-control loop.

The unloading force is transmitted from the BWSD to the patient through a cable, which
is guided via a series of pulleys and attached to the harness (H). Major parts of the BWSD are
two translational guided parts (see Figure 16). The first is equipped with a dynamic pulley to

transfer the unloading force from the springs to the rope. Note that the movement of this part is
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limited by two mechanical stops. The second one is coupled to a power screw driven by a motor
(P). The two sliding parts are connected with springs (S). The pre-tension motor (P) controls
the position of the lower sliding part, and hence adjusts the springs pre-tension. Thereby, the
amount of unloading is selected. The electric winch (W) spools the rope to lift the patient from
a sitting to a standing position, further it allows the springs to work in a specific range.

The operational procedure of the BWSD is as follows:

i) The patient is secured by the harness in a sitting position, then we apply the desired
amount of unloading throw the pre-tension motor (P). In such position, the upper sliding part is
in contact with the lower mechanical stop.

i1) The patient is lifted until there is no contact between the patient’s feet and the
treadmill. Here, the upper sliding part is in contact with the upper mechanical stop,

iii) The patient is lowered until the upper sliding wagon is lying in the middle of the
two mechanical stops.

During walking training, the dynamic pulley moves alternatively around a mean
position (Figure 16) following the variation of the vertical position of the patient. Meanwhile,
the suspension force is produced by the springs’ tension, which is proportional to the
instantaneous position of the dynamic roller added to the selected spring offset. One notes that
a force sensor is required to measure the instantaneous unloading, and hence to adjust the
desired amount around a mean value.

The second subsystem of the CDLT, which is CDLM, includes a 4-cables robot (see
Figure 16). The moving platform is an orthosis (O) placed around the leg. In addition, a foot-
lifter (F) is positioned between the orthosis and the foot in order to stabilize the ankle joint when

the foot is off the ground (similar to the Lokomat system [72]).
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The design of the leg’s orthosis is inspired from commercially available motion control
knee splint. On one hand, the design involves the use of a wrap-around part that provides
stability and comfort to the patient’s leg. On the other, the orthosis comprises two parts
positioned at the anterior and the posterior sides (i.e., front and back) of the leg (Figure 18).
Once, the two parts are placed around the leg, they are blocked using a fixation arm. This
element has 3 passive DOF (2 rotations and one translation) to be tightened when the orthosis
is mounted. The fixation arm allows to assemble the two parts as one unit and hence to keep
the distances between the cable attachments as constant as possible. If these distances vary, the
position control of the mobile platform will be erroneous since its geometry is not consistent.

Viewing that important ranges of motion are occurring in the sagittal plane, and for the
sake of simplicity, the cable robot moves the leg in this plane using a set of 4 cables. In general,
for a cable robot with n DOF, m=n+1 cables are required to totally restrain the movement of its
effector [105]. The leg has 3 DOF in the sagittal plane, therefore, the orthosis is controlled by
4 cables. This will help to keep the orthosis in a given position and minimizes its sliding
movement along the leg. Compared to the CaLT system (see Section 1.4.4.), the lower limb is
moved using only two cable (see Figure 15), in a such configuration an upward force will be
produced, pushing the ankle’s attachment to move along the leg.

The overground walking is emulated by employing a treadmill (T), producing the walk

forward movement and applying the ground reaction force on the feet.

Conclusion:
A literature review on gait rehabilitation was given is this chapter. Robotized gait trainers
enhance therapeutics outcomes when compared to the manually-assisted therapy. In fact, they
are the technical translation of task specific and intensive training, which is substantial for an
effective recovery of the gait function. Commercially available gait training machines are heavy
and very expensive, which is an impediment to provide an adequate therapy for subjects with
gait impairment. Cable driven robots could be a good candidate to achieve the task of
rehabilitation, they are simple and less expensive. However, their design is challenging, since
the tension in the cables has to be maintained positive at all times and cable interference has to
be avoided during the motion.

An essential and required information in designing the CDLT is the kinematics and the
dynamic of a normal gait. In the next chapter, a gait experiment will be carried out in order to

get this information.
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2. Analysis of Human Walking

Summary:

Evaluating and studying the performance of the CDLT requires the knowledge of the
kinematics and dynamics of the lower limbs during a walk cycle. A quantitative gait experiment
is performed to get this valuable information. A subject equipped with a set of reflective
markers achieves a walking movement. The trajectories of the markers are recorded using
cameras. This information is then used to calculate the orientation of the lower limb segments.
A force platform is used to measure the reaction forces of the ground. Before giving the details

of the experiment, a description of the gait cycle and its related terminology is given.

2.1. Overview of Normal Walking

A gait cycle (GC) is defined as a sequence of repetitive events, starting and ending with the
same event. The two legs have the same series of events, with a phase shift of one half cycle
[20]. A normal walk cycle has two main phases: Stance phase and Swing phase (see Figure 19).
During stance time the foot is on the ground, over the swing time the foot is no longer in contact
with the ground [106]. Further, the GC is also described with 7 successive events resulting in 7
periods: four of them occur during the stance phase and the three remaining make the swing
phase (see Figure 19).

Terminal
swing

Swing | Stance
phase / phase

—
Opposite initial
conta

Figure 19: Walk events of the right limb (in gray) during a gait cycle [20].
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2.1.1. The Stance Phase

The stance phase represents about 60% of the GC, it has 4 periods: i) Loading response, ii) Mid-
stance, iii) Terminal stance and iv) Pre-swing. Moreover, depending on the position of the feet
over the ground, the stance phase can be characterized by three successive phases: i) First
double support, both feet are on the floor, ii) Single limb support (also called double limb
stance), when the current limb is on the ground and the other limb is in the air, and iii) Second

double support, once again the two foot are in contact with the ground (see Figure 20).

Left Left initial Left

toe off contact Time toe off

Left leg Left Swing Phase Left Stance Phase

Double
support

Double
support

Double

support Left single support

Right single support

Right leg Right Stance Phase Right Swing Phase

Right initial Right Right initial
contact toe off contact

Figure 20: Timing of single and double support periods [20].

The initial period of the stance is the loading response (Figure 19), beginning with an
initial contact called also heel strike, in which the foot touches the ground at the heel (see Figure
21(a)). The loading response is the first double support period that occupies 10% of the GC. It
ends with an opposite toe off when the opposite foot is going to leave the ground out of the toe
(see Figure 21(b)). In the meanwhile, the direction of the ground reaction force is upward and

backward.

(a) (b)
Figure 21: Right leg (in gray) at [20]: (a) Initial contact, and (b) Opposite toe off.

37



Chapter 2. Analysis of Human Walking

The Mid-stance is the time (approximately from 10% to 30%) between the opposite TO
and a heel rise. In addition, it represents the first part of the single support phase. The heel rise
event (see Figure 22(a)) known also as heel off is identified when the foot is flat on the ground
and the heel begins to lift the floor, further the ground reaction lies vertically.

The Terminal stance is the third sub-phase of stance that ends with an opposite initial
contact at 50 % of the GC (see Figure 22(b)). The terminal stance and the single support period
terminate at the same time.

The Pre-Swing is the last period of the stance (approximately from 50% to 60% of the
GC) between the initial contact of the opposite foot and a toe off of the current one (see Figure
22(c)). Ending of this sup-phase points also the end of the second double support. During

terminal stance and pre-swing, the ground reaction is upward and forward.

(a) (b) (c)
Figure 22: Right leg (in gray) at [20]: (a) Heel rise, (b) Opposite initial contact, and (c) Toe off.

2.1.2. The Swing Phase

The swing phase lasts 40% of the gait cycle and is often subdivided into 3 sub-periods: i) Initial
swing ii) Mid-swing and iii) Terminal swing. The initial swing varies from 60% to 73% of the
GC. It is terminated with a Feet adjacent event (called also feet clearance), in which the
swinging foot is adjacent to the stance foot (see Figure 23(a)). Tibia vertical event is the
transient between the Mid-swing and the terminal swing occurring at 87% of the GC. Here, the
tibia is in vertical posture (see Figure 23(b)). The GC ends when the current leg reaches the

ground again, i.e., the next initial contact.
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() (b)
Figure 23: Right leg (in gray) at [20]:(a) Feet adjacent, and (b)Tibia vertical.

2.1.3. Gait parameters

During a GC, feet placements provide some useful distance parameters (see Figure 24). The
stride length is the distance travelled by the same foot during a GC, further it includes two equal
forward distances: the right and left step lengths. Each step is the distance between the two feet,
left and right, taken at initial contact. Thus a stride can be defined as one step for each foot.
Thereby, the speed of walking known also as stride time is the stride length divided the cycle
time. In addition, the step width (called also walking base) is the left/right distance between the
feet. Finally, the foot angle describes the internal /external rotation of the foot with reference to

the direction of progression [20][106].

—— Left step length ———f——— Right step length ————]

ﬂ,—/T Left foot angle
Step width
\L\R@ht foot angle w

| Stride length |

Figure 24: Distance parameters of the gait cycle with reference to feet footprints [106].

2.1.4. Lower extremity angles

From one laboratory to another, measurement protocols of joint angles may differ. Further, in
biomechanics, two types of angles are used: absolute angles and relative angles. The first are
the angles between a body segment and a fixed coordinate system. Conversely, relative angles
or intersegmental angles are taken between longitudinal axes of two adjacent body segments.
Therefore, giving definitions of angles when examining joint motions is substantial. When

examining motion of the lower limb [20][107], the hip rotation is the angle between the femur
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and either the vertical or the pelvis. Positive values are viewed as flexion and negative amounts
as extension. Next, the knee angle is often the angle between femur and tibia that is always
positive. The ankle angle is the measure between the tibia and a chosen line in the foot,
conventionally this angle is equal to zero when the leg is in vertical position or perpendicular
to the floor. Thus dorsiflexion and plantarflexion are, respectively, positive and negative
angular movements. Note that during walking, important rotational motions take place in the
sagittal plane, consequently, gait motion is usually studied in this particular plane.

2.2. Quantitative Gait Analysis

The gait analysis has been performed in the biomechanics laboratory of PPRIME institute
(Poitiers University, France), using an optical motion capture system and a force platform.
Despite the fact that gait data can be found in the literature, this information is far from be
unified due to various dispersing problems [108]. First, as mentioned above (see Section 11.1.4),
angle definitions may vary from one research unit to another [20]. Second, many errors may be
encountered in model calibration, i.e., computation of segment lengths and determination of
joint center locations. Indeed, these data may differ based on the applied approach, further
marker placement on anatomical landmarks cannot be reproduced accurately [108]. For the
carried analysis, different steps of the experimental protocol and data examination details are
provided. However, major addressed points are: i) Markers placement, ii) The selected type and

range of motions during trials, and iii) Used algorithms for data analysis.

2.2.1. Experimental setup

Simultaneously, gait capture implies both: position tracking of a set of reflective markers placed
on a moving subject, and recording of the ground reaction force. The motion measurement
device is the Vicon MX infrared optical system (Oxford Metrics Ltd, Oxford, UK), a typical
configuration is shown in Figure 25. All cameras are connected to a network controller (MX
Ultranet), which sends information to a Host PC for processing. In our case, the system is made
of 12 MX cameras (4 megapixel @ 370 fps). Each camera is positioned in a way that its field
of view covers as much as possible the captured volume. Each marker must be seen at least by
2 cameras during the capture. In fact, the position of a marker is computed by the Vicon Nexus
software based on triangulation process [109]. Moreover, 7 force plates (Kistler Instruments
AG, Winterthur, Switzerland) are placed on the floor of the capture volume in order to record
the reaction force of the ground at a sampling frequency of 1000 Hz (see Figure 26). Both

position and force information are synchronized by the MX system.
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Figure 25: Basic Vicon MX configuration.
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Figure 26: The experimental setup.

The recruited subject is 1.75 m tall and has a mass of 70 kg. As Figure 28 depicts, a set
of 14 markers are placed on each limb. Note that R and L prefix are used to distinguish,
respectively, the markers of the right and left limbs. For example, at the right side: i) The pelvis
has 3 markers (RPSI, RILC and RASI), ii) The thigh includes 4 markers (RTHIANT, RTHINT,
RTHIPOS and RTHIEXT), iii) The leg segment has 4 markers (RLEGANT, RLEGINT,
RLEGPOS, RLEGEXT), and finally 3 markers are attached to the foot (RTOE, RFOOT and
RHEEL). Note that these reflective markers are placed in anatomical locations that have less
important soft tissue artefact, i.e., the movement of the skin relative to the bones [108].

Setting the global coordinate system in the capture scene requires the use of a calibration
wand (see Figure 27). In fact, the motion capture begins with a static calibration process in
which the calibration tool is placed in a user defined position. Thereby, the position of each
marker is given relative to the defined reference frame. The known location of each marker on
the limb, allows the post processing of the acquired data as a function of time to determine the

joint trajectories.
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Figure 28: Marker placement model.

At the beginning of the performance, the candidate was asked to perform 4 minutes of
free walking along the captured walkway. Then a static trial (i.e., motionless subject) is
recorded, in fact a full view of all markers is required by the Nexus software in order to identify
and label each marker. Hereafter, to locate joint centers, the candidate achieved 10 cycles of
flexion/extension of each joint of the lower limbs resulting in 6 motion trials. These motions
are in close angular ranges to those occurring during a normal walking (see Table 1). Finally, 6

walking trials are achieved and the one having a mean performance is selected.

Table 1: Sagittal angular range of motion during flexion/extension motion trials [107].

Hip joint Knee joint Ankle joint
Flexion (dorsiflexion) 30 50 15
Extension (plantarflexion) -20 10 -10

2.2.2. Data analysis

2.2.2.1. Kinematic data

The Nexus software allows us to get the markers’ trajectories over time. Further computing and
analysis were achieved using Matlab software (MathWorks, Inc., Natick, USA). By examining
the flexion/extension motion trials, the first step of the post-processing is to locate the center of
rotation (CoR) of the hip, knee and ankle joints. Various approaches have been developed to
identify the CoR of the hip joint known as the hip joint center (HJC). These approaches are
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divided into two groups: predictive approaches [110][111] and functional methods
[112][113][114]. The predictive approaches compute the HIJC by relying on the position of
palpated anatomical landmarks, and regression equations obtained from medical imaging or
cadaveric studies [115][116], i.e., the joint center is an empirical relation between bone
landmarks. In contrast, functional methods use kinematic and geometric proprieties to locate
the CoR between the pelvis and the thigh. Such methods are of two types: sphere fitting methods
and transformation techniques [112]. The first method fits the trajectory of a marker on the
thigh to a sphere, consequently the sphere’s center is the CoR. Here, it is essential to apply a
transformation from a global frame to a pelvic local frame, in order to write the motion of a
thigh marker in relation to the pelvis. Thereby, the path of such marker will describe the surface
of a sphere. To fit a cluster of points to a sphere, several optimization procedures have been
proposed: geometric, algebraic, bias compensated algebraic and Pratt sphere fit methods
[112][117]. The second type (transformation techniques) involves the determination of
transformations between local frames attached to the moving segments and a global coordinate
system. Here the CoR is viewed as the point of this rigid transformation. To get this point,
different methods have been developed: the center transformation technique, the Holzreiter
approach, the helical pivot technique, the Schwartz transformation techniques, the minimal
amplitude point method, Stoddart approach, and the SCORE method [112].

The superiority of the sphere fitting functional methods is confirmed for healthy subjects
in [115] and [116]. Furthermore, it is recommended by the International Society of
Biomechanics [118] and its effectiveness and accuracy is confirmed in several works
[112][113][119]. Consequently, the sphere fit method is selected for HIC identification.

To illustrate how the functional method is implemented, let’s consider the case of the right HJC.
Three markers (M1, M2 and M3) are placed on the pelvis to form a local coordinate system {Fp}

centered at the marker M2 (see Figure 28). The homogenous transformation matrix T, given by

(1) yields the position of any marker attached to the hip, in relation to the local reference frame

{Fo}-

— VR»l '(VR )71'M v
e R, ] 0

Where Xp, Yp and zp are the coordinates of {Fp} frame axes and M is the coordinates of its
origin.
During the hip flexion/extension tests, when we apply the rigid transformation T, , the

paths of markers M4 and Mg yield the surface of a sphere centered at the HJC (see Figure 29).
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Figure 29: Identification of the right Hip Joint Center using geometric sphere fitting.

Three different sphere fitting algorithms, i.e., geometric, algebraic and Pratt methods,
are implemented. Eq (2) describes the objective function to be minimized for each method
[112]:

Zn:(”'\/'i ~Cyp| - R)?: Geometric
i=1

Zn:(”Mi —Cmp||2 —R?%)?: Algebraic
i=1
13 > e ()
?XZ(”NL _Chip” —R?)": Pratt

i=1

Suchthat:R = (1/ n) XZH;II'VH ~C
i=1

Where Chip is the center of the sphere described by the motion of the marker Mi. Here, The HIC
is the mean value between the centers obtained from M4 and Me. Table 2 shows the computed
coordinates of the right HJC in the local pelvis frame {Fy}. All values are close, this remark is
also confirmed in [112]. Therefore, all sphere fit technics yield comparable results and any one

may be chosen.
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Table 2: Local coordinates of the right Hip Joint Center using different algorithms.

x coordinate [mm]  y coordinate [mm]  z coordinate [mm]  Norm [mm]

Geometric  99.13 31.8 -119.2 158.13
Algebraic  98.64 30.40 -120.11 158.12
Pratt 98.87 31.08 -119.58 158.23

During the walk motion trial, the global position of the HIC denoted H (see Figure 30)
is computed by mapping the Chip from the local frame {Fp} to the global frame{F.}: H="T .C
. For the knee and ankle joints, in contrast to the methods presented in [120] and [121], which
estimate the CoR as a mean position between two markers, we used the sphere fitting method
to locate the CoR. Since the knee and ankle joints are revolute joints, the knee joint center (KJC)
and the ankle joint center (AJC) may be computed in a similar way as the HJC. In fact, for the
knee, a reference frame {F} is defined by markers M4, Ms, and M7, and the KJC is identified
by fitting trajectories of markers Mg and Mg. Considering the ankle, a reference frame {F} is
defined by markers Mg, Mg and M1, and the AJC is located by fitting paths of markers M13 and
Maa.
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Figure 30: Angle definitions for the lower limb.

During the walk motion testing, once all the global CoRs (H, K and A) are computed as
a function of time, the angles are defined using Eq (3) or Figure 30.
0y, = £(-Z,,HK)
Onee = Z(KA HK) (3)
0, = Z(KAMM,,) — (n/ 2)

ankle
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The resulting angular trajectories are shown in Figure 31. Hereafter, curves were
smoothed using a 5™ order lowpass digital Butterworth filer. The selected frame rate of cameras
is 100 fps, therefore, based on Nyquist theorem the cut-off frequency must be less one half of
the sampling frequency, which is 50 Hz. Besides, curves were cut for one gait cycle. Lastly, the
duration is normalized to 100% of one GC, yielding the trajectories of Figure 32. Note that the
obtained gait kinematics is consistent with common gait databases [20][122]. In addition, the
vertical displacement of the pelvis is obtained based on the vertical position of any marker that

belongs to the pelvis, this curve is shifted by its mean value (Figure 33).
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Figure 31: Angular trajectories of the lower limb in function of time.
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Figure 32: Angular trajectories of the lower limb against percentage of one gait cycle.
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Figure 33: Vertical displacement of the pelvis against percentage of one gait cycle.
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2.2.2.2. Ground reaction force
The ground reaction force is recorded using the force platform running at a frequency of 1000
Hz. The platform gives the reaction force in the form of a 3 dimensional vector. Figure 34 shows
the graph of components included in the sagittal plane of both feet: the vertical reaction (Rv)
and the anterior-posterior reaction (Rap), which are positive when directions are upward and
forward, respectively. During the stance phase, the support of the body weight is marked with
a positive Rv showing a double hump shape (Figure 34). The first and second peaks describe,
respectively, upward acceleration and deceleration of body’s CoM. The Rap is negative during
the first half of the stance phase resulting in braking and positive for the second half describing
propulsion. Obviously, both components (Rv and Rap) are null when the foot is swinging. Note
that the position of the Center of Pressure (CoP) for each foot can be provided, which is the
location of the point of application of the resultant force on the ground.

Recorded signals are smoothed using a 5™ order lowpass digital Butterworth filer with
a cut-off frequency of 500 Hz. Selecting a one GC, the time axis was scaled to 100% and forces
were normalized in relation to the body weight [123][124]. Figure 35 visualizes the new curves

for one foot. To obtain those of the other foot, the first must be shifted by a phase of a half

cycle.
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Figure 34: Ground reaction of both feet in function of time.
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Figure 35: Normalized ground reaction during a gait cycle.
Conclusion:

The conducted analysis of overground walking yielded the joint trajectories of the lower
extremity, in addition to the reaction forces between the feet and the ground. Further, it
developed our understanding of the gait stepping movement. The obtained kinematics can be
seen as a target performance of the CDLT. Moreover, since our main objective is to reproduce
the gait pattern, the kinematic and dynamic data will be employed to achieve an inverse

dynamic simulation of a treadmill walking within the CDLT.
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3. Inverse Dynamic Simulation of the Rehabilitation Machine

Summary:

The dynamic study aims at solving the inverse dynamic problem of a partially unloaded person
during a treadmill walking. The analysis is based on data obtained from the gait experiment.
The human body is modeled as a multi-segment articulated mechanism. The target performance
is the kinematics of the recorded normal gait, which is used as the motion input for the dynamic
model. A free-body diagram is used to show all exerting internal and external forces. Both, the
measured ground reaction and the unloading force, are considered as external forces applied to
the body. The dynamic simulation is carried out using two methods: using Newton-Euler
equations and using a Matlab SimMechanics model. The results of the dynamic simulation are
the required actuation wrench to be produced by the cable robot in order to drive the leg during

a treadmill ambulation.

3.1. Dynamic Modeling

3.1.1. Human body modeling.

As depicted in Figure 36, the body is represented by a planar four-link mechanism: the upper
body (known also as head, arms and trunk (HAT) segment [125]), the thigh, the leg and the
foot. The linkage between the trunk and the fixed frame is modeled as a prismatic joint. For the
hip, knee and ankle, they are modeled as revolute joints. Thus the body is characterized by 4
DOF. The angles are zero when the lower limb is in a vertical posture. The flexion and extension
correspond, respectively, to positive and negative values of the angles. It is worth mentioning
that the proposed model is based on the following assumptions:

e All the segments are considered rigid

e All the joints are considered frictionless [125], The joints of the lower extremity are
passive, thus muscles contribution is ignored which can be viewed as the most
disadvantageous case,

e No relative motion between the orthosis and the leg,

e Lower limb kinematics are the same as during normal walking. Further, even when the

ankle joint is not actuated, the same general trajectory is observed [126].
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Figure 36: Human body 4 segment kinematic model for treadmill walking.

For the treadmill walking, Figure 37 shows the external loads applied on the body:

Fun, the unloading force produced by the springs included in the BWSD and applied at
the upper body through the harness system,

Rgr, the ground reaction force applied at the sole of the foot,

Fir, the footlifter force acting between the leg’s orthosis and the foot in order to stabilize
the ankle joint during the swing phase of the GC,

The resultant force and moment (Fcar and Mcar), Which are the actuation unknowns to be

generated by the cable robot in order to achieve walking.

Ci/{F}:(0;-0.1065h)

K /{F}:(0;-0.246h)
Co/{Fi¢}:(0;-0.1061h)
A/{F4}:(0;-0.245h)
Ca/{F}:(0.0354h;-0.0195h)
P1/{For}:(0.065;-0.036)
P,/{F}:(0.085h;-0.039h)

Figure 37: External loads acting on the lower limb and kinematic specifications.
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To describe the kinematics of the lower limb, 5 frames are defined (see Figure 37):

e A global reference frame {Fo}={O, Xo, Yo} is placed on the treadmill such that the HIC
H and the point O are vertically aligned.

o A frame {Fu}={H, xu, Yy} is attached to the thigh segment and centered at the HJC H.

o A frame {Fig}={K, Xig, Yig} is attached to the leg segment and centered at the KJC K.

o A frame {For}={C>, Xig, Yig} is centered at the leg’s CoM Cp, in which Fcgr and Mcqr are
evaluated.

o A frame {Fr}={A, X, yr} is attached to the foot segment and centered at the AJC A.

Here, C1, C2 and Cs are the CoMs of the thigh, the leg and the foot, respectively. P1 and
P> are the placement points of the footlifter.

3.1.2. Inertias and geometry of the different segments

Based on anthropometric measurements, the geometric and inertia proprieties of body segments
can be written as a fraction of the mass and/or the height of the body. Hereby, reference [127]
is used to get the body anthropometric specifications. Segment lengths of the human body are

shown in Figure 38 as a percentage of the body height.

I S

0.936H

0.870H

0.055H
Foot breadth 0.152H

Foot length

Figure 38: Body segment lengths expressed as portion of the body height [127].

Based on Appendix 1, coordinates of Cy, K, Co, A, Cz and P> are defined in relation to
their local frames as a fraction of the body height h (see Figure 37). In addition, the mass of
segments are given in the first row of Table 3 as a percentage of the total body mass.
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Table 3: Inertia and length data [127].

Upper body thigh Leg foot

Mass (m) [%] 67.8 10 4.65 1.45

Radius of Gyration (RoG)[ %] *x 32.3 30.2 47.5
Length (L) [m] *x 0.245h 0.246h 0.085h

The moments of inertia of the different segments are computed based on the following

equation:

| =mx(RoG x L)’ 4)

Where m, RoG and L, are the mass, the radius of gyration, and the length of the involved
segment, respectively [127]. RoG of the lower limb segments are given in the second row of
Table 3 as a percentage of the segment length L. Note that the length of the foot segment is
taken from the AJC to the midpoint between the 1% and 5" metatarsal heads [128]. For more
details on anthropometric data, the reader is referred to [127] and [128].

The inertia of the orthosis is: a mass of 1.2 kg and a moment of inertia of 0.0153 kg.m?

computed at the leg’s CoM C> (see Figure 37).

3.1.3. Free-body diagram and Newton-Euler equations

The fundamental step in analyzing the dynamic behavior of a mechanical system is to draw a
free-body diagram of each segment, showing inter-segmental and external forces [17][129]. In
our case, the entire body is subdivided into 4 rigid bodies. Figure 39 depicts exerting forces on
the upper body, the thigh, the leg and the foot. One shall note that the equilibrium equations are
written in relation to the CoM of each segment, thus moments of the weight forces are zero.
Furthermore, the transmitted torque from one segment to another is regarded as zero since the

joints are assumed to be passive.
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Figure 39: Free-body diagrams of body segments
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The dynamic model of the body segments can be obtained through Newton law applied

to each segment.

3.1.3.1. The upper body
During the treadmill walking, the upper body is assumed to be translating along the vertical
direction. Therefore, the dynamic model is restricted to only the vertical forces:

I:un -(1/a)'Fub +Wub + Woth = (mub + mth )'aub (5)

where Wb, myp and aus are, respectively, the weight force, the mass and the acceleration of the
upper body. To add the effect of the opposite limb, the thigh mass mi and weight Wown should
be added. Here, we consider that the opposite leg and foot are balanced by the opposite orthosis.
The unloading force Fun applied by the suspension system on the upper body through the

harness is:

Foy = (k/2).(y, +Ay/2)suchthat y, = (BWS.g.m)/ (k/2) (6)

k=4 Nm is the total springs constant, g= 9.81 m/s? is the gravity acceleration, m is the body
mass, and the instantaneous position Ay follows the pelvic displacement curve (see Figure 33).
The springs offset yo is calculated based on the desired amount of unloading BWS, therefore the
springs pre-tension force is the mean value of unloading.

The term (1/a).E,, is the force transmitted from the upper body segment to the current
limb. a is a factor that defines the participation of one limb to support the body weight: o is
equal to 1 during single limb stance and zero during swing time. Throughout double support
phases it varies from 0 to 1, and is calculated based on the vertical normalized ground reaction

NRv of the two foot: a. = (Right NRv + L eft NRv) / Right NRv . Figure 40 shows the change of this

factor along with the variation of NRv of the feet over one GC.
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Figure 40: Curve of a coefficient.
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3.1.3.2. The thigh
The dynamic model of the thigh segment is given as follows:
Fio-Fin tWy, =mg,.a,,

. (7)
My, =My, =1y, 04

where W, mu, ltn , an and o, are, respectively, the weight, the mass, the moment of inertia, the

linear acceleration, and the angular acceleration of the thigh segment, written in relation to its
CoM. Fu is the force exerted by the thigh on the leg.

3.1.3.3. The foot
For the foot segment, we have the following equations:

-Fi-F ¥Ry *We =mg.a,
'Mﬁ'er+Mgr = Iﬂ‘(bft

(8)

here Wx, mg, Ir , ar and o, are, respectively, the weight, the mass, the moment of inertia, the
linear acceleration, and the angular acceleration of the foot segment, written in relation to its
CoM. The Frforce is the force between the foot and the leg.

The ground force Ry is obtained by multiplying the normalized ground reaction (see
Figure 35) and the new body weight. This latter is computed by subtracting the unloading force
from the body weight:

;
R, =W,.NR_ suchthatW, =m.g —F, andNR_ =(NRv NRap) 9)

Fir is the footlifter force involved to stabilize the ankle joint during the swing period.

3.1.3.4. The leg
For the leg segment, the equilibrium is marked by the term of the actuation wrench Fcqr and
Mear:

Fp +F *W, +W,, +F, +F

cdr

Mth+Mﬁ+er+Mcdr = (Ilg + Ior)'(blg

:(mlg +mor)'alg (10)

Later, the defined dynamic data and equations will be used to solve the inverse dynamic

problem of the proposed machine.
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3.2. Inverse Dynamic Simulation
In this section, we describe the way in which the inverse dynamic model is solved. First, relying
on Newton-Euler equations, and secondly by mean of a Matlab SimMechanics model. Results

of the dynamic simulation employing the two mentioned methods are presented.

3.2.1. Solving the Newton-Euler equations
The inverse dynamic problem consists in computing the required forces to cause a desired
motion of a mechanism having specific inertias. In gait simulation, the traditional Newton-Euler
approach is widely adopted to get the actuation forces capable of driving the lower limb during
ambulation [125]. The investigated Newton-Euler equations in the first section are solved
recursively to get the required forces.

Here, our goal is to get the wrench applied by the cable robot to the leg. For that purpose,
Newton-Euler equations are solved as follows:

Eq (5) is solved for a given amount of unloading BWS to get the upper body force Fub:

m.g.BWS
Fuby = 01.(-(My +MMyy,).G +K-(9T +AY 12)-(My, + My )-8,,) (11)
Then Eq (7) is used:
Fubx -Fthx = mth 'athx
Faoy “Fony "M -0 = My By (12)

CH xF,-CKxF, =1,.a0,

To determine F the inter-segmental force, we solve the Eq (12), which is made of 3 linear
equations and has 3 unknowns: Fnx, Fiy and Fupx. The expressions of the unknowns Finx and Finy
are given in Appendix 2.

The analysis of the foot equilibrium is then discussed depending on the GC periods.
First, during the stance phase, only Eq (8) is taken into account. Further, the Fi force is
eliminated since the foot is balanced by the ground. Therefore, the Fs force is calculated as
follows:

R =-Mg.aq +(Mg-F, ).NR, —m..0.y, (13)

Second, throughout the swing period, the Rgqr force is zero and the Fyr is active. Therefore Eq (8)
becomes:
-F-F, *W, =m,.a,, suchthat F, =|F.|.(RR,/|PR[)

. (14)
CoAXF-CoP, xR = 1.0
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Solving this equation system yields the expression of the unknowns: |F, | ,Fax and Fry (see
Appendix 2).
Last, once all forces acting on the leg segment are obtained, Eq (10) allows us to
calculate the actuation wrench (Fcdr, Mcdr):
Far = (Mg + My )., — (R +F A Wiy W, +F)) (15)
M, = (IIg + Ior)'d)lg -(C,KxF, +C,AxE, +C,P,xFE,)

All the kinematic and dynamic equations are provided in Appendix 2. Linear and

angular accelerations are obtained by numerical derivation of the pose equations.

3.2.2. SimMechanics dynamic simulation

Matlab Simmechanics Second Generation (MathWorks, Inc., Natick, USA) is a powerful
computer simulation tool that includes a graphic user interface for mechanical modeling and
dynamic simulations. Its library comprises blocks for Body Elements, Joints, Forces/Torques
and Frames/Transformations. By modeling the segments and the joints of a mechanism along
with the applied forces, the dynamic behavior of the system is simulated. This simulation tool
can be used to alleviate the hard work of writing and solving the Newton-Euler equations,

further it could be used as a validation tool.
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Figure 41: Simplified SimMechanics model.

The first step in model development is the creation of body parts and the definition of
joints. The developed SimMechanics model is shown in Figure 41. According to Figure 36, the
“Upper body” has a prismatic joint with the fixed frame “Base”. Moreover body segments
(“Upper Body”, “Thigh”, “Leg+Orthosis” and “Foot”) are articulated with a set of 3 revolute
joint blocks: “Hip joint”, “Knee joint” and “Ankle joint”. Furthermore, geometric and inertia
specifications are included into body blocks.

In a second step, the external loads are applied according to the modeling investigated

in Section 3.1.3. The unloading force “Fun” is computed inside the block “BWSD” with respect
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to a desired unloading amount “BWS” using Eq (6). Knowing the position of placement points
P1 and P2, The footlifter force Fir is computed using Eq (14). Based on the normalized ground
reaction, the “Rg” force is computed using Eq (9) and it is applied on the foot segment. Lastly,
by inputting the curve of the o factor (Figure 40), the action of the upper body force Fyp is
computed inside the block “Upper body”.

A “3 DOF planar joint” placed at the leg CoM is used to simulate the required trajectory.
This custom joint has two linear and one rotational DOFs. The data of the block “Lower limb
kinematics” are fed to the block “leg pose trajectory”, in which the leg trajectory is computed
and then sent to the leg segment for actuation.

By running the simulation of the developed model, the actuation wrench (Fcdr, Mcar) iS
computed “3 DOF planar joint” block and the information is collected from the block

“Actuation wrench (Fedr, Mcar)”.

3.3. Case Study
It is worth mentioning that for gait training, two scenarios are involved: the off-ground and the
on-ground walking. The first happens at the beginning of a training session when the patient is
lifted from the wheelchair and he is maintained off the ground in an upright posture. Some
cycles of an off-ground walking are achieved, in order to check if the setup procedure is
properly performed, and also for familiarization with gait training. The second case occurs
when the vertical position of the patient is lowered until touching the treadmill and the desired
amount of unloading is reached.

For illustration, we consider the example of a body having a mass m=100 kg and a tall
h=1.7 m. Based on anthropometric specifications presented in Section 3.1.2., all the geometric

and inertia data are computed and summarized in Table 4.

Table 4: Dynamic simulation data

h [m] mu [kg] mun [kg] mig [kg] ma [ke] mor[kg]  BWS [%]

1.7 67.8 10 4.65 1.45 1.2 50
Iin [kg.m?] e [kg.m?] In [kg.m?] I [kg.m?] &k [kN/m] toc [S]
0.181 0.0742 0.0068 0.0153 4 1.4
g [m/s2] Ci[m; m] Co[m; m] Cs[m; m] Pi[m; m] P>[m; m]
051 ©: ©: 0.0613;  (0.065; (0.1445;
' 20.1803) L0.1811) 20.0331)  -0.036) 20.0663)
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During the on-ground simulation, curves of different external and internal forces are

presented. The unloading force Fun (Figure 42) varies inversely proportional to the pelvic

displacement (Figure 33) and it oscillates around the desired unloading force (490.5 N 1i.e.

100x50%%x9.81). The upper body force Fu, (Figure 43) is the force transmitted from the upper

body to the current limb, this force shows an upside down double hump shape similar to the

measured vertical reaction Rv of the ground (Figure 35). The ground reaction force Ry (Figure

44) is obtained by multiplying the normalized ground reaction and the new body weight, this

latter is equal to the patient weight minus the unloading amount, which is (100-
100x50%)x9.81= 490.5N. The foot force Fs (Figure 45) has a similar shape as the one for Rgr.
The Thigh force Fi (Figure 46) varies inversely proportional to the foot force. For the footlifter

force Fi, which is active only during the swing period (Figure 47), its effect is quite small and

can be neglected.
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Figure 42: Unloading force Fu, during the on-ground walking.
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Figure 43: Upper body force F., during the on-ground walking.
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Figure 44: Ground reaction force Ryr during the on-ground walking.

Foot force
600 T
- Fftx
LT P da L
7/ ~, A N\
A7 N Ft
400 / Mgl A y
4 \
4 \
4 AY
I, \\
200 7 \
,I
s /—\ \\\
oF __—— O — —_—
‘\\\\__/’//”-
-200
0 0.2 0.4 0.6 0.8 1 12 14
Time [s]

Figure 45: Foot force F+ during the on-ground walking.
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Figure 46: Thigh force Fy during the on-ground walking.
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Figure 47: Footlifter force Fir during the on-ground walking.
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For the two case studies, Figure 48 and Figure 49 show the curves of the actuation
wrench using the two solving approaches, i.e., Newton-Euler equations and SimMechanics
model. Results of both approaches are consistent, only few differences between the two curves
exist. This observation confirms the validity of the investigated dynamic study.

When examining the differences between the on-ground (Figure 48) and the off-ground
(Figure 49) cases, one can note that, over the swing phase, from 0.88s to 1.32s approximately,
curves have almost the same behavior since in both simulations the limb is above the ground.
The pelvic motion, which is only active for the on-ground case, induces a small difference
between the two curves. Throughout the stance period, when comparing both actuation moment
Mecar, it is clear that the required torque is higher for the on-ground walking. This fact is due to
the need to resist the effect of the ground reaction. Moreover, for the off-ground case, the Feary
component is always positive over the GC. An upward force is required to maintain the leg in
the air.
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Figure 48: Variation of the actuation wrench (Fcar, Mcar) during the on-ground walking.
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Figure 49: Variation of the actuation wrench (Fcar, Mcar) during the off-ground walking.

Conclusion:

A dynamic analysis of a treadmill walking using the CDLT was investigated in this chapter.
The human body was modeled as a 4 segment mechanism. Based on anthropometric data, the
inertia and the geometry of the body segments were obtained. Experimental results of Chapter
2 including the gait trajectories and the ground reaction were used as inputs. The unknown of
the dynamic problem was the required actuation wrench to drive the lower limb during
locomotion. The inverse dynamic problem was solved using Newton-Euler equations and a
Matlab SimMechnics model, results were found to be consistent using both methods. The
wrench computed in this chapter will be exploited later in Chapter 5 to design the CDLT.
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4. Design of Cable-Driven Parallel Manipulators

Summary:

Our gait training machine includes a cable robot to assist the movement of the lower limb. Thus,
topics on the design of cable robots are our main interest. In this chapter, we address the problem
of designing cable-driven parallel manipulators (CDPMs) for a desired workspace.

Due to the fact that a cable can only exert a pulling force, workspace analysis of CDPMs
is mainly limited by the constraint of keeping non-negative tensions in all the cables at all times.
The constraint of having both: non-negative and bounded tensions for all the reached poses,
defines the so-called Wrench-Feasible Workspace (WFW). For the design of CDPMs, this
condition has to be satisfied within the given workspace.

The equilibrium analysis is carried out using the interval analysis method, which is one
of the most efficient methods in handling uncertain data. Conversely to classical approaches in
which the workspace of a CDPM is viewed as a grid of points, the interval approach allows
covering the entire workspace and hence guarantees a singularity free workspace. Based on
interval mathematical tools, such as interval arithmetic and interval linear equations, the
equilibrium is written in its interval form and then its feasibility is guaranteed.

An interval-analysis based design algorithm of CDPMs is provided; this algorithm is
capable of finding all possible sets of solutions for a CDPM structure while guaranteeing the
access to a particular workspace with respect to a given external load. The obtained solutions
are then analyzed to select the “best” one according to a user defined criterion.

Two examples are selected to show the efficiency of the developed algorithm in solving
this complex problem. The first one deals with the design of a planar CDPM and the second
one considers a spatial CDPM. In both cases, the algorithm succeeded to find all possible
designs from which the designer can select a solution that fits best his application.

While the obtained results using intervals are certified and reliable over all the desired
space, the drawback of this approach is that the accuracy of the solutions is sensitive to the
intervals overestimation problem. For that, a bisection technique of the prescribed workspace
is applied.

One shall note that in our analysis the weight of the cables is neglected. Further, in this

chapter, cable interferences are ignored.
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4.1. Workspace Analysis of Cable-Driven Parallel Manipulators
In contrast with classical parallel manipulators, cable-driven parallel manipulators CDPMs
(Figure 50) substitute rigid links with cables in order to move the end-effector. Based on this
particular actuation scheme, a CDPM has a set of benefits mainly light-weight structure, large
reachable workspace, low inertia, low cost, and ease of reconfiguration.

A well-known CDPM called the Falcon robot [130], made out of 7 cables, is shown in
Figure 50. The main components of a CDPM are the base frame, the mobile platform, the cables
connecting the effector to the base in a given number of points, and finally the actuators, which
are usually made of winches. Figure 51 visualizes an example of an actuation system, the cable
is spooled via a winch coupled to an electric motor, and then is directed to the exit point part

through a series of pulleys.

Cable

Mobile
-7
platform

Connection
point

e __---_:::;;::::::::::i_

Figure 50: Example of a CDPM: 7 cables Falcon Robot [130].

Electric

Figure 51: Actuation system of cables [131].
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CDPMs are widely used in multiple applications, e.g., rescue, rehabilitation,
maintenance (Figure 52(a)), Video recording (Figure 52(b)), high speed manipulator... For
more details on CDPM applications, the reader is referred to [132].

(b)

Figure 52: Applications for CDPMs: (a) Maintenance: CABLEBOT [133], and (b) Video
recording: Skycam [134].

In the general case, an n-DOF CDPM controlled by m cables is said to be: incompletely
restrained (or under restrained) if m<n+1, completely restrained if m=n+1 and redundantly
restrained if m>n+1 [105].

While a CDPM has several advantageous properties, its applications are limited by the
unilateral driving nature of a cable. Therefore, the study of the CDPM workspace is limited by
generating only configurations with non-negative cable tensions.

Based on equilibrium analysis, several types of approaches have been developed. Ebert-
uphoff [135] introduced the definition of the force closed workspace (FCW) and the wrench-
feasible workspace (WFW). The main difference between FCW and WFW is the unlimited
cable tensions for the FCW. Riechel and Ebert-Uphoff [136] determined the force feasible
workspace of the particular case of point mass CDPMs. Krut [137] computed the largest
isotropic force as a performance index of the workspace of a wire robot. Bosscher [138], Stump
[139] described an analytical method for workspace calculation while Bouchard [140] used a
geometric method. Diao [141] studied the force closure workspace of 6 DOF manipulators
through a Jacobian matrix examination. Pham [142] calculated FCW and WFW through a
dimension reduction of the equilibrium system of equations. He also evaluated the quality of
the workspace via a tension factor and a global tension index. Lim [143] developed a force
closure analysis through a convex analysis for fully and under constrained CDPMs. Gouttefarde
[144] implemented a non-discrete method based on interval analysis to determine the WFW.

All these cited works do not address several design considerations, but they mainly

focused on the method to determine the workspace of a CDPM for a given mechanical structure.
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However, investigating the mechanical structure of a CDPM in order to optimize its workspace
could lead to more effective solutions.

In the special case of suspended platforms, several authors [145][146][147] compared
different robot’s geometries via a global condition index. Hiller et al. [148] analyzed a Tendon-
Based Stewart Platform based on several aspects, i.e., controllable workspace, forward
kinematics, and trajectory planning. Alikhani et al. [149] investigated a geometrical synthesis
of a large scale translational CDPM in addition to cables and actuators seizing. Du [150] studied
large workspace CDPM structural parameters while taking into account the cable curvature
effect. Leclerc [151] optimized the geometry of a flight simulator based on a multi objective
algorithm that maximizes the total orientation of the end-effector and minimizes the risk of
cable interferences. Using interval analysis, Bruckmann [152] introduced the outlines for a
multiple criteria optimization for CDPMs. These criteria are: equilibrium, stiffness, specific
workspace, robot task, and number of cables. Ouyang [153] locally maximized the total
orientation of the WFW based on a grouped coordinate descent method.

Most of the cited works do not consider explicitly the design of a CDPM for a prescribed
workspace. However, this problem was widely investigated for classical parallel mechanisms
[154][155].

The design of CDPMs has to take into account two constraints, i.e., non-negative

tensions in all the cables and no cable interference.
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4.1.1. Tension condition and wrench feasibility

In the case of an n-DOF CDPM with m cables, an external wrench, f, applied to the mobile
platform, is balanced by the non-negative tensions in the cables. The i cable is attached to the
base in point Ajand attached to the mobile platform in B;. The pose of the end-effector, g, and

the external wrench, f, are written at the mobile platform’s center P (see Figure 53).

mobile
platform

Figure 53: Kinematic diagram of a CDPM.

The equilibrium of the end-effector can be expressed by the following set of linear

equations:
Wt=f
where
wz[ b dmj (16)
b,xd, --- b, xd_
and

di =BA /”BiAi”’ bi =PB,
t=(t,,...t,,)" is the column vector of cable tensions and f is the column vector that represents

the external loads (forces and moments).

The W matrix is called force-moment transformation matrix [129], and it maps the loads
from the cables space to the Cartesian space (loads acting on the robot’s effector). Also, this
matrix is known as ‘structure matrix’ [142].

A pose q of a manipulator’s effector is said to be wrench-feasible if the CDPM balances
any external wrench f in [f] with a bounded non-negative tension t in [t]. Here [f] and [t] are,

respectively, the prescribed ranges of wrenches and tensions.
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To check if the system Wt=f is wrench-feasible or has a bounded non-negative solution,

two methods may be employed. The first is by minimizing an objective function as follows
[144]:

min(Q_t;) subjectto Wt=f and tet] (17)

The optimization problem (17) minimizes the sum of cable tensions while ensuring that the
equilibrium W t =f is achieved and the tensions in the cables, t, are within admissible values [t].
Note that the objective function may be modified, e.g. by adding a weight coefficient for each
cable. The second method is to employ Moore-Penrose pseudo inverse of redundant
manipulators [156]:

t=W"f+(l,—W*'W)z suchthat W* =W" (WW") (18)

where W* f is the particular solution, (I, —W*W)z is the homogenous solution and z is an

arbitrary m dimensional vector. Here, we are looking for a vector z such that t remains within
[t] by summing the homogenous and the particular solution. Later, the first method will be
utilized to verify the wrench-feasibility of the equilibrium.

4.1.2. Cable interference

Generally speaking, cable interferences are of 3 types: cable to cable, cable to end-effector and
cable to workpiece [156][157][158]. Collision detection is usually achieved through computing
geometrical relationships.

Figure 54: Cable/cable collision detection.

A cable/cable collision happens when two cables meet each other. In this case,
mathematically the minimal distance between them is zero. To illustrate, let’s consider the
example in Figure 54. L, is the shortest distance between cablel and cable2, its unit vector uyr is
perpendicular to the two cables. A; and A, are cable exit points, u; and uz are unit vectors
carrying distances L1 and L2, respectively.

A+Lu+Lu -Lu,=A, (19)
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The geometrical relationship presented in Egq (19) consists of 3 equations with 3
unknowns, thus solving Eq (19) yields the unknown L; [151][158]. One shall note that for planar
CDPMs cable to cable collision is ignored since cables can be placed in parallel planes in order
to avoid interference [156].

Interference between a cable and the end-effector can be detected through angular
measurement. Assuming that the end-effector is a convex polygon and that the cables are placed
on its vertices, according to Figure 55 if the angle ai, taken between di and vi, lies within a

specific range, a cable/end-effector collision is avoided [156].

Figure 55: Cable/end-effector collision detection.

The last form of interference, i.e., cable/workpiece, involves the existence of an object
in the workspace of the robot (Figure 56). Solving this type of interference depends on the shape
of the object. As an example, the box-based algorithm is used in [159].

Collision

Figure 56: Cable/workpiece interference.

4.2. Introduction to Interval Analysis

4.2.1. Overview

Data analysis and computing of real numbers are usually sensitive to uncertainties, e.g.
measurement errors are often encountered when recording signals. Further, a major problem in
computing is rounding errors. In fact an infinite number of reals cannot be written in the binary
form, and therefore an approximation step is substantial. In robotics, a main source of
uncertainties is manufacturing tolerances, so that a difference between the real robot and the
developed model is always persistent [160]. The idea behind interval analysis is to provide
mathematical tools to deal with inaccuracy and imprecision issues that may induce erroneous
results. A well-known example to show the drawback of real number approximation is the
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Rump’s Example [161][162]. It consists in computing the function f with arguments (xo,yo0)=(
77617, 33096):
f (x,y) =(333.75 - x*)y® + x*(11x*y? - 121y* - 2)+ 55y° + x/2y (20)

Using standard round-to-nearest IEEE-754 methods, evaluation of f under (xo,yo) yields:

32-bit < f (x,, y,) = 1.172604
64-bit < f (x,, y,) = 1.1726039400531786 (21)
128-bit: f (x,, y,) = 1.1726039400531786318588349045201838

All results in (21) are similar but they are, all, wrong. In fact f can be reduced to Eq (22) [161]:
f (X, Yo) = (X% /2Y,)- 2 since x,°> =5.5y,” +1 (22)

Thereby, the correct result is: f(x,, y,) = -0.827396059946821368141165095479816 .

The purpose of interval analysis is to enclose inexact information within an interval
having upper and lower bounds in the way that all errors can be included. Consequently, interval
algorithms will produce a bounded solution. E.g. evaluation of f in Eq (20) using intervals for
Xo and Yo yields an interval containing the correct solution [163]. In general, the use of intervals
allows coping with different types of errors in order to provide reliable results.

In the context of CDPMs, the workspace analysis is usually performed using a
discretization based method. However, this method cannot cover all the desired workspace
since it would require an infinite number of poses. Working with intervals instead of discrete
poses can overcome this limitation. Whereas the discrete method overlooks the poses not
included in the analysis, the interval approach considers all the given range of poses, thus it
guarantees a singularity free workspace. In addition, the interval analysis can handle errors and
uncertainties in the determination of the parameters of the cable robot. These errors are mainly
due to the uncertainty on the locations of the cable attachment points and manufacturing errors.
The downside of the interval analysis method, however, is its high computational time [163].

4.2.2. Interval mathematic
An interval [x]is defined as a set of real numbers x bounded by two real endpoints x and X :

[X]=[x,X]={xeR| x < x <X} (23)

where x isthe lower bound and x is the upper bound. The midpoint or the center of an interval
is mid([x]) = (x+X)/2, the radius is rad([x])=(X—x)/2 and the width is two times the radius.
If x=x then the interval has a zero width or radius and is called degenerative. A basic operation

on an interval is bisection, let consider bisect the operator of bisection then:
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bisect([x]) ={[x,m],[m,X]} ,m=x+%/2 (24)

Note that in interval mathematic, real arithmetic and linear algebra are extended such
that real numbers are replaced by intervals. In the sequel, interval arithmetic and interval linear
systems will be explained.

Arithmetic operations on real numbers such addition or multiplication have their

equivalent with reference to intervals, let - ={+,—,x,+} be the set of arithmetic operations, then

for the interval numbers [x] and [y]:

[x]o[y]={xeylxe[x].y <[y]] (25)
So, the result of the operation[x]-[y]will be the set of operations x-y for any x in [x] and for

any y in [y]. For example:
[—1,3]+[2,4]=[—1+ 2,3+4]=[1,7]
[-1,3]x[2,4] =[-1x4,3x 4] =[-4,12]
In the first equation of (26), the interval[1,7] encloses the result of all operations x+y for all
xe[-1,3]and for all ye[2,4].

(26)

In addition to arithmetic operations, elementary functions such as In, exp, cos, sin, tan, sqrt and
so on are extended to receive intervals as arguments, e.g.:

In([1,3]) = [0, 1.0987] (27)

In Eq (27) the result [0, 1.0987] encloses all possible value of In(x) such that x € [1,3]. Thereby,

considering a real function f, by replacing variables, operators and elementary functions by their

interval counterparts, the function f can be interval evaluated, e.g. :
for f (x,y) =e* +y under [x]=[14] and [y]=[-13] then

(28)
[£1([x].[y]) = e +[-1,3] =[2.7,54.5] +[-1,3] = [1.7,57.5]

Let f be areal function of real variablesx = x,,..,x, , and [ f ] an interval function of one
or more interval arguments [x]=([x] .. [x,]) that encloses the exact image f ([x]) of [x]

under f [163]:

FOD=f(%] - [x])
={f00I% e[x].i=1.nf <[ F](x)

The most known interval evaluation [ f ] of functions is natural evaluation [164], which

(29)

is described in Eq (28). Using natural evaluation,[f]([x]) overestimates f([x]) due to

72



Chapter 4. Design of Cable-Driven Parallel Manipulators

dependence and wrapping effects [164], and in the case of equality between them, [ f | is called
minimal. The dependence effect involves multiple occurrences of the same variable in the
expression of f and the wrapping effect is induced by discontinuities of f . Thus, the accuracy

of the evaluation depends to the expression of f. To explain this issue, we consider a function

written in different expressions [164]:

f,=x(x+1)
f, =XxX+X 30
f,=x’+x (30)
f,=(x+(1/2)° —(1/4)

Natural evaluation of equations (30) for the interval [x]=[-11]yields:
[E1{xD=[-22]
(110D =[-22 an

[£:1(x]) =[-1 2]
[, ](x]D=[-@/4), 2]

Therefore, one can confirm that the accuracy of the evaluation depends on the formal expression
of f. The function f4 is minimal since the variable x occurs only once and f4 is continuous [164].

Other than natural evaluation, many methods such as centered, mixed centered and
Taylor inclusion functions have been defined in order to obtain a sharper interval|f].
Alternatively, an optimization-based evaluation may be employed to get the enclosure of a
function’s image [163]. Such method will be addressed in the next section in order to write the
transformation matrix.

It is worth noting that regardless the expression of a function f, the width of its image is

sharper as the width of the arguments decreases. Indeed, if we bisect an argument [x] into
smaller boxes|x;|then the union of images [ f]([x;]) is sharper than[f ]|([x]). Therefore, the

following inclusion can be made [163] :
(x]=Ux] then [£]0x)<ULF10x) (32)

Evaluating f,=x?+x in (30) with argument [x]=[-121] bisected into 4 equal intervals:
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[x]=[-11]=[-1-0.5]u[-0.5,0]U[0,0.5]U[0.5,1]

[,](~1-05])=[ -0.7501, 0.5]

[1,](~05,0])=[ -0.5, 0.2501]

[1,]0,0.5])=[ 0, 0.7501] (33)
[1,]q0.51]) =] 0.7499, 2]

4

(110D =12 2] UL 1%, D =[-0.7501 2]

i=1

[ ey T R S Y S—)

It is clear that in Eq (33) the bisection technique is useful to lessen the effect of overestimation.
However, bisecting intervals in small sizes will induce extra computational time that can be
prohibitive if m is large and especially when bisecting in high dimensions. Thus, the choice of
the bisection size and the number of variables to be subdivided is crucial in order to keep a
reasonable computational time [163].

Now moving to describe linear systems in their interval form, an n dimensional interval

vector, called also a box is a vector whose components are intervals can be written as follows:

X]=([x] - [%])=(%.%] - [%.%]) suchthat x <x <X i=L1..n (34)

Similarly, an n by m dimensional interval matrix is a matrix whose elements are intervals can

be written as follows:

(Al - [A]
(A1 - [Ad]

For a real linear system Ax=b, an interval linear system is defined as follows:
[A]x =[b] (36)

suchthat A, <A <A;i=1..n&j=1..m (35)

Al

where [A] is an interval matrix, [b]is an interval vectors. The solution[x]of Eq (36) is the set
of vectors x such that for all Ae[A] and for allbe[b], the system Ax=b holds [163]:

[x]={x| Ax=h,VAe[A]and Vb [b]} (37)

The shape of the solution [x]is complex. Thus, from a practical point of view, we are

only asked to find the narrowest interval vector that encloses the solution, called the hull of the

solution [163]. For demonstration, let’s consider the following system [163]:

[[2,3] [0, 1]}H{[o, 120]} )
[1,2] [2 31 x, | |[60, 240]

The exact solution of Eq (38) is presented in Figure 57:
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X
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Figure 57: Complex shape of the exact solution of the interval linear system [163].

In the meanwhile, the hull of the solution can be obtained through various methods:
Gaussian elimination, Hull method, Gauss-Seidel method and Krawczyk method [163][165].
For the system in Eq (38), the smallest box , i.e., the hull solution is :[x] =[[-120, 90] [-60, 240]]

. This box encloses the complex shape given in Figure 57.
Here, an important issue is to verify the solvability or the feasibility of systems of

interval linear equations. In fact, based on [166] and assuming that [A]is n x m interval matrix
and [b] is an n dimensional interval vector, then[A]x =[b]is called strongly solvable if it has a

solution [x]and is called strongly feasible if it has a non-negative solution|x]. A feasibility test

will be investigated in the next section in order to verify the tension condition for a CDPM.

Further information and details on interval analysis can be found in [163][164] [165].

4.3. Interval-Analysis-Based Design of CDPMs

In this section, employing interval analysis tools, the equilibrium of a CDPM is written and
solved in its interval form. First, the transformation matrix is evaluated using interval arithmetic
and an optimization procedure. Then, wrench-feasibility of the equilibrium is verified by
examining its interval linear system. Finally, the proposed design algorithm capable of finding
all feasible sets of design parameters that guarantee the access to a desired workspace, is
described.
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4.3.1. Interval form of the equilibrium

Writing the classical linear system that describes the equilibrium Wt=f in its interval form

requires the use of interval arithmetic in order to compute the transformation interval matrix.

In fact, the equilibrium Wt=f can be extended using interval analysis as follows:
[W]t=[f] (39)
where t is an m dimensional vector of unknowns that describes the required tensions to satisfy

the equilibrium.

[f]is an n dimensional interval vector that contains the bounds of the forces and moments, that

are applied on the robot end-effector.
[W]is an n by m interval matrix obtained from interval evaluation of the transformation matrix

such that:

W= f(A.B.)= W |=[f](a].[b:].[a] (40)
Where[a, ]is the location box of the exit point Ai, [b; ] is the location box of the connection point

Bi, and [q] is a box containing a specific range for robot poses q=(pT,rT )T. p describes the

position of the mobile platform and r defines its orientation .
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Figure 58: A 3-DOF planar robot and its desired workspace [q].

The basic method to compute the interval matrix, [W], is to apply natural evaluation of

the elements of W [144]. For illustration, the example of a 3-DOF planar robot, shown in Figure
58, is considered.

The robot is controlled by 4 cables, the Ai points are located in boxes [a;]of 20 mm x

50 mm, the B; points and P point are located, respectively, at the vertices and at the center of
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the mobile platform’s rectangle. For a range of poses[q]=([-0.1,0] [0,0.1] [—1O°,10°])T, the
output of natural evaluation of [W]is:

[-1.439, -0.353] [ 0.451,1.406] [ 0.414, 1.219] [-1.172,-0.318]
[ 0.331, 1.485] [ 0.299, 1.198] [-1.251,-0.396] [-1.456,-0.430] (41)
[-0.210, 0.204] [-0.200,0.163] [-0.175, 0.168] [-0.160, 0.207]

The Expression of W for the planar robot is given in Appendix 3. [Wij]are obtained by evaluating

Wi;(A B, .q) under[a,], [b;]and[q]. In the case of [W,, |, we have:

W PB (A, - P, - B,cos(¢) + B,sin(¢))
" |AB (A, — P, - B,cos(0) + By sin(9)) + (P, — A, + B, cos(¢) + B,sin(¢)))"?  (42)
= f(A.B,0)

Then, under the following  arguments:[a,]=([-0.5101,-0.4899] [0.4749,0.5251] ),
[b,]=(-0.1 0.1)" and[q]=([-0.10] [0,0.]] [-10°10°), we have:

(W, |=[f](a,].[b,].[a]) =[-1.439, -0.353] (43)

As mentioned in Section 4.2.2, the main drawback of the natural inclusion function is

the overestimation of the exact image of f([a,].,[b,].[q]) because of the dependence and
wrapping effects [164]. To overcome this limitation, interior-point nonlinear optimization
algorithm [167] is used. W, ’s are processed through the optimization procedure to get the lower
and the upper bounds, the yielded [W] matrix for the same example of Figure 58 is:

[-0.893,-0.461] [ 0.586,0.923] [ 0.515, 0.861] [-0.814,-0.396]
[ 0.450, 0.888] [ 0.384,0.810] [-0.857,-0.508] [-0.919,-0.582] (44)
[-0.104, 0.106] [-0.112,0.089] [-0.098, 0.099] [-0.090, 0.111]

Comparing the two methods, i.e., natural and optimization-based evaluations the width
of [Wm]in Eq (44) is about 0.43, which is less than half of the one in (41) given by 1.086. All
[W]elements [Wi j] , are sharper using optimization-based evaluation Eq (44) than using natural

inclusion function Eq (41). Therefore, the optimization technique is more efficient in estimating
[W], and hence requires less computational time to find the solution for the design of a CDPM.
Here, we shall notice that even using the optimization method, the overestimation of

[W] persists. In fact, W, are nonlinear functions and the exact image of [W]is a complex shape

(see Section 4.2.2.), thus there exist many matrices W [W]such thatWw =W, (A,B,q), i.e., W

77



Chapter 4. Design of Cable-Driven Parallel Manipulators

is not a transformation matrix. This negative aspect is induced by the loss of dependency

between the W, at the time of determination of [W][144][163].

As mentioned previously, the basic method to lessen the overestimation problem is the

bisection technique. In fact, when[W]intervals are large, the feasibility check (see Section
4.3.2.) of the equilibrium may not succeed and a bisection technique of the input variables ([a; ]

,[b;]and[q]) is essential in order to narrow down the width of [W]intervals [144].

4.3.2. Wrench Feasibility of the equilibrium

In this section, we shall discuss the feasibility of an interval linear system of equations that will

ensure the feasibility of the equilibrium. It will be shown that for a given workspace[q], the

equilibrium is verified by checking only the feasibility of a finite number of linear systems.

The equilibrium system [W]t=[f]given in Eq (39) is said to be wrench-feasible when:

VW e[W] and Vf [f] then 3t €[t] such that Wt =f (45)

Therefore, for any matrix W that belongs to [W] and for any external wrench f in [f], the

equilibrium is  attained such that the solution 't lies within  [t].

[t]=(t.].--[t. D" =([t.&].-..[ £ E,])" defines the minimum and the maximum tension in each
cable.

Furthermore, since W;; are functions of Ai, Bi and q (40), then we have:

va e[a], Vb e[bJandvge[q], W;(A.B.q)e[W ] (46)

Then, using equations (46) and (45), the system [W]t=[f]is wrench-feasible when:
Va, €[a;], Vb, [b;],Vae[q]and vf [f] then 3t [t] such that Wt =f 47)
In other words, the equilibrium [W]t=[f]is wrench-feasible if: for each point Ai and the

placement point Bj and for any pose g that belongs to the desired space [q], then a bounded non-

negative solution t can be found such that the equilibrium constraint is satisfied.

Relying on the work of Rohn [166], to check the feasibility of an interval linear system of
equations, we have the following theorem:

Theorem 1:

A set of equations [A]x=[b] is strongly feasible if and only if, for each yeY, the system

A,x = b, has anonnegative solution x, . Moreover, if this is the case, then for each A e[A] and
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b e[b], the system of equations [A]x =[b] has a solution in the set{x, |yeY,}.

Y, is the set of n dimensional column vector y whose components vy, are equal to 1 or
to -1, and the cardinal of Y, is equal to2". By means of Y,, the interval system [A]x =[b] is
decomposed into 2" classical systems A x = b, associated with y vectors, each one hasx, as

a solution.

Using the system A x = b, the k" row is of the form:

if y =1 then (Ax) =b,
if y =—1 then EAX;Z =D, (48)
Here, each system A x = b, is built depending on the values of y’s components. Indeed, for a
row k, based on the value y, (either 1 or -1), we select either the upper bound or the lower
bound of an element of A; =[ A;, A, ] and a component of b, =[b,,b, ].

The following example will be used to illustrate the use of Theorem 1. A 2-DOF/3-

cables robot is considered. The set Y, is composed of 2 dimensional y vectors, it has a cardinal

of 22=4 and the components of the y vectors are either equal to 1 or equal to -1. Thereby, the

G “

Assuming that for a robot pose[q], the equilibrium is written as follows:

set Y, will be:

[-18.62, -0.001]  [0.52,1.9]  [0.48, 1.92] (1] [-10,10] (50)
[-5.39,19] [-0.26, -0.025] [0.14,05]|' ! |[-10,10]
Then for eachy Y, , the associated 22 systems of linear equations W, t=f are:

1 -0.001 19 192 [-10]]

fory = : =
1} [ 19 -0.025 0.5} | -10]
1) [-0.001 19 192 [-10]]

fory = : =
-1)"| -5.39 -026 0.14] | 10 | (51)
-1\ [-18.62 052 048] [10 ]

fory = ; t=
- )| 19 -0025 05 } | -10]
-1) [-1862 052 0.48 10

fory = : =
-1) | 539 -026 0.14 10
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Linear equations (51) are constructed as follows: for a row k, if y, =-1 then w,; is equal to W,
and f, is equal tof,. Conversely, if y, =1 then W, is equal to W, and f, is equal to f, .

According to Theorem1, the interval linear set of equations (50) is wrench-feasible, if and only

if, all the 4-derived (, i.e., for all y e Y, ) classical linear set of equations W, t=f are feasible.
Assingle system W, t=f  is feasible or has a nonnegative solution when the optimization

procedure:

min(zmlti) subjectto  Wt=f and te[t] (52)

has a nonnegative solution for the t vector. Weights of the objective functions are all equal to
one. In our case, all the cables are assumed to have the same pulling capability.

Eventually, the system [W]t=([f]is wrench-feasible if all the single systems W, t=f  are

wench-feasible, i.e., have a non-negative bounded solutiont [t].

4.3.3. Design algorithm of CDPMs

Our design algorithm is based on a discretization of a set of parameters. First, a set of variables
that describes the geometry of the CDPM, called design parameters, is defined. Then, by giving
the ranges and the step of discretization for each variable we generate a list of all possible
geometric configurations. For each one, the equilibrium system is written in its interval form
and subsequently a wrench-feasibility test is made. Thereby, we know if a configuration is
feasible or not within the desired space.

The implemented algorithm is described in Figure 59. The input parameters of the
algorithm are: A, B, Q,[t], [f], D and e. Where A and B are lists of connection points to the
fixed frame and to the end-effector, respectively. The desired workspace Q is a set of p poses:
Q={[a,].[a,].-.[a, [, [t]is an interval vector containing the admissible cable tensions , [f]is
a box containing the external loads, D is a box containing length bounds of the design
parameters, and ¢ is the discretization steps of the components of D. It is worth noticing that

some boxes of A and/or B may be degenerative, when the user chooses a unique position for

the connection points.
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Feasible _boxes(A,B,Q,[t].[f] &)
L, =Get _Configurations(A,B, D, )
for i=1 to (size(Q))
L, = Evaluate _ Transformation_ Matrix(L,,Q(i))
L, =Check _ Feasibility(L,.[t],[f])
L =L,
end
L, =Get_Optimal(L,)
return(L,)

Figure 59: Computation algorithm of feasible set of boxes for a specific workspace.

A procedure called Evaluate Transformation_matrix() is created to write the

transformation matrix [W]. This procedure includes a loop that skims through the elements of

the matrix W in order to get both, the upper and the lower bounds of each element. Besides, a
procedure named Check_Feasibility([W],[t],[f]) is created to check whatever the system
[W]t=[f]is wrench-feasible.

The first operation in the algorithm is to get different configurations of the mechanical
structure. For that, the procedure Get_Configurations(A, B, D, €) produces a list L. based on the
discretization of the design parameters D using the discretization steps «.

Once the list L. of all configurations is generated, the feasibility of the equilibrium, for
every desired pose from the set Q, is checked in order to find all feasible configurations. This

task is performed through the for loop: a list L., contains the evaluated [W]matrices for the

mechanical configurations of the list L., then the results of the feasibility check are stored in the
list L+. The obtained list Ls includes a set of all feasible configurations that satisfy all the required
workspaces of the set Q.

One or more sets of feasible boxes may be found, a method denoted Get Optimal(Ly)
selects the optimal configuration according to a user defined criterion. For example, the user
may choose the configuration that has the minimal lengths of the fixed mechanical frame of the
CDPM.

The described algorithm is implemented in MATLAB. INTLAB interval library [168]
is used for interval arithmetic and tools. fmincon() MATLAB Optimization function is used for
the Jacobian evaluation and linprog() MATLAB optimization function is employed for
checking the feasibility of linear systems. A desktop computer equipped with a CPU intel Core
i7-3770 running at 3.4 GHz is used for the computing.
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4.4. Applications to the Design of CDPMs

The illustration of the developed algorithm is carried out using 2 case-studies. The first
addresses the design of a 3 DOF planar CDPM and the second one involves a spatial cable
robot. As the major drawback of the interval method is the overestimation of results, the effect

of bisection on the accuracy of results will be investigated.

4.4.1. Casel: aplanar CODPM
As an example, a 3-DOF planar robot is considered (Figure 60). The end-effector has a shape

of a square of 0.2 m x 0.2 m and it is controlled by 4 cables attached to its vertices.

Yo
A
Ay As
A
B B,
y
p > 02
[9:]
Hf 84 B'z \ > XO
[Gs]
\4
Ay | A2
< Ws >

Figure 60: Example of a 3-DOF planar robot.
The robot has to reach the workspace given by Q={[q,],[a,].[a;]} (Table 1) while

resisting the external loads [f]=([-10,10] [-10,10] [—0.5,0.5])T (forces in N and moments in

N.m), and with cable tensions varying between 1 and 50 N.

Table 5: The required workspace for planar CDPM example.

Q [0 [02] [g3]
[-0.1563,0] [0,0.1563] [-0.1251,0.1251]
Pose box [0,0.3126] [0,0.2501] [-0.25,0]
[-30°,30°] [-25°,25°] [-20°,20°]

The exit points A:...As can be located in boxes of 20 mm x 50 mm and the connection
points B...Bs, are represented by degenerative boxes.

The design parameters are the width W;and the height Hs of the fixed frame of the CDPM
(Table 2), ¢ is the associated discretization step. Thereby, 70 mechanical configurations were

generated.

82



Chapter 4. Design of Cable-Driven Parallel Manipulators

Table 6: Design parameters specifications for the planar CDPM example

Wi [m] Hr [m]
Lower bound 0.840 0.6
Upper bound 1.2 1.2
€ 0.040 0.100

Because of the overestimation problem, translational spaces of [q,],[q,]and[q,]are

bisected , respectively, into 4x5, 4x4 and 6x5 boxes, the total number is 66 (see Figure 62(a)).
For the rotation a step of 2° is taken. All the 70 mechanical configurations are passed through
the feasibility test, 6 of them are found to be feasible (see Table 7) and the computational time
is 1h:34mn.

Table 7: Feasible mechanical configurations for the planar CDPM example

Wt [m] Hs[m] Wi +Hs [m]
1.12 11 2.22

1.12 1.2 2.32

1.16 1.1 2.26

1.16 1.2 2.36

1.2 11 2.3

1.2 1.2 2.4

As a design criterion, we consider the configuration that has the minimal frame

dimensions, i.e., W, +H, Thereby, the optimal configuration has the following dimensions:

(W, ,H,)=(1.12m, 1.1m) corresponding toW, +H,=2.22m.

4.4.2. Case 2: a Spatial CODPM

In the following example, the proposed method is applied to a spatial CDPM (Figure 61). The
platform in this case has 6-DOF and it is actuated using 8 cables. The orientations of the effector
is described using Z-Y-X Euler angles convention [129]. The reader is referred to Appendix 3

for more information about the formal expression of W in the spatial case.
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Figure 61: Example of a 6-DOF spatial robot.
The design problem is stated as follows:

Given

e A set of poses of the platform Q={q,].[a,].[a;].[a,]} (Table 8),

e A set of external loads for each pose @i given as intervals:
[f]=([-10,20] [-10,20] [-10,10] [-0.1,0.1] [-0.10.1] [-0.5,0.5])" (forces in N and
moment in N.m),

e The upper bound and the lower bound on the tension in the different cables are 1 N and
640 N, respectively,

e A points locations are cubes of a side of 5 mm,

e The mobile platform is a thin parallelepiped of 200 mm x 0.200 mm x ep,.

Find:

e The optimal locations for the fixed points to minimize the overall dimensions of both:
the fixed mechanical frame and the end-effector,

e The design variables are the width of the frame Wy, the height of the frame Hs, the length
of the frame Ly, and the thickness of the mobile platform e, (Figure 6). Ranges and

discretization steps are specified in Table 9.
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Table 8: The required workspace for spatial CDPM example.

Q [a:] [02] [a3] [94]
[-0.1,0] [-0.1,0] [0,0.1] [0,0.1]
[-0.1,0] [0,0.1] [-0.1,0] [0,0.1]
Pose [-0.0751,-0.0751] | |[-0.0751,0.0751] | |[-0.0751,0.0751] | |[-0.0751,0.0751]
Interva [-10°,10°] [-10°,10°] [-10°,10°] [-10°,10°]
[0,0] [0,0] [0,0] [0,0]
| vector [-10°,10°] [-15°,15°] [-10°,15°] [-15°,15°]

Table 9: Design parameters specifications for spatial CDPM example.

Wi [m] H¢[m] L¢[m] em[m]
Lower bound 0.8 0.8 0.8 0.01
Upper bound 1.1 1.1 1.1 0.03
€ 0.1 0.1 0.1 0.01

Again because of the overestimation problem, each translational space of [q,],[a,] .
[a;]and [q,]is bisected into 3x4x5 boxes resulting in a total number of 240. One rotational step

of 1° about the x axis is selected. From all tested configurations (192), 15 of them are found to
be feasible and the optimal configuration has the following dimensions (in m):
W, ,H,,Le,)=(0.8,1.1,0.8,0.01) . To obtain this result the computational time is 14h:26mn.
The required computational time for the spatial case is much higher than the one required
for the planar one. This high computational time is mainly due to both: the number of box poses
and the number of linear equations to be checked for each box of poses. In the planar case, 8
classical linear sets of equations have to be checked for each box of poses, whereas 64 linear

systems of equations are checked for the spatial case.

4.4.3. Impact of overestimation problem on the design of CDPMs

Based on the illustrated case-studies, it is observed that the accuracy of the results is sensitive
to the size of [a;], [b;] and[q; ] boxes, this remark is also confirmed in [155]. Indeed, assigning
the desired variables large boxes may lead to the failure of the algorithm. In reducing the size

of the boxes, the results are more accurate at the expense of a longer computational time.
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(a) (b)
Figure 62: Bisection of the desired workspace: (a) Into 66 boxes, and (b) Into 264 boxes.

To show the effect of the size of bisection of [q, ], we consider the planar example. In

case 1, the translational space is bisected into 66 boxes (Figure 62(a)). Narrowing down the
intervals by a factor of 2 for each translational axis, results in a number of boxes of 66x4=264
(Figure 62(b)). The computational time increased from 1h:34mn, in case 1, to 6h:54mn and 4
new feasible configurations are found (see Table 10). The optimal one becomes
(W, ,H,)=(1.04m, 1.0 m) corresponding tow, +H,=2.04m . Therefore, one can conclude that the
interval analysis is a conservative approach, since the solution is sensitive to the size of the
input boxes. However, by using the interval analysis method, one can guarantee that the desired

space is fully included in the WFW, which is a singularity-free space.

Table 10 : New feasible configurations for the case of planar CDPM.

Wt [m] H¢[m] Wi +Hr [m]
1.04 1.0 2.04
1.04 1.1 2.14
1.08 1.1 2.18
1.08 1.2 2.28

The conservatism of the interval analysis is due to the dependence and the wrapping
effects, causing the overestimation of the evaluated transformation matrix W. This drawback
can be viewed as an impediment to find the exact mechanical configuration that guarantees the
desired WFW. Yet as noted, the accuracy of the results is sensitive to the size of the input boxes.

Thus, possible feasible mechanical configurations may be viewed by the algorithm as non-
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feasible and hence the obtained solution is overestimated. For that, the optimization based
evaluation of W is implemented in order to reduce the negative effect of the overestimation.
When the algorithm fails due to the large size of the boxes, the obvious solution is to

apply bisection technique of input boxes (, i.e., [a;], [b;] and[q;]) in order to narrow the
evaluated [W]matrix. However, bisection in high dimension can exponentially increase the

number of configurations to be checked, and hence, the computational time. An adequate
strategy can be used to select the variable to be bisected, in order to reduce the computational

time. Further, sampling the desired space[q; ]in narrow boxes will increase dramatically the

computational time beyond the capability of available computing hardware. Note that the same
problem is also found for discrete methods when using a finer grid. An open challenge is to find

a compromise between the size of the discretization step and a reasonable computational time.

Conclusion:

An algorithm of designing CDPMs for a specific workspace, based on interval analysis, was
discussed and implemented in this chapter. The current algorithm can handle all types of
CDPMs, .i.e., incompletely, completely or redundantly restrained CDPMs. for all the case, the
feasibility of the equilibrium has to be confirmed, i.e., the non-negative tension constraint is
satisfied.

As a powerful computing tool to handle inexactness, the interval analysis was
introduced and outlined. Interval arithmetic and interval linear systems were described and used
to solve the problem of wrench-feasibility.

The novelty of the developed algorithm was in using interval analysis to design CDPMs.
In contrast to discrete approaches in which the workspace is viewed as a grid of points, using
the interval analysis method it is seen as a whole range of poses. Hence, the given space lies
entirely in the WFW and is a singularity-free workspace. Further, uncertainties on the location
of the cable’s attachment points can be included.

Two case-studies were considered: a planar CDPM and a spatial one. All feasible
designs were found such that the cable tensions are ensured to always be within the maximum
and the minimum values. Using the minimal size of the robot as a criterion, the optimal designs
were computed.

Based on the given examples, it was observed that the accuracy of results is in relation
to the size of pose boxes. By narrowing their sizes, through a bisection procedure, more

solutions were found. Therefore, we concluded about the conservatism of the interval method.
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In addition, the computational time may increase exponential if many variables are bisected
into small boxes.

Interval analysis is a well-known method for obtaining reliable results at the expense of
a high computational time. As a practical application, in the next chapter, the design algorithm
will be applied to the CDLT in order to compute the optimal geometry of the CDLM. Whereas,
for the presented examples all poses are subjected to the same external loads and cable
interferences are ignored, for the design of the CDLM, using the dynamic simulation of Chapter
3, the external wrench will be evaluated over all the required space. In addition, the cable/end-

effector collision will be addressed.
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5. Design of the CDLT Rehabilitation Machine

Summary:

In this chapter, all the previous findings are gathered to design a prototype of the CDLT.
Mainly, we focused on the design of the CDLM. Indeed, the gait kinematics obtained in Chapter
2, the dynamic simulation investigated in Chapter 3 and the algorithm of CDPMs design
developed in Chapter 4, are all used to design the CDLM.

The required data to design a CDPM are the set of poses and the set of balanced
wrenches. In our case, the end-effector is the orthosis that controls the pose of the leg during
ambulation. Using gait kinematics (Chapter 2), we compute the workspace reached by the
orthosis, which ensures also collision avoidance between the cables and the end-effector. Then,
employing the inverse dynamic simulation (Chapter 3), we evaluate the wrench applied on the
orthosis over the required space. The aforementioned requirements are assessed as a set of
boxes using the interval analysis method developed in Chapter 4.

The aim of the design study is to compute the optimal locations of the cables’ exit points,
and then to simulate the required power of the actuators. Through a discretization of the design
parameters, each single configuration is processed for collision detection and feasibility check.
As a result, many configurations may be found to be valid. The one that minimizes the peak of
the tension over all the cables is selected as the optimal configuration. Hereafter, curves of the
required power are plotted. Consequently, parts of the cable drive unit, i.e., the servo motor, the
gear box and the spooling drum are selected.

The second sub-system of the CDLT is the BWSD. It includes two actuated
mechanisms: the electric winch and the pre-tension system. Thus, specifications of their parts
are computed and suitable components are selected. This chapter ends by presenting and
describing the CAD design of the gait training machine.

5.1. Design of the CDLM
As shown in Figure 63, the end-effector (orthosis) of the CDLM is controlled by 4 cables. The
location of points A and B; are given with respect to reference frames {Fo}={O, Xo, Yo} and

{For}={C2, Xig, Yig}, respectively.
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Figure 63: Geometrical specifications of the CDLM.

Assuming that: the orthosis is stationary relative to the leg and the locations of points B;
remain in fixed relative to {For}. The first task is to compute the optimal locations of points A

and the second one is to simulate the power curves of the spooling motors (Figure 63).

5.1.1. Design requirements
Two criteria are involved for the design of the CDLM, the first one is to guarantee the feasibility
of the equilibrium, i.e., it is achieved with non-negative tensions, and second one deals with the
interference between the cables and the end-effector. To write the equilibrium, some
information is required: the poses attained and the wrench applied by/on the end-effector. Here
the external wrench is the actuation wrench computed in Chapter 3.

One of the objectives of the design analysis is to cope with the difference in heights h
of the patients. These heights typically vary from 1.4 m to 1.9 m, according to [84].
Furthermore, technical specifications of the CDLM are: the GC time tg.=1.4s and the amount
of unloading BWS can reach 20% for a body mass m=100 kg.

Note that the time 1.4 s corresponds to a walking speed of 3.4 km/h for a height of 1.7
m. Moreover, the smaller is the value of BWS, the more significant cable tensions are required.
In our case 20% means that the robot will resist 80 kg when m=100 kg, which is a common
value [84].

In addition, the two simulation scenarios introduced in Section 3.2.3, i.e., the on-ground
and off-ground walking are considered in the design study. Including the two cases is essential,

since we don’t known in which case cable tensions will be more important. Moreover, for the
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off-ground walking, we consider that the body elevation is 0.1 m, i.e., the sole of the foot is 0.1

m above the treadmill when the lower limb lies vertically.

5.1.1.1. Workspace and external wrench evaluation
The required workspace Q is evaluated as a set of n boxes Q={[d1].,[dz],...,[qn]}. Further, Q=(PT
RN includes translations P and rotations R. The translational workspace P is determined as
follows: an initial search space Po = ([-1, 1], [0, 1]) is bisected into a grid of boxes [bo], each
one has a width of £,2=0.04 mm. Since the equilibrium is written at the leg CoM C> (See Figure
63), then the space P is defined by the space reached by C». The height of body h is varied from
1.4 m to 1.9 m using a step 0.05 m. For each height, by simulating the gait kinematics, if the
point Cy is found to be inside a box [bo] of the search space Pothen it is considered as included
inP.
[Q,F]=Get_Worksapce _and _Wrench(P,,&,,&,,m,t,, BWS)
for h from 1.4 to 1.9
[X,y,0,f]=Dynamic_Simulation(h,m,t, , BWS)
for i from 1 to size(x)
p = Intersection(Py, (x (i), y(i)))
if (p =) then
k=k+1
P(k) < (p)
S(k) < (o(i). T (1))
endif
endfor
endfor
[Q.F]=Sort(P,S,¢,)
return(Q, F)

Figure 64: Algorithm of workspace and external wrench evaluation.

In addition, using the gait kinematics and the dynamic simulation, for each position of
C the orientation of the leg ¢ and the actuation wrench f=(Fcarx, Fedry, Mcarz)" are stored such
that we associate for each box [pi] of P the corresponding orientations [¢] and wrenches [f].
Lastly, for every box [pi], the workspace Q is organized by sorting the orientations by a step &
of 2°.

The implemented algorithm for the assessment of the workspace Q and the external
wrench F is shown in Figure 64. The inputs are the initial search space Po, the width of position
boxes gp, the sorting step of orientations ep, the body mass m, the amount of unloading BWS and
the time of the GC tg.. The outputs of the algorithm are the sets of the required workspace Q

and the external wrench F. It is worth mentioning that Q and F are two sets having the same
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cardinal. For any pose [qi] of Q, we have the corresponding wrench [fi], i.e., the external wrench
is evaluated for every pose box [qj].

-1 0 1
xin [m]

Figure 65: the required translational workspace P evaluated as a set of boxes.

As a result, the translational space P is visualized in Figure 65, the total number of
translational boxes is 108. To show how orientations and wrenches are associated with position
boxes, let’s consider the box [po] = ([ -0.1601, -0.1199],[ 0.4399, 0.4801])" centered at
(%, y)=(-0.14, 0.46). The corresponding boxes of orientations and wrenches are presented in
Table 11. In total, for [po] orientation ¢ varies from -59.76 to -56.61 and from -19.19 to -16.06.
For example if ¢ is located within [-19.19, -17.23] then the applied moment varies from 4.08
Nm to 4.77 Nm.

Therefore for each translational box [pi] of P, we have the associated boxes of
orientations [¢#], forces [Fcdrx], [Fedry] and moments [Mcar]. Lastly, the required workspace Q is
evaluated into 632 pose boxes. Hereafter, the set Q and F are used as inputs for the design
algorithm of CDPMs. More precisely they will be employed to write the equilibrium of the
CDLM.

Table 11: Orientation and external wrench of a box [bo] centred at (x,y)=(-0.14,0.46).
Orientation [#] [Deg]  Force [Fearx] [N] Force [Feary] [N] Moment [Mcarz] [N.m]

[ -59.76, -57.78] [ -42.40, 6.83] [ 159.90, 196.66] [ 18.05, 27.15]
[ -57.67, -56.61] [ 882, 27.30] [ 19567, 201.31] [ 16.91, 19.68]
[ -19.19, -17.23] [ 113.82, 125.05] [ 161.97, 180.18] [ 4.08, 4.77]
[ -17.11, -16.06] [ 100.70, 114.24] [ 181.29, 192.02] [ 4.67, 4.97]

5.1.1.2. Cable interference

On top of the equilibrium feasibility, an important issue is the cable interferences. In the case
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of planar robots, cable/cable interference is not considered since cables can be placed in parallel
planes but cable/end-effector interference cannot be avoided [156].
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Figure 66: Cable/end-effector collision detection

Through angular measurements, this type of interference can be detected. For that, the
following condition is defined to avoid cable/end-effector interference (see Figure 66):
a;, = Z(v;,d;) suchthat 0<o; <m,i=1.4 (53)

here for a cable i from 1 to 4, the value of the angle o, constructed by vectors vj and di, have to

be between 0 and 7, in order to guarantee that the cable i doesn’t interfere with the end-effector.

5.1.2. Generation of optimal design parameters
Generation of optimal design parameters is accomplished through two stages: first we
determine all feasible sets of design parameters and then we select an optimal one based on the

following criterion: minimization of the maximum tension over all the cables.

5.1.2.1. Generation of all feasible sets of design parameters
Determination of the optimal locations of the cable exit points involves the use of the algorithm
developed in Chapter 4 (figure 59). The algorithm is modified by adding an interference
detection procedure (Figure 67), in order to get all feasible sets of solutions.
Feasible _Boxes(A,B,Q,[t],F,D,s)
L, =Get _Configurations(A,B, D, €)
for i=1 to (size(Q))
if (cable_interference(L(i))) then continue
L, = Evaluate _ Transformation_ Matrix(L,,Q(i))
L, = Check _ Feasibility(L,,,[t], F(i))

Lc = Lf
end
return(L,)

Figure 67: Algorithm of generation of feasible and collision-free configurations
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Figure 68: Design parameters of the CDLM: Ay, Ay, Asy, Asy, A /Asx and Aox /Asx

The design parameters D are: the Aiy coordinate of point Ai, Aix/Asx coordinate of points
A1 and A4, and Axx /Asx coordinate of points Az and Az (see Figure 68). For each parameter, an
initial search range is selected and then discretized. Table 12 shows the bounds for the selected
geometric parameters and the corresponding discretization steps €. Thereby, a list L¢ of the
different configurations of the fixed mechanical frame, i.e., the different locations of points A;

are generated.

Table 12: Design parameters specifications.

Asy Ay Asy Aay A/ Agy Axe/Asx
Lower bound 0.6 0.6 0 0 -0.8 0.8
Upper bound 1 1 0.4 0.4 -1 1
€ 0.02 0.02 0.02 0.02 0.02 0.02

Every configuration of L. is processed, first the procedure Cable_Interference() detects
possible collision over a GC. If no interference is encountered a feasibility test is executed
(Check_Feasibility()). Hence, the list L contains all valid configurations.

In summary, a configurations is valid if two conditions are satisfied: it is feasible under
the required space Q and the external wrench F, and there is no cable/end-effector collision. In

the next section we will discuss the details of computing the optimal set of points A..

5.1.2.2. Generation of the optimal design parameters

Many valid configurations are found, thus we are asked to select an optimal one. Our
optimization criterion is the configuration that minimizes the maximum tension over all the
cables, i.e., the configuration that minimizes the maximum required torque over all the

actuators.
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Get _Optimal(L,)
for i from 1 to (size(L,))
for h from 1.4 to 1.9
b =Compute _ External _Wrench(L, (i), h)
t = Compute _Tensions(L;, (i),b)
j=j+1
L, (j) = Max _ Curve(t)
endfor
L, (i) = max(L,)
endfor
index = Get _ Index _ Minimum(L,,)
C, =L, (index)

Figure 69: Algorithm of generation of the optimal design

A last algorithm is developed in order to get the optimal configurations (Figure 69). For
each valid configuration of the list Ls, the tension curves of the cables are computed
(Compute_Tensions()) during a GC. Then the overall maximum value is determined
(Max_Curve()).

To explain the procedure Max_Curve(), the following case is considered: a body height
of 1.7 m and a given valid configuration of A points: (Axy, Azy, Asy, Asy, Ax/Aax, A2x/Azx) = (0.9,
0.7,0,0, -1, 1). The obtained tensions in the cables are shown in Figure 70(a) and Figure 70(b)
for the on-ground and off-ground cases, respectively. The maximum tension is about 596 N

found at 0.72 s in Cable 2 during the on-ground walking.

(a) Tension curves (on-ground) (b) Tension curves (off-ground)
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Figure 70: Curves of cable tensions: (a) On-ground walking, and (b) Off-ground walking

While the list Lt (Figure 69) contains the maximum tensions as a function of both
configurations and heights, the list Ly contains the maximum tensions for the configurations
only. The function Get_Index_Minimum() searches in the list Ly for the smallest value of the
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tension t of t and returns its index. Based on the selected index, the optimal configuration is

identified, which is given by the following crossed configuration: C, = (1, 0.82, 0, 0, -1, 1).
The design optimization algorithm allows us to get the configuration that minimizes the

peak of the tension over all the cables. Thus, based on the found configuration, the next step is

to compute the required power of the robot actuators.

5.1.3. Curves of simulated power requirements

Now the optimal design is assessed but the required power is not yet determined. Thus, based
on the selected configuration C,, the next step is to compute the curves of maximum tension
over all heights h and whatever the walking case, i.e., on-ground or off-ground simulation.
Here, cable tensions are computed through the minimization procedure introduced in Section

4.1.1 as follows:

min(Q_t,) subjectto Wt=f and t>0 (54)

Throughout a GC and for every time frame, we compute the wrench f and the
transformation matrix W, then the minimization (54) is executed to get the tension in the cables.
Figure 71(a) shows, as an example, the tensions in cable 4 for heights h=1.4 m and h=1.9 m,
and for the two walking scenarios. Figure 71(b) presents the maximum tension for the cable 4,

which consists on determining the maximum tension over the curves of Figure 71(a) for every

time frame.
(a) Tension curves for Cable 4 (b) Maximum tension curve for Cable 4
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Figure 71: Determination of maximum tension for Cable 4

200 E > 5 200
i ANy | VAL

Hereafter, curves of maximum tensions for all the cables are plotted in Figure 72(a). To
make a comparative study with a feasible but a non-optimal configuration, consider the
configuration Cyo = (0.65, 0.65, 0, 0, 1, -1). The corresponding trajectories are shown in Figure
72(b). While for C, the maximum is 657.3 N found in cable 2, for Cy, it is about 757 N located

97



Chapter 5. Design of the CDLT Rehabilitation Machine

in cable 1 which is greater than the first value. Thus, C, guarantees the minimum peak of the
tension, consequently, the required torque of actuators is less significant.

In addition to tension information, the magnitude of the velocities of points B; are
computed. Hereafter, the maximum cable velocities are determined (see Figure 73). Once the
maximum tensions and the linear velocities are calculated for all the cables, they are used to
simulate the power curves (see Figure 74).

(a) Tension curves (optimal configuration) (b) Tension curves (a non-optimal configuration)
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Figure 72: Maximum cable tensions for: (a) The optimal configuration, and (b) A non-optimal
configuration
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Figure 73: Maximum linear velocity of the cables
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The maximum tensions and the linear velocities of all the cables are used to simulate
the power curves (Figure 74). Cable 2 and cable 4 can only produce a positive torque (see Figure
63). Since the required torque is positive from 0.06s to 1.26s (see Figure 48-Figure 49). These
cables are the most active ones, In fact, according to Figure 74, their curves dominate the others.
Also one can observe that cable 1 and cable 2 exert an upward force (see Figure 63), then for
the off-ground simulation (Figure 70(b)), these cables are the most active in order to keep the
leg in the air. In contrast, cable 3 is the least active one because it generates a negative torque

or a downward force. In fact, its required power vanishes during the swing phase (Figure 74).
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Figure 75: Length variation curves of cables for the optimal design

Lastly, an extra data to design the spooling system of cable is the cable length variation,
which is presented in Figure 75. Maximum length is required in order to select, for a given

diameter, the number of revolute on the spooling drum.

99



Chapter 5. Design of the CDLT Rehabilitation Machine

In the sequel, all the obtained curves will be used to get the specifications of the different

parts of the cable drive mechanism.

5.2. Actuation Parts Selection of the CDLT
In this section, the actuation mechanisms of the CDLM and the BWSD are designed.

5.2.1. Actuators of the CDLM
In general, the drive unit of cables embodies 3 parts: a servo motor, a gear box and a spiral
drum (Figure 76). Afterward, based on results of the first section specifications of each part will

be determined.

Spooling Servo motor

Gear box
drum

Figure 76: Cable drive unit [169]

Table 13 shows the highest values of the tension, linear velocity and power retrieved,

respectively, from Figure 72(a), Figure 73 and Figure 74. As well, Average values are given.

Table 13: Maximum and average requirements of cable actuation system.
Cable 1 Cable 2 Cable 3 Cable 4

Maximum tension [N] 368.1 655.22 282.76 657.35
Average tension [N] 210.4 353.22 61.39 276.05
Maximum velocity [m.s?] 0.661 0.545 0.672 0.713
Average velocity [m.s?] 0.49 0.45 0.59 0.62
Maximum power [W] 205.45 283.02 113.28 306.62
Average power [W] 103.46 146.21 24,51 147.74

The design of the cable drive unit is not a simple task. However, the following steps are

adopted:
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1)-At the beginning, we set the maximum speed of spooling of cables nspc to 250 rpm.

Then, by considering the maximum velocity of cables (Table 13) and according to Eq (55) the

corresponding diameters of the spooling drums (Dspc) are in mm: 50.5, 41.7 51.4 and 54.5.
Thereby, one may choose a single value Dspc=55 mm for all the drums.

D,,. =60V, / mn, (55)

pC

i1)-In relation to Figure 75, the maximum length Lmax Over all the cables is 0.65 m, then
the minimum number of revolute for the drums is: N, = L, / (n.D,.) =3.7. One may choose
Nrev:5.

Iii)-Taking into account that the maximum rpm of the servo motor is 5000 rpm, thus,
the gear box ratio is: i, =5000/250=20.

iv)-Relying on Eq (56) and by considering Table 13, the maximum and the average
values of the torque, the rotational speed and the torque of the spooling motors are calculated

and presented in

Table 14.
t=(t.Dy )/ (2 iy) :Torque[Nm]
n=(60V iy, )/(n.D,, ) : Rotationalspeed[rpm]: (56)
P=2m1n/60 :Power[W]

Table 14: Maximum and mean requirement for the servo motors.

motor 1 motor 2 motor 3 motor 4
Maximum speed [rpm] 4592.53 3786.56 4668.43 4951.79
Average speed [rpm] 3405.56 3179.85 4064.66 4306.83
Maximum torque [Nm] 0.51 0.9 0.39 0.9
Average torque [Nm] 0.29 0.49 0.084 0.38
Maximum power [W] 243.42 357.24 190.07 468.7
Average power [W] 103.17 161.73 35.93 171.19

Consequently, a single selection of the motor for all the cables is the Parker DC servo
motor RS240B (see Appendix 4.1). The nominal performances of this motor are: (0.39 Nm,
3000rpm) and the maximum allowed are: (1.3 Nm, 5500 rpm). For the reduction unit, we chose
the planetary gear box head Parker PV40FB (see Appendix 4.2). It has a ratio of 20 and a

nominal output torque of 6.5 Nm.
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5.2.2. Actuators of the BWSD

3 | |_ Rope
> Static -~ of
Winch (W) C pulleys
Mechanical stops Dynl?mlc
(M) V¥ pulley
position™ = al
Harness

Spring (S) /'§ % H)

-D

Pre-tension
motor (P)

Body Weight Support Device (BWSD)
Figure 77: Diagram of the body weight support system

Two active mechanisms are included in the BWSD: the first (W) serves to lift the patient
from a sitting to a standing posture and the second one (P) adjusts the springs offset in order to

select the amount of unloading.

5.2.2.1. Electric Winch
The electric winch includes a DC motor, a worm gear box and a spooling drum. The average
speed of lifting is Vir =3.3 cm/s [170] and the lifting capacity is up to Fir= 120 kg. Here, the
chosen diameter of the spooling Drum is Dspw=60 mm, then the required torque and spooling
speed are:
T = Fy-9.D,,,, / 2=35.32 Nm
Ny =60V, )/ (n.D,,,) =10.5rpm

Sspw

(57)

A Hydromec Q45 (41Nm) worm gear box with a ratio igw =102 is selected (See
Appendix 4.3). Further, its efficiency is #gow=0.49, therefore the requirements of the motor are:

T = Tdrw /(igbw ngbw) = 0 6 Nm (58)
=1261rpm

n. =n

mw drw * gbw
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By examining the curves of the servo motor integrated in the cable spooling unit (Parker
RS 240B, see Appendix 4.1), one can use it also for the electric winch.

5.2.2.2. Pre-tension mechanism
The pre-tension mechanism integrates a motor, a worm gear box and a power screw. The output
average speed is Vp =0.5 cm/s [170] and the unloading capacity is about Fu.=80 kg.

A trapezoidal power screw (XCF6200) having a diameter Dsc=16 mm and a pitch p=4
mm is selected (Appendix 4.4). Taking into account that its efficiency is approximately
nsc=0.47, then the required torque and rotational speed on the screw are:

1, =2.F,.0.D, /(2n,)=26.72Nm

N :(GOVp)/ p=75rpm (59)

A Hydromec Q30 (21Nm) worm gear box with a ratio ipgh =40 is chosen (see Appendix
4.5). Note that its efficiency is #gp=0.57, therefore the requirements of the motor are:
Top = Tse / (gp Npgy) =1.17 Nm
Ny =Ny gy, = 3000 rpm

p

(60)

The motor parker RS 240B (Appendix 4.1) is suitable to actuate the pre-tension
mechanism.
So far, all the actuation mechanisms are dimensioned and selected. Thus, in the

following section we will present the conceptual design of the CDLT.

5.3. Presentation of the CAD Design of the CDLT
The design of the experimental device CDLT is presented in Figure 78. The fixed frame is made
out of aluminium profiles allowing an easy configurability. A four bars mechanism is attached
to the harness and hence guides the vertical motion of the body. The BWSD as a one unit is
assembled on the back of the fixed frame. For the spooling system, a cable exits from the cable
drive unit and then is directed to the orthosis via a pulley.

Besides, parts of the BWSD are shown in Figure 79, the two sliding parts translate along
two guidance shafts through housing bearings. The dynamic pulley is attached to the upper
sliding part in order to transmit the unloading force. Furthermore, the position of the lower

sliding part is set through a power screw/sleeve system.
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mechansi
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Figure 78: The CAD Design of the CDLT.
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Figure 79: Inside the BWSD.
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Conclusion:
A design study and an actuation analysis have been carried out in this chapter. Throughout, the
mechanical sub-systems of the CDLT, i.e., the CDLM and the BWSD were designed.

First, we investigated the design of the CDLM. For that, the required space and
wrenches were assessed as a set of boxes. Feasible designs were generated using the developed
algorithm in Chapter 4. In addition, a collision detection procedure was addressed. Thereby,
valid designs satisfying the two conditions: a non-negative tension in the cables and a free
cable/end-effector collision, were determined. Among all valid designs, the optimal one was
the configuration that minimizes the peak of the tensions in all the cables. Afterwards, a power
analysis was conducted in order to size the robot actuators.

Based on the obtained curves, specifications of the cable drive unit were determined and
suitable components were chosen. In addition, actuation parts of the BWSD were also seized.
Lastly, the CAD solution of the CDLT was presented
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6. Discussion and Concluding Remarks

In this research, the design of a gait rehabilitation machine based on a cable-driven robot, called
the CDLT, was investigated. Throughout, a full design approach was provided and described.
Gait training aims at assisting disabled patients to reproduce the gait pattern, and hence,
to be able to walk again. So far, various gait trainers have been developed, only a few of them
were commercialized. Most of these machines have high cost and complexity. As an alternative
to classical rigid robots, the use of CDPMs is a promising solution. Indeed, due to its simplicity
and low cost, CDPM s are an attractive solution for rehabilitation. However, from a design point
of view, the study of cable robots is a challenging problem where one has to take advantage of
the use of cables while overcoming its limitations. The proposed CDLT machine includes two
mechanisms: a BWSD that maintains the patient in a vertical posture over a treadmill, and a
CDLM that controls the lower limb movement in the sagittal plane by means of a cable robot.
The effector of the cable robot consists of an orthosis attached to the leg. Thereby, the CDLT

allows the patients to practice walking in a safe condition.

6.1. Gait Experiment and Walking Data

The substantial information for the development of the CDLT was the spatio-temporal
specifications of the gait cycle. An experiment was conducted to get the kinematics and the
dynamics of a normal gait. Although similar information is available in the literature, we
preferred conducting our own experimentation so that the analysis protocol is consistent with
the target application. Furthermore, trajectories of a normal gait may differ among research
laboratories due to several dispersing problems. In fact, if we examine the gait function of the
same subject in different centers, results may vary more or less significantly.

The equipment used in the gait experiment is made of a Vicon motion capture system
and a set of force platforms. A Healthy person was equipped with a set of reflective markers,
their positions allowed us to determine the joint trajectories of the lower limb. By moving the
joints of the lower limb in close ranges to those occurring during walking, the sphere fitting
method was used to identify the CoRs. The fitting was achieved through geometrical, algebraic
and Pratt algorithms. Results were shown to be close and any one of these methods may be
employed, the same observation can be found in [112]. Benefits of this functional method is
that the CoR is located regardless of the placement’s accuracy of the markers on specific
anatomical landmarks. However, the motion of the markers in relation to the bones, known as

soft-tissue artifact, is still a problematic issue. Optimization approaches could be investigated

106



Chapter 6. Discussion and Concluding Remarks

in order to improve the accuracy of the marker motion [171]. After computing the different
CoRs, the angular motions of the different segment were evaluated.

All the retrieved curves, including motion trajectories and the ground reactions, were
smoothed through the use of the Butterworth filter, then they were scaled to one gait cycle.
Furthermore, for the ground reaction the amplitude was normalized relative to the body weight.

One may notice that the use of the overground walking data as a target motion for an
upright treadmill walking may not be the optimal solution, due the probable existence of a
difference between these two modes of walking. The obtained data can be used to estimate the

required power of actuation.

6.2. Dynamic Simulation of Treadmill Walking
The experimentally obtained walking data were exploited to carry out an inverse dynamic
simulation of the CDLT. The lower limb is driven using the leg orthosis, in order to determine
the required actuation wrench to drive the limb during a gait cycle. Furthermore, the target
performance was the kinematics of the normal gait.

The human body was modeled as a four segment articulated mechanism. Length, mass
and inertia specifications of each segment were retrieved from anthropometric data. Only two
parameters were required to retrieve all the data, i.e., the mass and the height of the body.

The body was subjected to three external forces: the weight, the unloading force and the
ground reaction. Solving of the inverse dynamic model was achieved using two different
methods: Newton-Euler and a Matlab SimMechanics Model.

Considering a body having a mass of 100 kg and a height of 1.7 m, the required wrench
was calculated during a gait cycle of 1.4 s. The actuation wrench was evaluated at the leg CoM
for two situations: on-ground and off-ground walking. Taking into account both cases is
essential, since the time when the required cable tensions are the highest is unknown.

Results using the analytical method (Newton-Euler) and the computer simulation
(SimMechanics) were similar, which validated the method. Note that the SimMechanics model
is simpler to implement since it does not require the use of the explicit equations of motion.
However, the required computational time is higher in the case of SimMechanics.

Note that for this simulation, the patient participation to achieve the walking movement
was not taken into account, which is the worst case in calculating the cable tensions. By adding
the contribution of the muscles, the carried simulation could be employed in order to assess the
progress of gait recovery by computing the difference between the required and the measured

actuation wrenches.
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6.3. Design of CDMPs Using Interval Analysis

The main subsystem of the CDLT is the CDLM. One of the contributions of this research, is
the development of an approach on designing CDPMs for a desired workspace using interval
analysis.

The workspace analysis of CDPMs is usually carried out by means of wrench-
feasibility, i.e., the equilibrium of a particular pose is achieved with non-negative bounded
tensions in the cables. Thus, for the analysis of the CDPMs workspace, one has to find all the
feasible poses of the mobile platform. The design problem was presented as follows: given a
required workspace, specific external loads and a set of design parameters, find the feasible
parameters that satisfy the wrench-feasibility condition. Conversely to discrete paradigms that
treat the workspace as a grid of points, by means of interval analysis, we examined the
workspace as an entire range. Indeed, the equilibrium of the CDPM was written in its interval
form then its wrench-feasibility was verified using a strong-feasibility theorem.

The developed algorithm is capable of finding all possible solutions where an optimal
design can be selected in relation to a user defined criterion. Effectiveness of the algorithm was
illustrated by designing two CDPMSs: a planar robot and a spatial one. All feasible designs were
found such that the wrench-feasibility condition is guaranteed, hence the desired space is a
WFW and is free from singularities.

Due to the dependence and the wrapping effects, we noted that the number of feasible
solutions is sensitive to the size of the pose boxes. By bisecting the desired space into narrow
boxes, new feasible designs were found but a higher computational time was recorded. In order
to lessen the effect of overestimation, an optimization based evaluation of the transformation
matrix was applied. An open challenge is to find a compromise between the size of the pose
boxes and a reasonable computational time. It is worth mentioning that a prohibitive
computational time may be found for discrete methods when using a finer grid.

While the main downside of the interval method is its high computational time and
results overestimation, the obtained solutions are certified with respect to the rounding errors
and they are reliable over all the desired workspace and the connection points’ uncertainty
boxes. On the contrary, results of discrete methods are only valid for a finite number of poses,
and for each pose the results are potentially sensitive to rounding errors.

To sum up, interval analysis provides reliable and robust results but the high
computation time could be a limiting factor in using this method. The interpreter nature of
MATLAB can also explain this important computation time. Using the C language could be a

possible alternative to speed the calculation. Development of new optimized numerical
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algorithms and implementation of parallel computing can also contribute to reducing the

required computational time.

6.4. Design of the CDLT

The CDLT machine has two main sub-systems: the CDLM and the BWSD. We particularly
focused on the design of the CDLM. The training machine was designed to be adaptable with
a range of height, varying from 1.4 m to 1.9 m. The maximum amount of unloading is 80 kg
and the maximum walking speed corresponds to a gait cycle time of 1.4s.

Using the gait data and the inverse dynamic simulation, the required workspace and
external wrenches of the CDLM were evaluated as a set of boxes. Inputting these requirements
to the design algorithm of Chapter 4, feasible designs of the CDLM were determined. In
addition, a procedure of collision detection between the cables and the end-effector was added
to the algorithm. The optimal design was selected as the one that minimizes the maximum of
cable tensions over all the cables.

Once the geometry of the CDLM was determined, the power requirement was
simulated. Thereby, specifications of the cable drive units were selected. Besides, the actuation
parts of the BWSD were also seized. Lastly, a CAD design was provided and described.

While for this work the optimization criterion is the maximum tension in the cables, one
can select other criteria depending on the application and the wish of the designer. Minimizing
the cable velocity, the cable power or the overall power consumption, could be an alternative
choice for the optimization criterion.

Moreover, tensions were determined by minimizing the sum of cable tensions, this
objective function may be modified in order to better estimate the distribution of tensions over

all the cable.

6.5. Future Scope

In this work, a cable-based gait training machine was developed and designed. As a next step,
an ongoing work is underway to build this device and then to evaluate it through healthy
persons.

For the actual design, we were limited to the motion of the lower limb in the sagittal
plane. The cable robot is reconfigurable and versatile, thus more DOFs may be added in order
to allow a more natural gait.

Investigating a control system for the CDLT is essential. For a position control strategy,

it is required to generate adequate cable trajectories to reproduce the gait pattern. However, to
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implement a patient-cooperative approach, tensions in the cables must be measured in order to
evaluate the contribution of the muscle forces. Thereby, recovery progress can also be assessed.
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Anthropometric data [127]
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Appendix 2: dynamic and kinematic data
Newton-Euler equations:

Upper body equilibrium
Fubyza.('(mub‘l'moth).g+k((m.g.BWS)/k+AY/2)‘( mub+moth).auby)

Thigh equilibrium
Fthx :'(Ith. (bthz '(ClH)x.Fuby'l'(ClK)x.Fuby+(C1H)y.athx.mth - (C]_K)x.athy.mth'(ClK)x.g.mth)/((ClH)y - (ClK)y)

Fthy =Fuby - athy.Mth - §.Min
Foot equilibrium

Stance phase

Frtx=- afx.Mtt - Rorx. (Funy - 9.Mb)
Foy=- - .1 - R Py - 1)
Fi= ||F,[-(R,P, /||P,R,|)) such that ||| =0

Swing phase

Frix :(|ﬁ.(P1P2)X. d)ﬁz + (CgA)x.(Ple)x.aﬁy.mﬁ — (CgA)x.(Png)y.aﬂx.mﬁ + (C3P2)X.(P1Pz)y.aﬁx.mﬁ —

(Cng)y.(Ple)x.aﬁx.mﬁ + (C3A)x.(Ple)x.g.mﬁ)/(C3A)x.(P1P2)y — (CgA)y.(Plpz)x — (Cng)x.(Plpz)y +
(CsP2)y.(P1P2)x)

Ffty :(Ift.(PJ_PZ)y. (bﬁz + (CgA)y.(Ple)x.aﬁy.mﬁ— (CgA)y.(Ple)y.aﬁx.mﬁ + (Cng)x.(Ple)y.aﬁy.mﬁ —

(Cng)y.(Ple)X.aﬁy.mﬁ + (CgA)y.(Ple)x.g.mﬁ + (C3P2)X.(P1Pz)y.g.mft —
(C3P2)y.(P1P2)X.g.mﬁ)/((CgA)x.(P1P2)y — (C3A)y.(P1P2)X — (Cng)X.(P1P2)y + (C3P2)y.(P1P2)x)

Fi= ||F,[-(R,P, /||P,R,|)) such that

”FIr” ='(|ft. (bﬂz + (CgA)x.aﬁy.mﬁ — (CgA)y.aﬁx.mﬁ + (CgA)x.g.mﬁ)/((CgA)x.(Ple)y — (CsA)y.(Plpz)x —
(CsP2)x.(P1P2)y + (C3P2)y.(P1P2)x)

Leg equilibrium
Fedrx = algx-(mlg + mor) - Firx - Finx — Frix
chry =g-(mlg + mor) - Flry - Fthy - Ffty+ algy-(mlg + mor)

Mcdrzz d)lgz .(Ilg + Ior) - (CZA)x.Ff[y + (CZA)y.Fftx - (Czpl)x.Flry + (CZPl)y.Flrx - (CZK)X.Fthy + (CZK)y.F’[hx
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Kinematic equations:

Pose equations of lower limb’s segments computed at CoMs:

°C,, -C,, sin(0,;,)
°C,, |=| H, +C,,.cos(6,;)
¢th ehip
°C,, Cay SIN(0)ee O, ) - K, .5IN(B;5)
°C,, |=| H, +K,.c08(6,;,) + C,,.cOS(B,, - Oyi)
¢|g ehip - eknee
OCSX CSX'COS(eknee - eankle - ehip) + C\"sy'Sin(eknee - eankle_ ehip) - Ky'Sin(Ghip) + Ay'Sin(eknee - 9hip)
0C3y = Hy + C3y'cos(eknee - ea”k|9 - ehip) + KY'COS(ehip) - CSX‘Sin(eknee - eankle - 6hip) + Ay'COS(eknee - ehip)
¢ft 9hip - eknee + eankle

Position equations of lower limb’s vectors:

Vector C1H

(CJ_H)X: C]_y.si n(Ghip)
(C1H)y=-Cu1y.cOS(6hip)

Vector C1K

(ClK)X=sin(9hip).(C1y - Ky)
(C1K)y=-cos(bhip).(Cay - Ky)

Vector C3A
(CSA)xz‘ C3x-COS(0knee - eankle - Hhip) - CSy-Sin(eknee - Hankle - ehip)

(C3A)y=Casx.SiN(Gknee - Gankie - Ghip) - C3y.COS(Bknee - Gankie - Ghip)

Vector C3P2
(C3P2)X=P2x-C05(0knee - Qankle - ghip) - CSX-COS(gknee - Hankle - ghip) - CSy-Sin(eknee - gankle - Hhip) + PZy-Sin(gknee -
aankle - ehip)
(C3P2)y=P2y-C05(0knee - Qankle - ghip) - CSy-COS(gknee - Hankle - ghip) + CSX-Sin(eknee - gankle - ehip) - PZX-Sin(gknee -
gankle - ghip)

Vector P2P;
(Plpz)x= PZX-COS(eknee - Hankle - Hhip) + P2y-5in(9knee - Hankle - ehip) - Plx-COS(Hknee - ehip) + Ay-Sin((gknee - ehip) -
Ply.sin(aknee - ehip)
(P1P2)y= PZy-COS(eknee - Gankle - Hhip) - PZX-Sin(eknee - Gankie - Hhip) + Ay-COS(@knee - ehip) - Ply-COS(eknee - ehip) +
Plx-Sin(Hknee - ehip)

Vector C2K
(CZK)xz‘CZy-Sin(eknee - Hhip)

113



Appendices

(CZK)yz'CZy.COS(gknee = ehip)
Vector C2A

(C2A)x=SIN(Gknee - bhip).(Ay - Czy)
(CZA)Y:COS(anee - ghip)-(Ay - Czy)

Vector C2P1

(C2P1)x=P1x.COS(l9knee = ghip) - C2y.5in(0knee - ghip) + Ply.Sin(eknee - ehip)
(C2P1)y= P1y.€0S(Bknee - bhip) - C2y.COS(Bknee - bhip) - P1x.SIN(Bknee - Ghip)

114



Appendices

Appendix 3: Robot equilibrium equations
The general form of the equilibrium

Wt=f
where

W d -
“bxd, -

and
d, =BA /||BiA,||, b, =PB,

Planar case:
Pose Q:

.

a=(P, P, 9)

Rotation matrix R:

cos(p) -sin(¢p) O
R=| sin(¢p) cos(p) O
0 0 1

Transformation matrix W:

g p [ A 7P 7 Bi0oS(0) + Bysin(o)
i A, - P, - B,cos(9) - Bsin(9)

B,cos(¢) - B,sin(¢)
' | B,cos(9) + B,sin(¢)

W=/ [BA[D(A, - P, - B,cos() + B,sin(9))
W,,=(L/ |BA[)(A, - P, - B cos(®) - Bsin(®))

b, xd,

Wy, =(1/ B, A[D-((B,cos(9) + B,sin(®))(A, - P, - B,cos(¢) + B,sin(¢)))-

((B,cos(¢) - B,sin(9))(P, - A + B,cos(¢) + B,sin(¢))))
Spatial case:

Pose q:

a=(P, B, P, o B 7)
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Rotation matrix R:

cos(a)cos(B)  -sin(a)cos(y) + cos(a)sin(B)sin(y) sin(a)sin(y)+ cos(a)sin(B)cos(y)
R _{ sin(a)cos(B)  cos(a)cos(y)+sin(a)sin(B)sin(y) -cos(a)sin(y)+sin(oc)sin([3)cos(y)]

sin(B) cos(B)sin(y) cos(B)cos(y)

Transformation matrix W:

BiA:

A, - P, +B;sin(B) - B,cos(B)cos(y) - B,cos(B)sin(y)

B, (cos(a)cos(y) + sin(a)sin(B)sin(y)) - B, (cos(a)sin(y) - cos(y)sin(a)sin(B)) + B,cos(B)sin(a.)
B,cos(B)cos(y) - B,sin(B) + B,cos(B)sin(y)

W,; =L/ | B;AD(-(P, - A - B, (cos(y)sin(c) - cos(asin(B)sin(y)) +
B, (sin(a)sin(y) + cos(a)cos(y)sin(B)) + B,cos(a)cos(B)))
W, =(1/|B AP, - A, +B,(cos(a)cos(y) + sin(a)sin(B)sin(y)) -
B, (cos(at)sin(y) - cos(y)sin(at)sin(B)) + B,cos(B)sin(a)))
Wy; =/ ||BA P, - A, -B,sin(B) + B,cos(B)cos(y) + B,cos(B)sin(y)))

Waj=(1/]|B,A[) ((Bz cos(B) cos(y) - Bx sin(B) + By cos(P) sin(y)) (Py - Ay + By (cos(a) cos(y) + sin(a)

sin(B) sin(y)) - Bz (cos(A) sin(y) - cos(y) sin(a) sin(p)) + Bx cos(p) sin(a)))-
((By (cos(a) cos(y) + sin(a) sin(B) sin(y)) - Bz (cos(a) sin(y) - cos(y) sin(a) sin(p)) + Bx cos(B) sin(ar))
(Pz - Az - Bx sin(B) + Bz cos(B) cos(y) + By cos(B) sin(y)))

[BZ (sin(a)sin(y) + cos(y)cos(y)sin(B)) - B, (cos(y)sin(a) - cos(a)sin(B)sin(y)) + Bxcos(a)cos(B)J
b, =

Ws;i = (1/ ||Bi A ||) ((Bz (sin(a) sin(y) + cos(a) cos(y) sin(B)) - By (cos(y) sin(a) cos(a) sin(B) sin(y)) + Bx
cos(a) cos(B)) (Pz - Az - Bx sin(B) + Bz cos(B) cos(y) + By cos(p) sin(y)))

- ((Bz cos(B) cos(y) - Bx sin(p) + By cos(B) sin(y)) (Px - Ax - By (cos(y) sin(a) - cos(a) sin(B) sin(y)) +
Bz (sin(a) sin(y) + cos(a) cos(y) sin(p)) + Bx cos(a) cos(p)))

Wei=(1/B A) ((By (cos(a) cos(y) + sin(a) sin(B) sin(y)) - Bz (cos() sin(y) - cos(y) sin(a) sin(B)) + Bx
cos(B) sin(a)) (Px - Ax - By (cos(y) sin(«) - c0s(0) sin(B) sin(y)) + Bz (sin(a) sin(y) + cos(a) cos(y)
sin(B)) + Bx cos(a) cos(B)))

- ((Bz (sin(a) sin(y) + cos(a) cos(y) sin(B)) - By (cos(y) sin(a) - cos(a) sin(B) sin(y)) + Bx cos(a) cos(B))
(Py - Ay + By (cos(a) cos(y) + sin(a) sin(B) sin(y)) - Bz (cos(a) sin(y) - cos(y) sin(a) sin(B)) + Bx cos(B)
sin(a)))
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A, - P, + B, (cos(y)sin(a) - cos(a)sin(B)sin(y)) - B, (sin(a)sin(y) + cos(a)cos(y)sin(B)) - B,cos(a)cos(B)
A, - P, - B, (cos(a)cos(y) + sin(a)sin(B)sin(y)) + B, (cos(a)sin(y) - cos(y)sin(a)sin(B)) - B,cos(B)sin(a)
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Appendix 4: Technical data
Servo motor: Parker DC Servo Motor RS240B

High Performance DC Servo Motor - R
wwaw. parker.comy/ssd/rs

High Performance DC Servo Motor - RS Series

Overview

Description

Using high energy magnets, AS DC motors combined
with RTS drives are particularly suitabla for applications
which require a very compact solution or a high
dynamic lewel.

Characteristics and advantages

+ High performance characteristics

* Excellent low-gpeed functioning

* High compactness

* Very long service life

* Rare earth magnets

+ Tacho, encoder resolver and brake in option

Features Technical Characteristics - Overview

= Shaft DC motors with rare earth
» 51 to RS4: Smooth full shaft —EEiE mapnets

= R55 and ASE: Full keyed shaft Number of ol a

+ 2™ Shaft end RSa:
= {51 to AS3: posshilty to mount Protection degree 22; :‘Hﬂ Flsﬁ!Pl‘li:'%d
standard techo or encoder g .
» B55 and ASE: possibiity to mount standard tacho, Insulation Class F
adaptstion for encoder mounting in option Torque at low 005 12N
. 05 ... m
» Quiput cables 1 m without connector speed
* Options at' “h'"""“"“'""" 15..28A
= Brake (RS2 to RSE) F
« Tachometar Rated voltage 20.7 .. 105V
= Adaptation 2™ shaft end for encoder mounting Rated speed 2000 ... 3000 min"
{RS5 and R5E) =
Rotor inertia 2.4 ... 8300 kgmm®

117



Appendices

High Performance DC Serve Motor - RS Series

Technical Data

Technical Data

I].13 2.?
011 2.5
0225 4.1
0.232 2.8
0.31 5.8
0.39 8
0.28 28
0.54 4.5
0.78 58
0.98 6.9
0.48 3.8
0.93 6.2
13 B.1
1.36 6.6
1.74 T
18 7.8
aa 108
4 13
5 15
B 223
108 25
13 28

"M = single phase or T = three phase

FE2 22RR 83628 guse SrENR B2E

CEEE

ges

E.B

13
185
185

26
325

54
83
110
140

137
225
210
210

1000
1350

2050

5300
3800
8300

RS110MR1
RS120GR1
RS130ERT

RS220FR1
RS220KR1
RE230CR1
RS2408R1

RTS 3/10-40M
RTS 3r10-40M
RTS 3r10-40M

RTS 310-40M
RTS 10/20-60 1
RTS 3/10-40M
RTS 10/20-60 1
RTS 10/20-60 1

RTS 10/20-60 1
RTS 10/20-60 1
RTS 10/20-60 1
RTS 10/20-60 1

RTS 10/20-60 1
RTS 10/20-60 M
RTS 10/20-60 M
RTS 12/24-130 T
RTS 12/24-130 T

RTS 12/24-130T
RTS 12/24-130T
RTS 20/40-130 T
RTS 20/40-130 T

RTS 40/80-190 T
RTS 40/80-190 T
RTS 40/80-190 T
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High Performance DC Servo Motor - RS Series
Dimensions

Dimensions
RS1

[Dimensions in mm]

Ha.5

521 027 (] a
681 036 (] a
B4.1 045 (] a

RS2, RS3 and RS54 - £ X2

18 Lk

'|1
[#]

IlFr‘I
I
[T
#0gh

3.5

R

@ 20 52 63 364 58 68 185 M4x6 38 0.54 18 10
@ 20 52 78 364 58 68 185 M4x6 38 0.7 18 10
@ 20 52 a5 364 58 68 185 M4x6 38 0.86 18 10
@ 20 52 111 364 58 68 185 M4x6 38 1 18 10
- az 25 68 B80S 41 63 83 185 MSxB 45 09 28 15
- az 25 68 1005 41 63 83 185 MSxB 45 13 28 15
- az 25 68 1205 41 63 83 185 MSxB 45 16 28 15
- az 25 68 1405 41 63 83 185 MSxB 45 2 28 15
- 50 11 32 83 955 40 Bz 98 22 M5xB 65 1.2 40 20
- 50 11 32 83 1155 40 Bz 98 22 M5xB 65 1.8 40 20
- 50 11 32 83 1355 40 Bz 98 22 M5xB 65 24 40 20
- 50 11 32 83 1555 40 8z 98 22 M5xB 65 3 40 20
M Fr and Fa not cumulative
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Low speed forgue 0.38 Nom Mo
Permanent current of low speed k& A o
Supply voltoge with boded motor 25 ¥ u
Definition speed 30030 rpen N
Moximwm supply voltage 40 '3 Lirox
Moximom speed 5500 rpen Ko
Peak current 20 A b
Back emf constant ot 1000 rpm (258°CF* 7.15 '3 Ke
Torgue constont 0.068 Nom/A Kt
Winding resistonoef25°C) 0.68 frs b
Winding indwctonce 0.45 mH L
Rotor imertia 00000325 kg.m® J
Thermal time constant 75 min Teh
Motor mass 1.04 kg M
Al s e g b Tyl valest s aadied coad ot
N Coritinucu duty (Tamb=40'T) ———- Impubs Imestionor U=y
—_ [ERTT N —— L
1
1
1
1
1
1
1
1
|
d
i
— |
5 1
4
- I
i |
£ ;
= [}
1
1
1
q
1
1
i
1
1
1
1
|
G000
Speed [rpm]
FICHER-D04
(Crdartheen: 14 aoin 1987 Edition: 2 dibe /2010 RS2408 A
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Planetary Gearbox: Parker PV40FB, Ratio=20

In-Line PV Series Gearheads

Planetary

Performance Specifications

Parameter

Nominal Output Torque

Tnnrnr

Maximum Acceleration
Output Torque !

Tﬂ:ﬂ r

Emergency Stop
Output Torque 3

emr

Units  Ratio

MNm 18
in-b) 20

jndy) 10,100

ndb) 35, 40,

Nominal Input Speed Npgm ¢ FPM 3 - 100
Maximum Input Speed Nyygy p FFM 3 100

Sarvice Life
Standard Backlash

Efficiency at Nominal Torque %

MNoise Level at 3000 RPM 4
Maximum Allowable Case
Temperatura

Lubrication

Mounting Position
Direction of Rotation
Degree of Protection
Maximum Weight

e * fgag = 02 flace * oont * Toad)
) KAmimum of 1003 stops.

) Measured at 2% of rated forque.

4] Measure g 1ML T = Meied vaues

h 3-100
arcmin o~ 10
15 - 100
3-10
15 - 100

db  3-100
*C 3-100
3-100
3-100
3-100
3-100

3-10

kg (bs) 15-100
T ont = 025 Ty

PV40/PWIT
58 [B2215
6.2 (54870
55 [4BETH
a5 (304975
6.5 (57525
65 [BT525)
6.7 (59295
6.7 (59295
6.5 (57525
6.7  (59.205)
55  [4BETH)
a5 (304975
11.8 [104.430)
1.0 [O7.350)
7.0 (81950
130 ([(115.0600
16.0 (141.8000
137 [(121.245)
9.2 84200

4500
8000
<15
<18
<B0
0.6 1.2
09 2.0

PVE0/PV2Z3I  PVOO/PV34

120
188
196
16.7
106
18.2
19.4
215
200
225

215
200
16.7
106
240

6.4
334
212

400

440
39.0

1.2
18

{108.200) 35 (309.75)
{167.285) 56 (40580)
(173.460) 53 (513.30)
{147.705) 52 {480.20)
@3asi0 33 (20205
(161.070) 54 [477.00)
(171690 53 (513.30)
il 937275] s_:-' {592_ a5)
(i77.000) &3 (557.55)
(1@0.275) 71 (B23.35
{ QOTETE-] ETT {592_.95}-
(i77.000) &3 (557.55)
(147.795) 52 {4B0.20)
\3810 33 (20205
2124000 70O (B19.50)
(322.140) 108 (955.80)
{205.500) 104 (920400
(1876200 65 (584.10)
(354.000) 1268 (1115.10)
(4BE.750) 170 (1504.50)
(380.400) 137 (1212.45)
(3451500 122 (1079.70)
4000 3500
B00OD 5000
20,000
<12 <10
<16 <14
o6
04
<B5 <B5
-20 to 100
Lifetime lubrication
Any
Same as Input
PB4
[2.5) 32 7.0
13.5) 43 9.5

PV115/PV42

74
111
115
104
T
112
120

350

200
255

68
a7

{624.90)
(B82.30)
(1017.70)
{000.40)
(592.95)
{00120
(1062.00)

{12«:&.30]
{1115.10)
{1274.40)

{1203.60)
{1115.10)
@20.40)
{502.05)
{1309.80)
{1964 70)

{1B40.80)
{1185.90)

(2230.20)

{3007 50)

(2486.50)
{2258.75)
3000
5000

=B
=12

<f0

{12.5)
(19.3)

www.parkermotion.com

Electromechanical Automatio

Parkar Hannifin Conporation

=han

Port Washington, Hew York
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PV Series Gearheads

Dimensions — Flange Face (FB, FE & FN)

Ohe G —f L AD®

"AD = Adsplar fEngtn. Soe how 1o sroer
Metric & NEMA Frame Sizes Page o MOUTNg K agspiar engtns

A B [+ D E F G H 1 J
Output
Body Pilot Shaft Outpart Pilot Flange Housing Lead
Frame Size  Diameter BoltHole Bolt Cincle Diameter  Dismeter Shaft Length Thickness Thickness  Diameter Angle

mm in mm in mm in mm im mm in in mm in mm in mm in “

PV4OFB 43 1633 34 0134 50 1880 35 1378 13 0512 1024 3 0118 10 0384 56 2205 45

PYEOFB E2 2441 55 0217 70 27568 50 1.880 16 O0E30 0884 25 0008 103 0408 BO 3.050 45

o PVBOFN B2 2441 55 0217 70 2756 50 1883 14 0551 0884 25 0088 103 0408 BO 3150 45

i PVOOFB 90 3543 65 0266 100 3837 B0 3150 0.7ar 1575 3 0118 14 0551 116 4567 45
a0

1575 3 0118 14 0551 116 4867 45
1868 35 0138 18 0708 152 5884 45
2165 35 0138 18 0700 152 5084 45

20

3543 65 0256 100 3937 B0 3150 20 OF&7
PYW15FB 115 4528 B5 0335 130 5118 110 4331 24 0845
PVi15FN 115 4528 B5 0335 130 5118 110 4331 25 0584

T ABEERREE

in mm in mm in mm n mm " mm mm in mm in mm N mm °

PYiTFE 1.883 43 0.138 35 1724 438 0OBEE 22 0250 635 0884 25 OO0 15 023 6 2186 55 45
PY2IFE 2441 562 0.1856 495 262566675 1500 38.1 0375 9525 1000 254 0008 25 0374 05 3150 B0 45

E PY34FE 3543 90 0217 552 3875 08.43 2875 7302650600 127 1260 31.75 0118 3 0531 15 4557 116 456
PY42FE 4528 115 0281 7.14 4849 1257 2187 5555 062515875 1500 3B.1 0.004 24 0787 20 5684 152 45

K L1 L2 M N o P Q R 5
Length Length Distance
Rear (= L] [{5-100 from Shaft Keyway Keyway  Shoulder Shoulder Tap &
Width Height Digmater Depth

Frame Size Thickness  Ratios) Ratios) End Length  Key Height
mm in mm in mm N mm N mm N Wmm " WM N mm "N mm N

PV40FB 1 0 485 1800 63 2480 21 0083 16 0630 15 0591 5 0187 2 007917.8310.702 Mdx8
PYeOFB 16 0630 71.5 2815 915 3602 32 0126 16 0E30 18 0709 0197 1 0039 28 1.102 M5x12
16 0630 715 2815 815 3602 32 0126 16 0630 16 0630 0197 1 0039 28 1102 MEx12

PVOOFE T 0670 905 3583 114 4.488 3187 0126 28 1.102 225 0888 0236 1 0039 38 1406 Mex12
PVI5FB 23 0O 1145 4508 14855846 42 0165 40 1575 27 1.083 0315 1.5 0059 40 1.575 M10=22
PY415FN 23 0O 1145 4508 14855846 42 0165 40 1575 27 1.083 0315 1.5 0058 40 1.575 M10=22

Metric

m @ Mmoo

in mm in mm @ mm N mm in mm " mm N mm " mm in mm

PYTFE 0433 11 1.900 485 2480 &3 - - - - - - - - 0@l 23 0458 11633 -
= PY2IFE 0630 16 238 605 3160 805 - - 0748 10 0372 9444 Flat 0039 1 0.VBS 10.030 MBx12
ﬁ PVMFE 0670 17 3228 82 41541065 - - 10683 27 056114247 0125 31750038 1 0884 25 Mex12

PV42FE 0806 23 4016 102 5354 136 0016 04 112028450705 1791 0188 4775 - - - - MBx20

Parker Hannifin Corporation www. parkermotion.com
Electromechanical mation Division q
Port Washington, New York E
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Worm gear box: Hydromec Q45 FB 102

Rating - Aluminum WORM GEARBOXES '

= QUICK SELECTION / selezione veloce input speed (n,) = 1400 min™
Output | o | Motor | Dutput | Senvice MominalMominal Analabie Aualians Dynamic Taoth
Spesd power | torqus | factor | powsr | torqus | _ B5 mofor B14 motor efficlency Modula ﬁ
n | i | P #‘ e [m. B | © o F | a fal
[min"] iy 1| F= | mig ] 63 | 71 56 | a3 | 71 RD [rem] Fatis
200 T 037 | 14 22 (080 | 30 | 20 22 01
140 10 (037 | 20 1.5 | 057 | 30 T8 22 02
100 | 14 | 037 | 27 1.1 | 041 30 7 24 03
&7 2 | 037 38 1.2 | 043 4 &7 16 04
50 28 |02 AN 13 | 033 M 5] 25 05
38 3r | 025 40 1.0 | 026 | 41 [ix] 1.8 0G
30 46 | 0.25 | 48 0Da | 0Z2) 41 58 1.5 o7
23 B0 | 018 # 1.0 | 018 41 56 1.2 0g
20 T | 012 A 1.0 | 012 30 4 1.0 g
13.7 | 102 | 002 | A 1.0 | 009 | 29 48 072 10
[ ®oter Flangec Avallabie Qﬂ]lup-dﬂhm-dmlmﬂm B]Mmﬁ.ﬂ:;nt redwation buching &Jmmmm
Fange KMobore Disponitill Fomio con Busscis d Ridusione: Disponibile a Richiesia seraa Bussola d Riduzions Fosizone Forl Fangia Molors:

+ Power highar than the maximum cne whioh can bs cupporisd by the gearboo. Seleot aooording fo the torgue B
Foberos superiore 3 queila massima sopporiabile dal Aduliore. Seerionars in base 8 momeno toroenis s

Unit i i=d with thetic oil, providi . .
Bl e o i, e VEe = LUBRICATION Q45 0il Quantity 0.09 Lt.
P‘ﬁg‘:}tﬁf o ; santity AGIP Telum VSF 320 | SHELL omaia 54 we 320
ubrication and recommended g - For all detalls on lubrication and plugs check our webelts tab. 1

In table 2 please see possible radial leads and axial Per maggion detiagl su lubritcazione = Epgl ol ved I nosirD 57 wed ’
lzads on the gearbox.

1 I riduttore tipo G456 viene fomito lubrficate a vita *RADIAL AND AXIAL LOADS
con olio sintetico. Per posizioni V5-VE contattare
il ns. servizio tecnice. m‘;‘t&aﬂ e FA [ FR
\edi tab.1 per oii & quantits consigliati [mir™ 1) [N | M)
In tab.2 sono presenti i carichi radiali e assiali 200 | 180 | 200
applicabili al riduttore. [ 150 | 200 | 1000

D Fir die Lebensdsusrschmisrung ist das Getrisbe der W . )Fs 100 | 230 | 1100
Grole Q45 mit synthetischem Ol befiillt. L\["""J._ " 75 240 | 1200
Bei Einbaulage V5 oder W& bitten wir um Ricksprache. — < F - &0 | 280 |1200
In Tabelle 1 ist die Schmiermenge und das empfohlens [: 1 25 200 1500
Schmiermittel angegeben. 5
In Takelle 2 sind die zuldssigen Radial - und 15 400 | 2000
Azialbelastungen des Getriebes aufgefihrt

F Le réducteur de type Q45 est fourni lubrifié 3 vie avec de
I'huile synthéetique. Concemant les positions W5.\E,
contactez motre senvice d'assistance technigue. b FA | FR
Voir tableau 1 concernant les hulles et les quantités conseillées. [mirt 1] N1 | IN]
Les charges radiales et axiales applicables au reducteur 1400 | 42 | 210
sont précisées dans le tableaw 2.

E El reductor tamaric @45 se suministra, lubricado de
por vida con aceite sintético. Para las posiciones W5y VB
contactar con nuesiro senvicio téonico. racHan allowad
‘er tabla 1, para cantidades y aceites recomendadas. m%ﬁhﬁiﬂm nunnt!rglnml:lx
En la tabla 2, se encuentran las cargas radiales y axiales
admitidas por el reductor. tah. 2

2T
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passFB ..

Basic wormbox
Ridumone base

Kit code

aF

ENETEE
[=]:5]

Ke0.4.041

138

TS

K0 4.042

160

[ S&E14

FCA0.4.040

]

63814

KDED.4.047

]

T1B14

KDED.4.045

105

_T

Square - Gear
_I 230 kg eHE| B | C |=acer codel
A 50 e 18 [20.2| & | 45301
| 18 [21.8) 6 | 53019
4 holes MEx12 o [ .E.ELZZB 7| 453000
o e I;I = I
o a a) i
Mounting holes L] 2 2 HE 78
b L
B i 75 *On Request
d montaggo
Round flange
pa4sF1 Fangamnn

ol P |a kit code nees | 8D | E LIN]o|P]|a Kt code
75 1M0| 9 | Ko459.0M0 F1 (o5He| 5|9 475|115 | 140 | 0.5 | xsoesonz
T (110 | B | KQ45.9.011 F2 |ooHa| 5 12| s |255|100(120| O | xoo4sondz

121.5

PQ45

Single Shaft
5 )

- Aloem lento semplice

@ kit ocod. KD45 5,026 type B
kit cod. KSD45.5.030 type §

kit cod. KO45.0.027

D Crouble Shaft

PQ45 - Albero lento bisp.

#4 kit cod. KI45.5.029 type B
kit cod. KSO45.5.031 type §

ed [ e | g m Kt coge bilci| dl el [ | 1 |mil|nl|t2 ol
ypeB | 1108|125 4 74 & KosIDEPAMTT | | tpen | 6 [ 32[1835 43 | 85 | 151| 7o | 113 |20.5|mexte
wpes | - | - . ° - e | & |40 f1o®5se5 65 | 122 70 [128.521.5]me0
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Power screw: Thomson XCF6200

XCF16x4M

16 x 4 mm, Flange Mount, XC Advanced Anti-Backlash, XCF6200

Specs ” Dimensions " Downloads ” Get Quote

PRODUCT
Mut Style: Flange Mount
Diameter x Lead: 16 = 4 mm

Product Category:
Product Series:

XC Advanced Anti-Backlash
XCFe200

PERFORMANCE

Static Capacity (lbs): 450
Static Capacity (N): 2002
Efficiency (%a): 47
Lead Accuracy (in/ft): 0.0032
Lead Accuracy (pm/300mm ): 76
Max Axial Backlash (in): o
Max Axial Backlash (mm): o
Dynamic Load (Ibf): 175
Dynamic Load (kN): 0.778
Torque to Raise 1 kN (N-m): 1.25
Drag Torque {(oz-in): 40215
Drag Torgque {MN-m): 0.56 — 0.15
MECHANICAL PROPERTIES

Max Temperature (°F): 180
Max Temperature (°C): g2
Friction Coefficient: 0.1

SCREW

Mominal Diameter or BCD (in): 0.62
Mominal Diameter or BCD (mm}): 16

Lead (in): 0.157
Lead (mim): 4

Screw Root Diameter (in): 0.45
Screw Root Diameter (mm): 11.432
Max Screw Length (in): 144

Max Screw length (mim): 3657
Standard Screw Length (in): 144
Standard Screw Length (mm): 3658
Screw Material: Stainless Steel
Standard P/ N: SRT1Ex4M
Screw weight (kg/m): 1.21
Mumber of Starts: 1
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Worm gear box: Hydromec Q30 FB 30

Rating - Aluminum WORM GEARBOXES ..

=« QUICK SELECTION / Selezione veloce input speed (n,) = 1400 min™
Qutput Mator | Output | Senvics Mominal Mominal Avalaie Aulabie Dynami Tooth
Spead Ratio power | torque | tactor | power | forqua | BS motor B4 mofor al'luant;- Moduls ﬁ
. -& -B -0 A
ny I P, fs. P 4 L
[min’} aky |t | s | dn | | s | e RD | fom] | TS
280 5 0.18 5 33 | 06D| 17 g2 1.26 o1
200 T 018 T 24 | 044 | 17 =] 144 o2
140 i0 | 018 | 10 1.8 | 032 | 17 78 144 o3
23 15 | 018 | 13 14 | 025 19 73 144 04
70 20 | D18 | 17 11 | 020 | 19 70 1.08 05
47 3 012 15 14 | 047 | 2 a2 144 0&
a5 40 | 012 19 1.1 | 043 20 &7 1.08 ar
23 61 | 0.08 | 19 1.1 | 040 | 20 50 o.r2 oz
175 | 80 | 0.D8 | 18 1.0 | 006 | 16 48 0.56 oa
[ Motor Flanges Avallabie Q‘E:I pedad with B] ‘on Reguest without redwotion buching %meml’oﬂiﬁm
Fiange Motore Digponibil Fomito con Bumsols df Ridzione: Disponitiie  Richkest serza Eussoia d Riduzione Fosizone For Sanga Motore
EN e i oo e =LUBRICATION Q30 Oil Quantity 0.03Lt.
P‘ﬁﬁﬂgf - om o Janity AGIP Temum vsF 320 | SHELL omai sawe 320
ubrication and recommended g - For all detallz on lubrication and chsck our wabalte
In table 2 please see possible radial loads and axial Pamagmo:agmmmg oo ved || NOStTD Sio wat tab. 1
loads on the gearbo.
1 I riduttore tipo Q30 viene fomito lubnficato a vita *RADIAL AND AXIAL LOADS
con olio snhetlm _F'Ef posizioni WE-VE contattare Output shaft
il ns. servizio tecnico. Ao d 150t ™ BT R
edi tab.1 per oli @ quantita consigliati. tmin 1| w1 | o
In tab.2 sono presenti | carichi radiali e assiali
applicabili al ridutiore, 200 | 120 ) 800
i 150 | 140 | 700
Fur die Lebensdauerschmienung ist das Getriebe der g - Fr
D Grifle Q30 mit synthetischem Ol beflillt. " r 100 | 160 | E00
Bei Einbaulage V5 oder VE bitten wir um Ricksprache. i | i F o 75 180 | 800
In Tabelle 1 ist die Schmisrmenge und das empfohlens L - 50 200 | 1000
Schimiermittel angegeben. 25 | 250 [ 1250
In Takelle 2 sind die zulssigen Radial - und
Axialbelastungen des Getriebes aufgefihrt 15 | 280 | 1400
. R Input shaft
F Le réducteur de type Q30 est fourni lubrifie a vie avec de akem n entrata
I'huile synthétique. Concemant les positions WB.WE, Fr
contactez nofre senvice d'assistance technigue. fr
Voir tableau 1 concernant kes hudes et les quantités conseillées. F Y] ‘h—"-Fn* [mirr:"'] m ﬁ
Les charges radiales et axiales applicables au réducteur L1 -\J\‘_ sx  Dx™
sont précisées dans le tableau 2. II%.\U 1400 | 30 | 100
g L]
E El reductor tamaric G330 se suminisira, lubricado de
par vida con aceite sintético. Para las posiciones VE y V&
contactar con nuestro servicio técnico. *Strong axal loads In the DX direction are not allowsd.
‘er tabla 1, para cantidades y aceites recomendados. mmmmmmm:“mm
En la tabla 2, se encuentran las cargas radiales y axiales
admitidas por el reductar. b 2

2-5

126



Appendices

Basic wormbo
PaaoFB.. coreesme
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raaoFB_ o

55 40
44 54
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3 (el ==l
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+ A
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] 54
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Input shaft
RGEDFB"“ Albem In eniraia
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Contribution to the development of an experimental device based on a robotic platform for
gait rehabilitation

Abstract

This thesis focuses on the development of a gait training machine based on a Cable-Driven Parallel
Manipulator. Persons suffering from neurological injuries such as Spinal Cord Injury and Stroke, may lose
their motor functions including the ability to walk. These injured patients can relearn walking through
intense and task-oriented rehabilitation therapy, which consists in simulating the gait movement. The
proposed training machine is called the Cable-Driven Leg Trainer (CDLT). It includes a Body Weight
Support Device to control the position of the trunk and a Cable-Driven Leg Manipulator to drive the lower
limb during the walking movement. A gait analysis is carried out using an optical motion capture system
and a force platform in order to get the kinematics and the dynamics of a normal gait. Using this
information, an inverse dynamic study of a treadmill walking within the CDLT is achieved. Moreover, an
alogorithm of designing cable robots for a desired worksapce using interval analysis is investigated. Interval
analysis is a method used to provide a reliable computing, which guarantees a singularity free workspace.
Using the developed models, a design study of the CDLT is conducted. All the actuation mechanisms of the
CDLT are selected. Finally, a CAD model of the gait training machine is presented.

Key-words: Gait training, Cable-driven parallel manipulator, interval analysis, design optimization.

Contribution au Développement d’une Plateforme Robotisée pour le control et la rééducation
fonctionelle de la marche humaine

Résumé
Cette thése porte sur le développement d'une machine de rééducation fonctionnelle de la marche humaine

basée sur un robot parallel a cables. Les personnes atteintes par des troubles neurologiques tels que les
traumatismes médullaires et les attaques cérébrales, peuvent perdre leurs fonctions motrices, y compris la
capacité a marcher. Une rééducation intensive permet une récupération des aptitudes motrices de la marche,
qui consiste a simuler le mouvement de la marche. La machine proposée comprend un systéme de décharge
corporel pour controler la position du tronc et un robot a cables pour entrainer le membre inférieur au cours
du mouvement de la marche. Une analyse quantitative de la marche est réalisée a 1'aide d'un systéme de
capture de mouvement et une plate-forme de forces afin d'obtenir la cinématique et la dynamique d'une
marche normale. En utilisant cette information, une étude dynamique inverse d'une marche au sein de la
machine est effectuée. En outre, un alogorithm pour la conception des robots a cables pour un esapce de
travail désiré en utilisant 1'analyse par intervalles est developpé. L'analyse par intervalles est une méthode
utilisée pour fournir des calculs fiables et qui garantit un espace sans singularité. En utilisant tous les
résultats précédents, une étude de conception de la machine de rééducation est menée. Tous les mécanismes
d'actionnement sont dimensionnés et des composants appropriés sont choisis. Finalement, un modéle CAO

de la machine est présenté.

Mots-Clés: rééducation de la marche, robots paralléles a cables, analyse par intervalles, optimisation de

conception.

Houssein LAMINE- These en Génie Mécanique - Ecole Nationale d’Ingénieurs de Monastir www.enim.rnu.tn
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