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General Introduction 1

General Introduction

The aim of developing robotics has been to replace human labor for performing tasks
with better accuracy and productivity. There are variety of tasks that involve serious
risk to human life. This has motivated to bring in automation so that human lives can
be avoided from getting into risks. Although the industrial automation has flourished
over the years, it is not yet widespread in civil engineering. Removing asbestos con-
tamination from real world rehabilitation sites is one such application posing a serious
health hazard. As extreme safety measures significantly affect the operational efficiency,
Bots2ReC project (EU funded H2020) was initiated with a goal to design, test and val-
idate a robotic system and the associated operational process for automated asbestos
decontamination. In the context of the project, SIGMA Clermont was responsible for
addressing the issue of local process monitoring and stability management of the in-
tended robotic system called 'robotic unit'. Out of the two responsibilities the later one
has been addressed in this thesis.

After a careful study of asbestos removal use-case, it was found that the constraint
of cleaning high ceiling requires a robotic arm with large workspace. Additionally, re-
habilitation sites have narrow entry points that imposes that the robotic unit is also
narrow with a compact base. From these two constraints (high and narrow robot), it
can be deduced that the robotic unit will have a high aspect ratio and potential stabil-
ity problems. One solution could be to use stabilizers as can be found in cranes and
earth moving machines, but at the price of addition of mass, worse compactness and
productivity.

There are two influential factors that tend to affect stability of the robotic unit. Firstly,
dynamic machining process like grinding and scarification and secondly, the robotic arm
motions during cleaning operation with acceleration that can be high. This triggers an
interest of selecting a suitable arm kinematics and dimension that is capable of providing
required reachability while minimizing the risk of instability. Moreover, dynamic nature
of the asbestos removal process requires study of reaction forces while operating on
different cleaning surfaces (wall, ground and ceiling) and arm dynamics to be integrated
into the dynamic analysis.

A grinding task requires to completely cover the surface and perform optimal path
planning with zigzag trajectories. To grind with a high productivity and good grinding
quality, it is required to maintain the dynamic stability of the robotic unit during the
process. Thus, static and dynamic stability analysis will have to be addressed during
the thesis work so as to perform efficient grinding trajectories.



2 General Introduction

Organisation of the manuscript

This thesis is divided into five main chapters followed by general conclusions and future
work.

Chapter 1 starts by explaining the general motivation of the Bots2ReC project and
gives information on the use of asbestos within residential sites. Operational regulations
for the process of asbestos removal are detailed to make reader aware about the stringent
safety measures for human operators. Then, the conceptual framework of the robotic
asbestos removal process is presented. In the end, the two prototypes of the robotic unit
designed and manufactured during the timeline of the project are introduced.

Review of the literature related to stability margins and stability analysis is per-
formed in chapter 2. A classification of stability margins is presented based on the
physical parameters such as distance, angle, energy, moment and force. Approaches
related to motion planning and control are revised to seek ideas regarding trajectory
planning addressed later in Chapter 5.

Chapter 3 presents a geometrical approach for dimensional synthesis of the robotic
arm based on the inference of design rules. Initial requirements appearing in the robo-
tized asbestos removal process are formulated in terms of design rules. Using skeleton
modeling approach, geometric modeling of the robotic arm is made in an interactive
geometric software (IGS). Design features are then derived from design rules for the
selected structures.

Thereafter, the dynamic model of the robotic unit for stability analysis is developed
in Chapter 4. Three surfaces, ground, wall and ceiling are considered to identify re-
action forces appearing during the grinding process. Then, a numerical approach for
stability evaluation is proposed based on ZMP criteria. It is validated numerically in
a co-simulation environment combining a numerical solver and a dynamic multibody
simulation software.

In Chapter 5, static and dynamic stability analyses of prototypes Version-1 and
Version-2 are presented. They are analyzed with three scenarios (ground, wall, ceil-
ing). Version-1 prototype includes an arm supported by a vertical slider. Analysis was
made for two positions of the slider so as to study the dynamic stability for different
altitude of the arm base. For Version-2 prototype static stability is analyzed for the three
scenarios and dynamic stability is evaluated for the wall scenario. A trajectory based on
the conclusions obtained from stability analysis is demonstrated.



Chapter 1

Introduction

CONTENTS
1.1 BACKGROUND OF THE BOTS2REC PROJECT . . . . . . . . . it 4
1.2 ASBESTOS CONSUMPTION, CONSEQUENCES AND REGULATIONS . . . . . . .. .. 4
1.3 THE BOTS2REC PROJECT . . . . . . . o o o s e s e 9
1.4 BOTS2REC CONSORTIUM . . . . v vttt i i e e e e e e e e e e 11
CONCLUSION . . . o ottt et e e e e e e e e e e e s 13

THis chapter presents in detail the H2020-Bot2ReC project under which the disserta-
tion is carried out. Initially, the issue of asbestos contamination in residential sites
is presented. It is followed by a general motivation and goals of the project which moti-
vated scientific objectives of the dissertation. Lastly, approach adapted while developing
solutions is explained in brief.



4 Chapter 1. Introduction

1.1 Background of the Bots2ReC project

Automation and robotic solutions are getting prevalent in civil engineering domain
that has applications like construction, demolition and re-rehabilitation, etc. Past few
decades have shown a continuous growth in the number of robots used and applications
developed for civil engineering due to enormous demand and increase in health regu-
lations. Data released by International Federation of Robotics (IFR) stated that the num-
ber of robots and automatic systems deployed in 2015 were 568 units with expectancy
to reach 2,800 units till 2019 [IFR, 2017]. On the other hand, tasks involved in the civil
engineering pose multiple challenges for robotic systems like advanced perception and
navigation through complex environment, obstacle avoidance, stability management,
collaborative working, robust machining capacity etc. Even to operate such a system,
skilled operator is required to efficiently command and supervise the system. Thus,
currently, complex tasks are performed by trained labor using conventional electrical
and hydraulic tools due to lack of technological advancements in automated systems.

However, cost of the automation machinery going down in recent times, research
and engineering communities are motivated to implement advanced solutions replac-
ing human labor. One such example is refurbishment of habitation sites having asbestos
contamination is still performed by human operators that are subjected to them to haz-
ardous side-effects of asbestos fibers. Additionally, productivity of human workers is
limited due to muscle fatigue and tough working conditions. This led to initiation of
Robots to Re-Construction (Bots2ReC) project under H2020 innovation action. with a
goal to automate asbestos removal process in real world rehabilitation sites [Bots2ReC,
2016].

1.2 Asbestos consumption, consequences and regulations

Asbestos, a naturally found mineral, has been in demand for centuries due to its excel-
lent sound, heat and electric insulation properties. Moreover, it possesses quite a long
durability [J.E. and Mossman, 1997] making it an important ingredient for magnitude
of products.

Table 1.1: Common types of asbestos products

Category Products
. Roofing sealant, pipe lagging, duct tape, furnace cement
Adhesives ar%d glue fofflljoorirgé, v%all panelg, ceiling tiles
Construction Repairy or filling industrial materials such as furnaces,
Mastics tile or flooring
Duct Connectors Fabric to connect HVAC system parts
Electrical Ebonized panels, electrical shielding, molded cement
Components bases, flash guard paper, wire insulation and cable wrap
Felt roofing, flooring and paper mills
Fireproofing Firefighter gear, tar paper, paint and spray-on fireproofing
Gaskets Heat-resistant seals to join machine parts, valves, hoses
Plastics Tools, cookware, appliances and vehicles, brake pads




1.2. Asbestos consumption, consequences and regulations

V-90USPISaI 9PISUI UOTJRUTWRIUOD SOISI]SE JO dDUISIIJ ['T 2In3r]

SaX0g 3514 PUe [3Ueg UIEW 'S

SIAOE SOISAQSY °E Bunybry passay
SPRd 10H SOIS3GSY T Buuiy agn| pue qouy uo uonepsy| ¢
sy sonpdany °| SOQUIIMS PUR 1ANQ 7
snoauel@siNCD) sipog duwe °|
(umoys J0u) s1a1eay ajqeIs0g pue wawdinbj (31533 ()
{11moys 10u) SIKAQ H12H) ‘SUAR( ‘SIY00D-MOJG “SIasea) (53A01SPODAL) SIODSYRY 183H b
SIRYSEMEI] A|0FLI0g ‘SIRT3al] ‘siojesabliay *| MWIeg pama)] ¢
soueyddv(D S| (205003 7
SKYSeMYS] p sbuj) [ensnody uo-padesds °|
siakig sayiop g saoRns souawi ()
spooy abuey 7
siaeay Jamey °|
wswdinby u-yng ({)

. -

1)

Busur pue siaysed jjep °g UG Wl 2 D DAL €
Buibber ady ‘p uotjejnsu 1eg 7
4589 12A0) pue 200() ¢ uoneysu Y AANULIN |
buwp ag Ay 7 uofensul(3)
Buyara) 3:nog 1eay | . a
‘sbu shi
fadgpo s 3D -~ Y
Bunaaysiapup pue ‘saji] "si3ays sojsagsy uip | fang mopum ‘¥
Buuoaly (@) sajbuiys pue yp4 jooy g
Buniaayssapup pue bujpis preog sosaqsy waw) 7
bunaaysiapu pag 'L
savepns soyaug ()
@ ¢
E)
r @

! L
( abed sag)
‘sppnpoid UEUas pue sawoy jap|o
ul punoy 8q yBiw sojsaqsy =

‘PRUUEQ Useq SABY SaSN

ewos A eaquelp peulpap
sey sbesn sojsagsy SION

{dWOH 3y3 ul 39
$0353GSY IYSI|A IYAA

1)

i

19

1Saqsy



6 Chapter 1. Introduction

Chimneys
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Elevator machinery
(walls + brake)

Figure 1.2: Presence of asbestos contamination inside residence-B

Table 1.1 presents category of products that containing asbestos [Centre-Mosothelioma,
2006]. Ill-effects of asbestos have been observed since the time of 20th century, where
Romans observed sickness induced in slaves who worked with asbestos. Thus there
was a ban introduced on buying asbestos quarry slaves due to their early age deaths
[UNRV]. In recent times, more research on the asbestos-hazards resulted in identifying
generation of fibers being released into air while working with products containing the
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asbestos. Workers were then most likely to inhale microscopic fibers leading them to
serious health problems like mesothelioma and lung cancer [Straif et al., 2009]. It was ob-
served that after inhaling, asbestos fibers make their way into lining of lungs, abdomen
and heart. Figures 1.3 and 1.4 indicate sharp increase in the use of asbestos from 1940s
which sustained till 1970. This put millions of people at a risk of exposure to asbestos.
Throughout this time period, consequences of asbestos exposure came out dominantly,
due to increasing reports of mesothelioma and related diseases. Even a limited amount
of exposure was considered lethal leading to the diseases [Centre-Mosothelioma, 2006].
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Figure 1.3: Apparent asbestos consumption in Europe in the last century (the apparent
consumption is calculated on the basis of the national production of asbestos and
imports and exports)

As the correlation between asbestos exposure and associated risks became evident,
a ban on the products was introduced in more than 55 countries around the world that
included Japan, Australia and countries from Europe. Iceland became the first one to
ban asbestos imports in 1983, soon followed by Sweden.Total ban on asbestos was im-
plemented by French government in 1997 [France-Goverment, 1996], by Germany in
1992 and by UK in 1999. However, certain parts of the world like Asia and Russia and
USA continued to use asbestos [King, 2017]. Moreover, countries that banned the usage
started providing detection and monitoring centers to inform occupants. The process
started with identification of flocked asbestos surfaces, insulation and suspended ceil-
ings and monitoring on a regular basis. Next, an assessment of the repairy state was
performed by a technical inspector to evaluate physical protection, exposure to shocks
and vibrations and air circulation. On the basis of results of this assessment (score 1, 2
or 3), it was required to :

e if the results is 1, conduct a periodic control on the state of repair within three
years

e if the result is 2, monitor the level of dust accumulation

¢ if the result is 3, carry out suitable maintenance within 12 months
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Figure 1.4: World production of asbestos (metric tons) from 1900 to the present
(FutureTimeline [2018])

Since 2001, a program to identify materials containing asbestos such as floor tiles,
coatings and asbestos-cement products, has also been in place since 2001. A regulatory
threshold of 5 fibers per liter (f/1) was put for the level of dust accumulation inside
buildings regardless of type of materials. Moreover, for buildings which were granted
a permit before 1 July 1997, i.e. which is when asbestos was banned in France, the
results of the identification was made mandatory to report in an asbestos technical file
(DTA). The responsibility lied with the owner to update at each intervention (monitor-
ing, removal, maintenance, etc.) [France-Goverment, 1996] (French Agency for Food,
Environmental and Occupational Health and Safety [Anses, 2017] and French Ministry
of Health [MSH, 2019]). Regarding workers at the risk of being asbestos exposure, spe-
cific regulatory provisions were applied to protect them in addition to general measures
of prevention at work environment. To limit risks, French regulations made it manda-
tory to implement:

e common prevention measures for all activities with a risk of exposure to asbestos

* specific prevention measures for removal and encapsulation of asbestos or items
containing asbestos, and for operations on materials, equipment, or articles that
may cause release of asbestos fibers.

Common prevention measures included:
e assessing initial of the risk
¢ informing and training of staff

¢ controlling dust accumulation levels for asbestos fibers by analytical transmission
electron microscopy (TEM) in order to guarantee compliance with limit values

* worker protection measures specifically focused on containment, techniques of
operation and methods that limit release as much as possible, implementation of
collective protection measures and PPE suitable for each operation
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Depending on the magnitude of dust accumulation and the implemented processes,
orders adopted by labor Ministry stipulate technical rules for companies including pro-
tection measures and use of personal protection equipment (PPE), measures for the pro-
tection of work site environments, and applicable provisions on completion of works.
Certified companies carry out encapsulation activities and removal operations for as-
bestos containing materials. To protect damage at early age, young workers are prohib-
ited from carrying out activities having risk of releasing asbestos fibers. The limit for
the mean concentration of asbestos fibers, over a work shift of eight hours is 10 fibers
per litre (French Ministry of Labor [FML, 2012]). Therefore, when performing refurbish-
ment in the buildings contaminated with asbestos, intense safety measures should be
taken to reduce the health risks for employees as Figure 1.3 shows. As can be seen in
the figure, the workers are using heavy equipment and they are wearing special tight
suits and masks to avoid exposing to the asbestos

(c) Ceiling cleaning

(d) Ceiling cleaning (e) Decontamination zone

Figure 1.5: Different scenarios of asbestos cleaning process

1.3 The Bots2ReC Project

Due to the extremely inefficient and restrictions on manual performance of removing
asbestos, and the very tiring working conditions, automated solutions have emerged
and started to be seen as a realistic alternative. Furthermore, in order to judge the
impact of automating the asbestos removal tasks, a study regarding the situation of
asbestos contamination in Europe was assigned. However, it is still quite difficult to
evaluate the quantity of asbestos present in European buildings as there is no proper
documentation for that. The situation is documented well for France and there are few
legal dispositions or studies focused for certain other countries.

In France, according to the publication of the Social Union for Habitat (L'Union
sociale pour 'habitat [USH, 2014]), more than 40% of the housing stock is contaminated
by asbestos (around 15 million flats). An important study of the ‘Centre Scientifique
et Technique du Batiment” confirms these numbers and shows that 2 million out of 3,6



10 Chapter 1. Introduction

million non-residential buildings are contaminated [Chaventré and Cochet, 2005]. In
Great Britain, the estimations are quite approximated, but 4,4 million buildings are said
to need asbestos removal [BYG, 2015].

In Hungary, an isolated study of the NIOH detected presence of asbestos in 500
buildings of Budapest. Moreover, more than 4 million tons and 3 million tons of asbestos
were imported in France and Great Britain respectively during the 20th century (Asso-
ciation Nationale de Défense des Victimes de I’Amiante [de Défense des Victimes de
I"’Amiante]. For Spain, the imports are around 2.6 million tons, and the German situa-
tion can be estimated to be similar to the Spanish one. In Italy, some studies announce
very high amounts between 30 and 40 million tons of asbestos. For Belgium it was
estimated that 800 thousand tons of asbestos were present in 2001.

Table 1.2: Asbestos consumption (in t) in the European community in 1973 (Asbestos
Trade Association, France)

Chrysotile | Amosite | Crocidolite | Anthophyllite | TOTAL
Ireland 6,400 600 7,000
France 150,000 2,800 3,100 100 15,600
Denmark 28,000 4,800 33,000
Netherlands 37,400 600 38,000
Belgium 76,000 5,000 5,000 86,000
Italy 130,600 2,200 6,200 139,000
United Kingdom | 147,000 24,000 300 172,000
Germany 194,100 1,900 3,300 1,700 201,000
Total 770,400 41,300 18,200 2,100 832,000

These numbers from various European countries prove that asbestos contamination
is present in millions of flats all over Europe, even if exact figures are limited. The
asbestos exists in different forms: Chrysotile, Amosite, Crocidolite and Anthophyllite.
Its consumption in the European Community in 1973 (when major amounts of asbestos
were used) indicates that in Western Europe, the main countries probably present similar
quantities of asbestos as France (see Tablel.2), where the figures are well known. A
peculiar case is Russia and the ex-Soviet union countries, where the asbestos market is
still existing and the public institutions deny the danger linked to asbestos. There is
potentially a very big quantity of asbestos in these countries, but no market for asbestos
removal for the moment.

Few studies allow estimating the global costs of necessary refurbishment and clear-
ance procedure for the European market. The publications concerning the French mar-
ket indicate a total amount of 80 billion Euros [USH, 2014] to 200 billion Euros [Guérin
and Joaun, 2014]) for private housing. For France, the most moderated sources announce
15 billion Euros needed to clean the polluted social housings only [Guérin and Joaun,
2014]. Taking into account the private housings and the non-residential sector, the total
amount would exceed 100 billion Euros. In Great Britain the estimated costs are much
lower: 15 billion Euros are estimated for the all buildings. It must be considered that
in Great Britain, asbestos treatment is to keep the pollution in place, and cover it with
some protection. This is far less expensive, and partly already done, which can explain
the difference in the estimation compared to France [BYG, 2015]. Based on the data
presented above, it can be estimated that the 5 to 6 biggest countries in Western Europe
are in situation similar to France. Even if the cost of asbestos removal can be reduced in
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future, it can be estimated that the total market of asbestos removal reaches several 100
billion Euros for these countries only.

Hence, the contamination clearance from European flats is expensive (11500 Euros
per flat on average, according to Pertuy Construction’s investigations) as the European
asbestos removal market is very large. Moreover, the regulations mentioned in Section
1.2 should be respected, which means that the workers need to wear personal protective
equipment complying with the highest technological standards and exchange it regu-
larly. Thus, the automation of such kind of processes would allow the demolition and
refurbishment industries in Europe to operate more efficiently [Detert et al., 2017]. In
addition to that, automation will decrease the refurbishment costs and, at the same time,
prevent the employees from being exposed to the asbestos microscopic fibers.

Motivated by the mentioned reasons, the “Robots to Re-Construction” Bots2ReC
project was launched in February 2016. The project objectives include: “Introducing,
testing and validating an operational process for the automated removal of asbestos
contamination at a real world rehabilitation site using a robotic system.”

¢

supervision and
remote control

local process
monitoring

aspiraton

environmental
erception

central aspiration PR
and energy supply
with tool changer

robotic unit

Figure 1.6: Conceptual sketch of the automated removal of asbestos contamination
from rehabilitation sites using robotic units [Bots2ReC, 2016]

1.4 Bots2ReC Consortium

The Bots2ReC consortium consists of seven partners that are academic institutions,
small-medium scale industries and a customer industry. Role of each partner in the
project is described below.

1. RWTH Aachen University is a research institution that augments the state of the
art technology in the areas of control, task planning and sensor data processing.

2. SIGMA-Clermont brings research expertise in mechatronic design, modeling, per-
ception and collaborative control for simulating and piloting the robotic system in
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its environment.

3. Robotnik Automation SLL develops and manufactures mobile platforms and ma-
nipulators for service robotics applications and unmanned ground vehicles. It
develops the mobile base of the Bots2ReC robot.

4. Telerobot Labs Srl offers high level competences in design, development and pro-
duction of robotic and mechatronic devices. It develops the robotic arm and tools
for the Bots2ReC robot.

5. Indurad is a producer and integrator of optical and radar sensor technology with a
unique data processing and visualization software framework. It develops sensors
for single dimensional distance measurement and for localization of the Bots2ReC
robot

6. Fundacio Eurecat is an experienced system integrator, that will integrate the robotic
system including the developed operational process for the use case.

7. Bouygues Construction participates as the end-user and industrial partner. It is
responsible for the clearance and refurbishment of a site and the system operation.

\

‘ A WP 1: Implementation and validation of the robotic use case \

1
v WP 3: Integration of hardware and software for the robotic system eurgca!
= z (1] H
m = = WP 4: Customization of the mobile platform sRobotnik
3 £
@ % E WP 5: Customization of the robotic arm 1e|erobof|g bs
@ =
5 =
o mmm =
m WP 6: Process control and user interface w‘l}é\gglw
WP 7: Dissemination and Expoitation telerobotlabs
WP 8: Management, coordination and data exchange w&eggw

Figure 1.7: Work package management within consortium [Bots2ReC, 2016]

Conclusions

A detailed overview of usage of asbestos, its consequences and regulations were pre-
sented in the chapter. Data on the worldwide asbestos production was shown to high-
light the extensive usage of asbestos throughout the first half of the 20" century. Variety
of products used in the construction of factories and residences (adhesives, connectors,
gaskets, plastics, etc.) were based on asbestos that now poses health hazards to thou-
sands of occupants.

In the context of refurbishment of sites, the process of manual asbestos removal
alongside regulations was described to identify difficulties and health risks for human
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(a) Prototype version 1 (b) Prototype version 2

Figure 1.8: Two prototypes developed by the consortium of Bots2ReC

operator that motivated the Bots2ReC project. The consortium of the project and respec-
tive roles were briefed to make the reader familiar with the sharing of responsibilities.
Finally, main objectives of the thesis that is, structural selection of the arm kinemat-
ics, dynamic modeling of the robotic system and trajectory planning for efficient task
planning were briefed.

A general overview of mobile manipulator research related to stability margins, dy-
namic modeling and path planning is performed in Chapter 2.
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Chapter 2

Mobile manipulators and related
research
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THis chapter presents a comprehensive review of the literature concerned with the
stability management of mobile manipulator systems. Initially, different deigns and
applications of mobile manipulators are recalled. Then a detailed study of existing
stability margins is presented. Many works demonstrating stability analysis and man-
agement are put forth. Followed by is a brief review of planning, control and optimal
base positioning techniques that play a key role in enhancing productivity of the mobile

manipulator system.
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2.1 General overview of Mobile manipulators

In the discipline of advanced robotics, mobile manipulators have earned continual at-
tention among research as well as industrial community, the reason being coexistence
of mobility and manipulation in them. Such a combination tends to yield a serious ad-
vantage of having ‘large operational workspace” over traditional (fixed-based) counterparts
resulting into enhancement of utility. This has made mobile manipulators a preferred
choice in number of applications like assembly tasks for manufacturing, logistics, home
services, firefighting, military operations, disaster rescue, nuclear power station tasks,
planetary exploration etc.

Robotic
arm

base

Support
Polygon

Figure 2.1: General schematic of mobile manipulator

Elementary components of a mobile manipulator system namely, a mobile base with
locomotion system, one or several robotic arms and the corresponding end-effectors
(tools) are shown in figure 2.1. Within the mobile base, ancillaries like electrical-electronic
systems, aspiration unit etc. can also be found embodied within the base. Robotic arms,
which come in variety of kinematics and desired end-effector. To achieve locomotion,
different systems have been implemented, each offering particular advantage for a spe-
cific task. Figure 2.2a, 2.2b and 2.2c represent wheeled, caterpillar tracked and legged
type of locomotion respectively. Wheeled locomotion is the most commonly used of
them all. However, it has difficulties navigating stairs. This is overcome by the two
other locomotion systems out of which caterpillars are suitable even for softer surfaces

(a) Husky (b) Packbot (c) Spot-Boston Dynamics
[Clearpath Robotics, 2017] [FLIR Systems, 1998] [Ackerman, 2016]

Figure 2.2: Mobile manipulators with different types of locomotion
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since they distribute contact forces. Legged locomotion, even though complicated to
control, allows base height adjustment and can navigate through extremely uneven sur-
faces thanks to intermittent contacts on the ground, that can be located at suitable places.

(c) KMM-iiwa (d) Wafer handling solutions

Figure 2.3: Mobile manipulators offered by KUKA Robotics [KUKA, 2015]

Mobile manipulators deployed in real world

A range of mobile manipulators offered by KUKA robotics is shown in figure 2.3. KMM-
QUANTEC and non-holonomic platform are autonomously navigating mobile manip-
ulators used in the machining of heavy components like big pipes, airplane parts etc.
KMM-iiwa (figure 2.3) is a combination of a sensitive LBR-iiwa arm, that integrates
torque sensors in all its joints sensitive LBR-iiwa [LBR-iiwa, 2013] and a mobile platform
providing high degree of mobility and agility. It has utility in applications like mate-
rial fetching and transportation, paint/glue applications, palletizing/packaging. Figure
2.3d shows a wafer handling mobile manipulator developed for semiconductor produc-
tion application that has LBR-iiwa mounted on an automated guided vehicle (AGV).
Sensitive LBR-iiwa enables safe and precise handling of wafer cassettes without subject-
ing to vibration. These examples demonstrate how different combinations of arm and
mobile base result into systems suitable for variety of applications.

Figure 2.4 presents multiple operating domains of mobile manipulators. NASA has
developed planetary exploration rovers like Opportunity mars rover (figure 2.4a) that
carries on-board drilling arm for ground sampling with devices for environmental sens-
ing and data acquisition. SpaceJustin is another robot developed by German Aerospace
Centre (DLR-figure 2.4b) that has two arms DLR-HIT [Chen et al., 2014] and a torso
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(a) Opportunity Rover (b) SpaceJustin
[NASA, 2003] [DLR, 2009]

(c) Flex robotic system (d) Mobile manipulator
[Medrobotics, 2016] [Fetch, 2016]

g

;-_

(e) TTAGo (f) CHIMERA
[Pal-Robotics, 2016] [Joanneum, 2016]

Figure 2.4: Mobile manipulators development for different applications
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mounted on mobile base. More such applications are presented through- Medrobotics:
Flex system for surgical applications (figure 2.4c), military application robot Packbot
(figure 2.2b), household service robot Spot (figure 2.2c).

Research and development of mobile manipulators

Timeline of mobile manipulator development (figure 2.5) is traced in [Bogh et al., 2011].
Moreover, in [Bostelman et al., 2017], an in-depth literature review on the mobile ma-
nipulators developed for different applications is presented. They mainly include ‘peg-
in-hole” insertion, shaft assembly, mobile manipulation in manufacturing, door opening,
object fetching, book browsing, object handling, cooperative motion etc. Summary of
this literature in debriefed in tables 2.1-2.2.

MORO (1984) Hilare 2bis (1996) Romeo & Juliet (1996) Untitled (1999) DENSO Mobile rob@work (2001) PSR-1 (2003)
Fraunhofer LAAS-CRNS Stanford Manipulation Group Siemens AG Robot (2001) Fraunhofer IPA Department of
Stutigart, Germany Toulouse, France Stanford University Munich, Germany DENSO Corporation, Stuttgart, y A
Palo Alto, California, USA Japan Korea University

Seoul, South Korea

T
1999
12003

URMAD (1996) YAMABICO type-TEN (1996) PURL-II (1998) Jaume (2000) Untitled (2003)

The Manufacturing

Scuola Supericre Sant/Anna, University of Tsukuba Intelligent Robot Lab Robotic Lab i (2002) Electric
Robotics T Ibaraki , Japan Pusan National University Jaume | University Daimler Chrysler Panasonic Corporation
am:::l‘?lgil-ab Busan, South Korea Castelfén de la Plana, Spain Beriin, Germany Kadoma, Japan
FAuStO (2004) Jido (2005) AMR (2007) Untitled (2008) Untitled (2008) Neobotix MM-KR16 (2008) Untitled (2009)
University of Verona LAAS-CRNS Robotics & Automation From Hannover Fair 08 Rabotic intelligence Lab, GPS GmbH Center for Robotics
Verona, ltaly Toulouse, France Central Mechanical Hannover, Germany Jaume | University Department of Robotics and Intelligent Machines
Engineering Research Institute Castelion de la Plana, Spain  Gerlingen, Germany — Geogia Institute of Technology

Durgapur, India

Atlanta, Georgia, USA

Untitled (2004) Necbotix MM-500 (2006) RobuTER/ULM (2008) UMan (2008) KUKA OmniMove (2009)  “Littie Helper” (2009) The SDU Mobile
De of

School of Automation GPS GmbH Advanced Technalogies Robotics and Biology Laboratory KUKA R&D (2010)
and Electric Engineering Department of Robotics Devefopment Centre  Department of Computer Science  Augsburg, Germany Aalborg University University of Southern
Tianjin University Gerlingen, Germany Algiers, Algenia University of Massachusetts Aalborg, Denmark Denmark
Tianjin, China Amherst, Massachusetts, USA

Figure 2.5: Timeline of mobile manipulator development. (Photo courtesy of MTECH,
Aalborg University, Denmark [Bogh et al., 2011])
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2.1. General overview of Mobile manipulators
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2.2 Stability of mobile manipulators

In general, most of the mobile manipulators used in industry have a high base to ma-
nipulator ratio of mass. Thus, carrying a payload and maneuvering does not require
consideration of tip-over phenomenon. However, there are number of applications (con-
struction industry, spatial drilling etc.) where need of manipulator with low base to
manipulator mass ratio can arise due to constraints on mass and dimensions of the base
imparted by the working environment. Contrary to the heavy base mobile manipula-
tors, use of top-heavy ones presents a distinct challenge of ‘stability management” while
carrying out intended tasks. Poor handling of the issue may seriously affect overall
performance resulting in . Apart from being a constraint, stability can also compro-
mise  quality and safety of operation” putting the entire system and its surrounding in
jeopardy. Hence, to ensure safe and productive functioning, it is necessary to integrate
stability into task planning and control.

For mobile robots in general, including wheeled and legged ones, numerous at-
tempts to accurately evaluate stability can be seen through the literature. A condition
to determine the state of stability or instability is called a criterion, while a quantitative
measure of stability is termed as margin. Review of static and dynamic margins was
presented in [Armada et al., 2002]. In [Mahdi and Nestinger, 2012], based on stability
metric, criteria were further classified into five types namely: distance, angle, force, mo-
ment and energy. This classification is adapted for presenting state of the art through
following sections.

2.2.1 Distance based criteria

Distance based criteria use minimum distance between projection of center of gravity
on the support polygon (CG) acting on the CG and an edge of the support polygon to
define instantaneous stability. In [McGhee and Frank, 1968] and [Mcghee and Iswandhi,
1979] a static stability criterion based on the centre of gravity (C.G) was proposed. The
claim was, a vehicle (wheeled or legged) is statically stable if ‘the projection of its centre of
mass lies within the supporting polygon’. Support polygon of the footprint of the robot was
defined as a convex polygon formed by connecting ground-wheel contact points.

‘. ‘.’CG‘.

©Centre of gravity
. (co)

Support Projection of
polygon S12 Projection of CG
CG
Figure 2.6: Statically stable pose Figure 2.7: Statically unstable pose

Figures 2.6 and 2.7 respectively show statically stable and unstable poses of the
mobile manipulator. Rectangular support polygon of the mobile manipulator defined
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by points 511512821822.

[Sreenivasan, 1994] proposed a distance based dynamic stability margin (figure 2.8).
It projected the dynamic force F, applied on the center of gravity CG of the robot to the
ground and measured the distance d between line of action of the force and a parallel
line passing thorough ground contact point. But this margin had a limitation of not
being able to handle dynamic toques applied on the mobile platform.

Figure 2.8: Distance based dynamic stability margin [Sreenivasan, 1994]

[Davidson and Schweitzer, 1990] proposed a static stability margin for four legged
robots. In this method, external forces, force from a tethering cable-winch and inertial
force were included in quasi-static manner as a wrench. Possible rotation of the vehicle
around the axis defined by each edge of the support polygon is defined as a twist of
zero pitch. Virtual power generated by resultant wrench and zero-pitch virtual twist
was determined for all edges of the support polygon. Negative value of the virtual
power was identified as a condition of instability. Minimum magnitude of this power
was used as a value for stability margin.

2.2.2 Angle based criteria

In [Diaz-Calderon and Kelly, 2005], subtended angle (8) between normal of the i*" tip-
over axis and i'" resultant force is considered as a measure of stability about i tip-over
axis. Minimum of all such angles calculated for respective axes is the stability margin
of the entire system.

6 = min(6;) (2.1a)

6 > 0 — stable; 6 =0 — marginally stable; 6 <0 — unstable (2.1b)

Another tip over stability margin called force-angle stability measure (FASM) was
proposed in [Papadopoulus and Rey, 1996]. The claim was easy calculation and sensi-
tivity to top-heaviness. According to author- ‘force-angle stability measure is based on
the computation of minimum of the angle between the net force vector and each of the tipover
axis normal (figure 2.9).

B = 0.ldil |1 f+]] (22)

Critical tipover instability occurs when B goes to zero, i.e., any 6; becomes zero, or
either of ||d;|| or the force f, become zero.
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v/

Figure 2.9: Concept of force angle stability margin [Papadopoulus and Rey, 1996]

2.2.3 Energy based criteria

[Messuri and Klein, 1985] proposed energy stability margin (ESM) as an improvement
to the static stability margin. Energy stability level associated with a particular edge of
a support polygon is equal to the mechanical work required to rotate body centre of
gravity about an edge to a position where the vertical projection of CG lies along that
edge of the support polygon (to the verge of instability). The energy stability margin
is equal to the minimum of the energy stability levels associated of all the edges of the

support polygon.
ng
Sesm = min(mgh;) (2.3)

‘i" is a vertex of the support polygon which form a rotational axis with i + 1, n; is the
number of supporting legs and #; is the elevation of CG during the tipover moment.

Vertical
. plane

Equilibrium
plane —

Figure 2.10: Equilibrium plane corresponding to the tipover edge
[Ghasempoor and Sepehri, 1995], [Hirose et al., 2001]

[Ghasempoor and Sepehri, 1995] extended ESM for mobile manipulators by includ-
ing other factors affecting stability - vehicle top-heaviness, uneven terrain conditions,
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Equilibrium
plane
Mg

Mobile manipulator
system

Centre of gravity

(cc)
Support
\
Projection of poygon
(CG)

Tip-over

edge

Figure 2.11: Hypothetical tipover of the robotic system

external forces arising from the manipulation of payload and inertial forces due to vehi-
cle motions. ESM is intended to monitor the tipover potential of mobile manipulators.
An equilibrium plane (715) associated with each edge of the support polygon was defined
such that, the plane contains center of gravity at the hypothetical tilted position of the
mobile manipulator system for which projection of center of gravity on pg is on the re-
spective edge. Figure 2.11 shows hypothetical tipover of the mobile robotic system. For
this state of tilt, projection of center of gravity lies on the edge S11-S». The equilibrium
plane denoted by 7 is thus defined to pass through edge S11-Sx> and center of gravity.

The energy stability level associated with each edge was defined as the mechanical
work required to rotate the system about respective edge till the centre of gravity lies
in the equilibrium plane. Minimum of all the energy levels was regarded as dynamic
energy stability margin (DESM). Energy associated with the supporting edge defined by
points (7)-(i + 1) was calculated as,

Energy Stability Level(l-liﬂ) = [W; — WZ](i,i+1); (2.4)

Here, W is work done by stabilizing weight force and W, is work done by destabi-
lizing forces and moments.

In [Hirose et al., 2001] normalized energy stability margin was proposed as the dif-
ference between the initial position of the center of gravity and its highest position in
the process of tumbling.

Sesm

ng min(h;) (2.5)

SNEsM =

Here, ns is number of edges of the support polygon, and #; is the elevation of height
of the CoM during tip-over. In Garcia and De Santos [2005] this concept was extended
to walking machines considering leg dynamic effect an a disturbance. It was stated that,
a walking machine is dynamically stable if every moment M; around the edge i of the
support polygon due to robot/ground forces moments is positive. Positive direction
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was the clockwise direction of the force around the support polygon. Energy stability
level for all the edges was calculated as a difference of potential and kinetic energy. Thus,
the normalised energy stability margin (Syrpsy) was defined as:

min(E;)
mg

SNEDSM = (2.6)

2.2.4 Moment based criteria

Dynamic stability margin was proposed in [Lin and Song, 1993] as the smallest of
all moments M; around the edges of the support polygon. This margin considered
robot/ground interaction forces and was normalized by the weight of the system.

e;. (FR X R + MR)
mg
[Yoneda and Hirose, 1996] presented tumble stability criterion and introduced counter-
force limit as an index to indicate manipulation capabilities. Concept of stability is
based on ability of virtually lost wheel-ground contact points to generate support force
required to suppress tumbling. Mathematical expression to calculate this margin is:

n
Spsm = min (2.7)
=

min | M. Pa=py) +p.(pbxm)
‘pﬂfpb‘ ‘paipb‘ (2.8)

mg
Here, M and F are net moment and force acting at CG, p, and p, are adjacent ground
contact points that define axis of rotation.

[Sugano et al., 1993] was one of the initial works to introduce ZMP (zero moment
point) as a stability criteria for mobile manipulators. It was identified that the stability
of a mobile manipulator is closely related to motion of the mobile base, posture and
motion of the on board manipulator and external forces on the end-effector. Based on
ZMP, two concepts named stability degree and valid stable region are proposed. The former
defined the stable limit while the later was used to discuss influence of disturbances in
the task environment.

In this paper, support polygon of the mobile manipulator system was called stable
region. A maximal stability curve (which is a straight line) was identified inside the sta-
ble region such that, stability is highest when ZMP lies on this curve. To ensure safety
of the mobile manipulator under the influence of external forces or environmental dis-
turbances, a valid stable region was defined such that, if ZMP lies within this region,
stability is ensured. i.e ZMP lies within stable region (support polygon) after being dis-
placed.

Tumble stability margin =

In [Moosavian and Alipour, 2006, 2007] Moment Height Tip-over Measure (MHS)
was proposed. This index was proved to be computationally less expensive than energy
and force based margins. The resultant of force and moments exerted by manipulator
on the mobile base was calculated. Then the moment of this resultant about corner
points of the support polygon was found. These moments were then projected on the
respective edges of the support polygon. To make the criterion sensitive for the height
of the COM, a multiplicative term k., was added to the MHS. In order to calculate
the MHS, requirements are: all joint angles, velocities and accelerations of on board
manipulator, linear and angular accelerations of mobile base, knowledge of external
forces and torques exerted on the system.
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Stablest place

\
\ df (ZMP)
/ df (ZMP)
/ N
Stable region Valid stable
region

Figure 2.12: Concept of stable and valid stable region [Sugano et al., 1993]

MHS measure « is computed in 2.9,
a =min(a;) i={1,2734.} (2.9)
1
Here, &; denotes dynamic MHS measure about i edge which is given as,

a; = (I;)"M; (2.10)

Here, I; is the moment of inertia of mobile base about " axis, M; is moment about
i" axis and o = 1 if M; > 0 else -1.

[Roan et al., 2010] presented a real-world validation of three tipover algorithms: Zero-
Moment point (ZMP), Force-Angle stability measure (FA) and Moment-Height Stability
(MHS). A scoring scheme was implemented to record value of criteria at actual time
of tipover, to record lag/lead of criteria and to count false positives. FA and MHS are
found to be quite identical except for negative values.

[Lee et al., 2009] proposed concept of a modified zero moment point for evaluating
tip-over of mobile robots over uneven terrain. The turnover stability index for linear
acceleration and rotational velocity are defined with the modified ZMP. The turnover
stability space (TSS) with turnover stability indices is presented to control the mobile
robot in order to avoid turnover effectively.

2.2.5 Force based criteria

[Mahdi and Nestinger, 2012] proposed a foot force criterion as an attempt to provide a
quantitative measure to determine how far away the robot is from either instability or
from maximum stable pose. Mathematically foot force stability criterion is expressed as

FFSM = flfj(nf 0< FFSM < 1 (2.11)
Here, n is the number of supporting legs with strictly positive foot force, f; is the mag-
nitude of i normal foot force and f = 1Y/, f;. Important feature of the stability
margins that are based on foot forces is all the effects of gravity, external forces, inertial

forces and disturbances are reflected in in foot forces [Papadopoulos and Poulakakis,
2000].
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Figure 2.14: Schematic of general n-legged robot [Mahdi and Nestinger, 2012]

Figure 2.13 presents cross-sections of four different mobile bases with different as-
pect ratios. Considering lateral disturbances, these systems differ in terms of tip-over
potential: Figure 2.13a) has the highest while 2.13d) has the lowest geometric tip-over
potential. Depending on the magnitude of the force F, the potential changes for all
cases. This is defined as a sensitivity to top-heaviness.

Modified foot force stability margin is given by following equation:

mrEsm = Fesm, B 2.12
Here, j = 1 if projection of CG is inside support polygon else, 1. h; is height of the
CG with respect to tip over axis and P; is tip-over axis normal as shown in figure 2.14.
[Ding et al., 2019] presented an improved tip-over moment stability criterion taking
into account wheel-ground and vehicle-manipulator interaction. Based on this criterion
a real-time tip-over avoidance algorithm was proposed to minimize the tip-over moment
transfer. It used two sets of corrective actions: adjusting the posture of the onboard
manipulator or changing the running velocity of the vehicle.
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2.3 Related research

Stability margins discussed in previous sections have formed a basis for research and
development of top-heavy mobile manipulators. Several research works incorporating
dynamic stability analysis of dynamic capabilities, algorithms for planning and control
models are presented below.

2.3.1 Dynamic modeling and stability analysis

[Lin and Song, 1993] derived a dynamic model to study stability and energy efficiency of
a quadrupedal walking machine. To perform dynamic stability analysis, the margin of
stability used was the ‘minimum resultant moment along boundaries of the supporting polygon
normalized by the weight’. Concept of specific resistance, defined as ratio of input power
to the weight times velocity of the system, was used to determine energy efficiency.
Stability analysis of the internal dynamics of mobile robot was demonstrated in [Yun
and Yamamoto, 1997]. Authors claimed that since control model of the mobile manip-
ulators doesn’t include internal dynamics, its stability properties are neglected. Using
Lyapunov function, it was shown that the internal dynamics of a two-wheel differential-
drive mobile robot are unstable when commanded to move backwards.

In [Abo-Shanab and Sepehri, 2001], a method to analyze stability of the mobile plat-
forms was proposed. This study considered no impact and impact phase of the mobile
manipulator to assess stability. Dynamic model for both the cases were developed in
order to separately analyze the behavior of the mobile manipulator. An equation to
compute change in the joint velocities of the manipulator after impact with the ground
was calculated. This model helped in predicting tip-over behavior of the base.

[Hatano and Obara, 2003] presented a new method for stability evaluation and a sta-
bilization control based on reaction forces. Equations of motion were derived for three
conditions namely: both edge contact, front or rear edge contact and the unconstrained
model. Conditions for stable and unstable poses based on ground reaction forces were
proposed. The control strategy proposed used a compensatory motion of the arm to
regain the stability of the manipulator from a transition phase.

[Abo-Shanab and Sepehri, 2005] considered friction efforts while building dynamic
modeling of the tip-over stability. They showed that, not considering friction efforts un-
derestimates stability. Later, effect of variation of wheel-ground friction efforts on the
dynamic tip over stability was studied. [Meghdari et al., 2006] developed an approach
for achieving optimal stability using redundancy. Position, angular velocity and angular
acceleration of the redundant link was formulated while end-effector and base trajec-
tories were performed. Optimization problem was solved by the method of Genetic
Algorithm (GA) such that ground reaction forces on wheels of the base are equalized.

Analysis of rollover stability margin was performed in [Peters and lagnemma, 2006]
for accuracy. They showed that factors like sensor placement, wheel dynamics and
position estimation error of CG have significant effect on stability. [Lenain et al., 2007]
made the dynamic analysis of an ATV (all terrain vehicle). Multibody model of a quad
bike was made in ADAMS software. It was shown that sliding increased the dynamic
stability of the ATVs. [Norouzi et al., 2013] demonstrated a statistical approach for
uncertain stability analysis of mobile robots. Probability density function was assigned
to the contact-points. Force angle stability margin and CG criteria were evaluated.

[Moosavian et al., 2007] proposed dynamics modeling of suspended wheeled mobile
robots with multiple arms for tip-over stability. A general systematic process for de-
veloping dynamic model was presented based on Newton-Euler recursive formulation.
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This approach was capable of determining the reaction wrench between the arm/dual
arms and the mobile base. Authors also developed another dynamic model in ADAMS
software to validate the analytical model. Later, the dynamic tip-over Moment Height
Stability (MHS) measure was modified for suspended wheel. Effect of base compliance
on the stability was studied by presenting simulations of two cases. It was shown that,
low stiffness coefficient yields into low stability of the system.

In [Alipour et al., 2014] a real-time intelligent tip-over algorithm was proposed by
taking into consideration, arm-base dynamic interactions. Moment height stability mar-
gin (MHS) was used to predict the tip-over. Once identified, tip-over prevention algo-
rithm was activated to improve stability of the system. To achieve this, efficient system
variable and their effect on system stability was determined through the concept of
Stability Margin Metric Increment Function (SMMIF) as:

n n n
Al =) ko (Ag;) + Y kg (AG) + Yk (AG) (2.13)

i= i= i=
where, & in normalized MHS and g = [q1,92, ..., qn]T is vector of system generalized
coordinates.

A fuzzy logic planner was then implemented to identify a primary motion variable.
This motion variable was then given as a feedback into the robot controller as a new
reference signal to be tracked. This approach was compared with the one presented in
[Rey and Papadopoulos, 1997] and shown to be more efficient.

[Alipour et al., 2017] investigated capability of wheeled mobile manipulators for
carrying heavy objects under the constraint of dynamic stability. Maximum mass ma-
nipulation problem was formulated in the form of Bolza problem of optimal control.

Figure 2.15: Mobile manipulator used for fuselage riveting [Guo et al., 2017]

[Guo et al., 2017] presented a method for tip-Over stability analysis of a wheeled
mobile manipulator where Newton-Euler recursive formulation was applied to formu-
late reaction forces and moments exerted onto the mobile platform. Tip-over moment
(TOM) criteria was derived to judge stability of the system. To compute this criterion,
moment generated by the wrench vector (consisting of moments and forces on each joint
of the manipulator) and gravity vector were computed along all tip-over axes, defined
by any pair of two successive wheel-ground contact points. The maximum of all the mo-
ments was taken as the critical value which if comes out to be positive indicates tip-over.
To perform stability analysis, three cases of force, one case of static loading condition
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and two other cases including inertial forces generated due to motion of the arm were
studied.

2.3.2 Motion planning and control

This section mainly focuses on the literature about motion planning, considering stabil-
ity as a constraint while exploiting redundancy of the system to achieve the task.

In [Dubowsky and Vance, 1989], a planning method was proposed to permit efficient
manipulator tasks whilenot compromising the dynamic stability of the overall system.
This method incorporated constraints of forces and moments acting on the mobile base
as well as constraints of joint actuators to plan manipulator motion such that the sys-
tem is not destabilized. A path planning problem for a mobile manipulator performing
sequence of tasks specified by locations and minimum force capabilities was studied in
[Zhao et al., 1992]. Optimal sequencing of base positions and manipulator configura-
tions was achieved through genetic algorithm. [Yamamoto and Yun, 1994] presented
planning and control algorithm for coordinating locomotion and manipulation of the
mobile manipulator. For energy efficient task execution and accuracy in end-effector
positioning, platform must have a configuration that allows to achieve desired manipu-
lability.

[Huang et al., 1994] demonstrated stability control using a potential field method.
ZMP path planning was implemented to increase the degree of stability though con-
cepts of goal state and prohibitive state. This included computing ZMP trajectory during
vehicle motion, finding corrected ZMP trajectory for stability recovery using potential
method and executing compensatory motion to recover the stability. This work was
continued in [Huang et al., 1998] where stability compensation through static posture
change was proposed. The feasibility of the mobile manipulator to compensate sta-
bility was studied and motion was planned using redundancy in the system. [Foulon
et al., 1999] demonstrated a method of coordinating mobility and manipulation for non-
holomic mobile manipulators executing complex tasks. A unified approach to motion
control was developed by [Seraji, 1998]. Non-holonomy of the base and kinematic re-
dundancy were treated in uniform manner to formulate task constraints. [Yamamoto
and Yun, 1999] derived a kinematic and dynamic task space ellipsoids taking into ac-
count mobility and manipulation. Task execution was visualized through contribution
of manipulator mobility and arm manipulability using these ellipsoids.

[Huang et al., 2000] studied motion of the mobile manipulator having small-sized
platform. Manipulability and stability were simultaneously considered while coordi-
nating vehicle and manipulator motions. This paper presented a concept of valid stable
region to evaluate stability in the presence of disturbances followed by a method of
planning motion of the mobile base.

Valid stable region was computed using following equations:

_ Yl 5By — SyEy
Y mi(Zi+g) — Xy Eyj (2.14a)

Yita SzjFyj — SyiE
) > - 2.14b
f(y P) Yiami(Zi+g) — Y, F; ( )

where ‘j* represents force applied on the system, (S.j, Syj, S;;j) denote coordinates of
the point of application of force.
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Figure 2.16: Concept of stable and valid stable region [Huang et al., 2000]

Similar to the concept in [Sugano et al., 1993], if ZMP lies in the green region-valid
stable region, mobile manipulator will not tip-over due to disturbances and vice a versa.
Thus is the region of dynamic stability. Here, red colored rectangle is the support
polygon of the mobile base which also guarantees static stability.

A platform independent control approach for mobile manipulation and coordinated
trajectory following was proposed in [Egerstedt and Hu, 2000]. While planning path of
the end-effector, path of the base was planned in order to keep manipulability feasible.
[Nagatani et al., 2002] proposed that implementation of a unified controller (locomo-
tion and manipulation) was difficult due to difference in the characteristics of actuators.
Thus, two controllers are kept separate and a coordinated motion is planned through
their communication. The approach was to control the desired manipulability by ad-
justing the base pose. [Kim et al., 2002] proposed that offline planning is inefficient in
overcoming disturbances and unexpected situations, hence highlighting the need of ro-
bust online approach. ZMP was derived using iterative Newton-Euler method to make it
computationally efficient. Method of null-space control of redundant manipulators was
used for implementing unified control approach. [Furuno et al.,, 2003] demonstrated
trajectory planning with stability considerations using ZMP as a criterion. Trajectory
planning problem was formulated as an optimal control problem. It was solved using a
hierarchical gradient method which synthesizes the gradient function in a hierarchical
manner based on the order of priority.

[Bayle et al., 2003] extended concept of manipulability of fixed based manipulators
to the wheeled mobile manipulator. Initially, a generalized instantaneous kinematic config-
uration model (IKCM) of the mobile manipulator was derived. Then after an operational
motion planning problem was defined to derive mobility control equation. Redundancy
of the system was exploited to achieve internal motion by optimizing mobile manipu-
lator manipulability measure which can be further useful for optimal positioning of the
robotic arm, design of the system etc.

Optimization based path planning was developed in [Berenson et al., 2008] for pick
and place tasks. Co-evolutionary algorithm was used to find optimal robot configura-
tions. A path from initial to goal state was planned using rapidly-exploring random
trees (RRTs). [Alipour and Moosavian, 2015] proposed a motion planning for heavy ob-
ject manipulation considering dynamic stability. An initial and final pose of the payload
with respect to the base and respective configurations of the arm were selected. This arm
motion was planned by solving inverse kinematics and without considering stability of
the system. Motion of the base was then planned to fulfill stability requirements.
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2.3.3 Optimal positioning

This deals with finding a suitable placement for mobile base so as to result in safe and
efficient task operation.

[Seraji, 1994] addressed the problem of base placement for mobile robots using reach-
ability analysis. The goal was to automate base placement relieving operator from a
tedious and repetitive process. A geometric solution was proposed to reach a vertical
line, a square and a cube shape and was validated by two experimental studies: surface
scanning and reaching inside an opening. In [Chen and Zalzala, 1997], multi-criteria
motion planning was demonstrated using genetic algorithm approach. For position and
configuration optimization constraints used were: least torque norm, manipulability,
torque distribution and obstacle avoidance.

A new approach for optimal base placement and motion planning was proposed by
[Du et al., 2012] using improved rapidly-exploring random tree (RRT) algorithm. Rela-
tive manipulability index (RMI) was proposed for this purpose, which was maximized
based on joint self-motion using redundancy. Global manipulability map was plotted
to analyze capabilities in the workspace. [Dharmawan et al., 2016] used expanded La-
grangian homotopy for simultaneous base placement and motion planning. Constrained
optimization problem was formulated based on manipulability and kinematics which
was soled by Newton-Raphson method.

Conclusions

This chapter presents literature review in the context of the topic of this dissertation,
that is, ‘the use of mobile manipulator for asbestos removal operation’. Important con-
clusions coming out of the review work are presented below.

In the literature, dynamic modeling of mobile manipulator system was mostly per-
formed numerically. Various models took into account redundancies of the mobile ma-
nipulator system, elements like suspension system, internal dynamics in the system etc.
Numerical models used Newton-Euler recursive method to compute join-velocities and
joint accelerations. Factors like frictional force between wall-ground contact and wheel
stiffness were also addressed to investigate their effect on the stability. This provided a
detailed knowledge on the essential aspects to consider while developing the dynamic
model.

A the application of asbestos removal demands mobile manipulator to operate dy-
namically, an appropriate stability margin must be integrated within the dynamic model.
Review of stability margins is performed through the classification based on the param-
eter (distance, angle and energy) used to evaluated the margin. Some works evaluated
accuracy and efficiency of margins to determine suitability in online planning applica-
tions. Approaches like defining valid stable regions, and statistical method for incorpo-
rating errors in CG estimation attempted to deal with uncertainties and disturbances.
Asbestos removal requires robust stability margin that can also be used in the plan-
ning and control loop. After carefully reviewing stability margins, ZMP (zero moment
point) is found as a suitable choice for the application under study. Zero moment point
considers inertia forces, height of center of masses of the individual and capability of
incorporating external forces. ZMP can also represent static margin if acceleration terms
are zero. Thus, it will be used as a stability margin in this work.

To achieve efficient operation of the mobile manipulator, optimal motion of the arm
as well as positioning of the base is necessary. Such problems were solved under con-
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straints of joint torques, stability, obstacle avoidance. Control of mobile robots and walk-
ing machines for stability involved techniques like compensatory motion of the arm or
base using redundancy, real time control using potential field, optimization of stability
to determine amount of load to be carried out etc. To solve optimization problem meth-
ods like genetic algorithm, hierarchical gradient function, co-evolutionary algorithm etc.
were used. Offline planning was suggested to be inefficient and hence online path plan-
ning was implemented using stability margins, fuzzy logic controllers and Lagrangian
homotopy.
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Selection of suitable arm kinematics
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THis chapter presents a methodology for structural selection of the arm kinematics to
be integrated with the robotic unit. The challenge in satisfying these requirements
is overcoming constraints imposed by the interaction of the system with real world.
All such requirements and constraints are taken into account for the synthesis of the
arm architecture and dimensions. Workspace of the kinematics is analyzed to show the
effectiveness of the methodology.
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3.1 Asbestos removal use case

This section presents general process of asbestos removal and expectations from the
robotic with customer’s point of view. As described earlier, the robotic system is in-
tended to be used in real world rehabilitation sites. Thus, an appropriate understanding
of the cleaning environment as well as the restrictions put by the environment on the
design of the robotic system is necessary.

3.1.1 Cleaning environment

The real world rehabilitation sites consists of rooms and corridors. Wall, ceiling, skirting
and ground are the types of surfaces (figure 3.1) that must be cleaned. This order corre-
sponds to the amount of area constituted by the surfaces in the cleaning environment.
The ceiling has a height between 2.1 m and 3 m. The wall can have leaning angle of 0°-
45° with the ground and radius between 1.5m and 2.5m.

3.1.2 Grinding process

Process of asbestos removal will be performed by grinding operation. This involves re-
moving mixtures like plastering, spattling compound, glue and paint. Thus, the robotic
system must be equipped with a suitable tool capable of performing the removal oper-
ation at a desired rate.

_/Ceﬂ'ing

3

Wall

|| Reachability

Floor

® Automated Removal of
Asbestos Contamination

Figure 3.1: Requirements of Asbestos removal Process [Bots2ReC, 2016]

3.1.3 Safety

In order to ensure safe operation, the robotic system must be stable (statically and dy-
namically) while performing removal operation. Collision avoidance is another critical
aspect of the safety process. Collisions are of several types: arm-environment, arm-
mobile base, mobile base-environment.

The environment to be cleaned is secluded in order to avoid asbestos contamination
being spit in outside atmosphere. While cleaning wall and ceiling surface, ground must
be protected by plastic foil.
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1. Robot-Robot Collision
2. Robot-Environment Collision

Figure 3.2: Requirements of Asbestos removal Process [Bots2ReC, 2016]

3.1.4 Navigation

Since rehabilitation sites can be located at higher stories, robotic unit would be carried
through lifts to reach the targeted cleaning location. Thus, robotic unit must be able
to fit within the dimensions of the lift. Reformulation : The robotic unit can also have
maneuvering problems in narrow corridors. Consequently, it needs to have compact
dimensions. Entry of the robotic unit into the cleaning site is facilitated through doors
of dimension (80cm x 100cm) and robotic unit must fit through this.

3.1.5 Productivity

One of the main objectives of Bots2ReC project is to have a cleaning productivity better
than that achieved by the human operators. Since the robotic system can work relent-
lessly, the target while designing the automatized operational process is to have a system
that can do the job in the shortest possible time. Thus, to have optimal grinding speed
design of the system must be robust.

3.2 Structural synthesis method

This section presents a methodology for synthesis of a suitable arm kinematics that was
adapted from [Fauroux, 2015]. Figure 3.4 shows a the flowchart of the synthesis process
that is explained below.

— Complete design space: It is the complete design space of ‘n” dimensions pre-
sented by a sphere (top-left corner of figure 3.4) where the principal axes the space
are features. The complete product is defined in this space, that is complex to
represent.

— Simplified design space: The simplified design space has ‘s’ dimensions such that
s < n. In this space is defined a simplified representation of the product called
"product skeleton" and integrating its main features.
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(a) Narrow corridors inside  (b) Limited dimensions of
the site lift

(c) Curved narrow corridor

Figure 3.3: Critical points inside rehabilitation sites

— Design Rules: Denoted by DR;, they are abstract description of the expected be-

havior of the product. Specifications extracted from the requirements also a con-
stitute pool of design rules. They serve as a starting point for reasoning. Design
rules are created from inferences from premises supposed to be true. They can
be inferred from external statements (denoted by ST;) or even from other design
rules. External information source, such as the knowledge-base or the experience
of specialist design can contribute additional design rules (denoted DRY;) useful
for the synthesis process. Design rules can lead to multiple choices out of which
designer can select one based on simplicity or intuition. In case of dead-end, the
method permits roll back to a suitable branching.

Skeleton features: As design rules become explicit after certain level of inferenc-
ing, they can be embodied into skeleton features (denoted by FS;). Skeleton fea-
tures are general features of the skeleton that can be declined into more detailed
product features when going back to the complete design space. For example, if
a skeleton feature FS; consists in using a wheel, the detailed product features F;
to be defined when going back to the complete design space could be the wheel
dimensions (rim diameter, wheel diameter, tire width), tire material, tire sculpture
shape, reinforcement armature geometry, etc. This example also shows that pre-
liminary synthesis must focus on a limited set of main features in order to keep a
clear view of the objective. This is why a product skeleton is so useful.
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Table 3.1: General requirements of asbestos removal use case
Type of . . .
. Requirement name Requirement formulation
requirement
Type of surfaces The surface to clean is a part of
Environment (REQ_Surf) wall or ceiling or skirting-ground

Reach (REQ_Reach)

The ceiling height is between 2.1 m
and 3m, wall leaning angle is
0°/90° with the ground and wall
radius is between 1.5m and 2.5m
(e.g spiral staircase walls)

Grinding process

Material (REQ_mat)

Ceramic tiles, glue and mixtures
like plastering, spattling compound
and paint

Operation (REQ_op)

Grinding or scarification process
will be used.

Stability (REQ_stab)

Static and dynamic stability is
maintained within permissible

Safety limit.
Operation of the robotic unit is free
Collision avoidance from collisions: Arm-Environment,
(REQ_noncollision) Arm-Mobile base, Mobile
base-Environment
Contamination Robotic unit must operate on
avoidance (REQ_cont) ground protection plastic of
- thickness 150 ym without tearing
Transoort through Robotic unit must fit into the
cleva tofs (REQ elge vt elevator of dimensions
Navigation 1mx0.8mx2m
Entrv into sites Robotic unit must fit through an
(REyQ entry) entrance of dimensions
-y 1mx0.7mx1.8m
Wiﬁ?;f ;nfaiﬁérxng Robotic unit must be able to
co%ri dors operate and navigate through
(REQ_corridor) corridors of 0.7 m in width
Optimal grinding Robotic arm must operate at
Productivity parameters optimal feed, translational velocity

(REQ_param)

etc.
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3.3 Design rules

In order to satisfy each general requirement posed by the process of asbestos removal
we generate a design rule. Design rules are constraints taken from engineering practices
(know-how) or inferred from requirements. Table 3.1 summarizes general requirements
and set of technical specifications.

— Degrees of freedom: DR_DoF
Depending on the type of surfaces that are identified, task environment of asbestos
cleaning is 5-dof in nature. Thus, to access all surfaces, the robotic arm must
be able to provide 5-degrees of freedom which are three translations and two
rotations (yaw and pitch).

— Reachability: DR_Reach:
To reach the ceiling height as well as ground and skirting area, robotic arm must
have suitable link lengths. This is achieved by dimensional synthesis that includes
reachability analysis.

— Grinding parametres DR_Param:
Materials to be ground require sufficient normal (upto 80N) grinding forces in
order to perform the operation effectively. Thus, robotic arm must be equipped
with suitable motors to generate a required tool force.

— Stability DR_stab:
To satisfy the requirement of stability, robotic unit must satisfy static and dynamic
stability margin throughout the process.

— Collision avoidance DR_non_collision
To achieve collision free safe operation dimensional synthesis of link lengths must
consider the constraint of self-collisions as well as well as collision with environ-
ment.

— Mass: DR_Mass
Overall mass of the robotic unit is constrained by weight limit of the elevators
as well as pressure handling capacity of the plastic sheets used to avoid ground
surface from getting contaminated.

— Navigation: DR_Nav
Robotic unit must follow dimensions of the entry points (doors) and other entry
points like elevators.

— Productivity: DR_Continuous_Trajectory In order to ensure uninterrupted operation,
a robotic arm must be able to execute continuous trajectories while performing
grinding operation.

3.3.1 Design Features

Table 3.2 presents design rules inferred from requirements and design features to satisfy
those design rules.

— DF_Kinem: To achieve the required degrees of freedom identified by DR_DoF, a
suitable kinematics e.g classical anthropomorphic arm, must be adopted.
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— DF_LinkLengths: To reach the required ceiling height, dimensional synthesis of the
arm must include reachability analysis of the ceiling as suggested by DR_Reach.
However, DR_Stab and DR_NonCollision tend to put restrictions on the link lengths.
For constraints, shorter the link lengths, better the stability and collision avoidance.
DR_Param identifies relation between link lengths and torques. With larger link
lengths, torque requirements are higher. Thus, DF_LinkLength is associated with
4 design rules - DR_Reach, DR_Stab, DR_NonCollision and DR_Param.

— DF_Dim: Overall dimensions of the robotic unit must comply with the constraints
put by DR_Dim on the length<(0.8 m), width<(0.6 m), and height (1.8 m).

3.3.2 Dimensional synthesis of the arm

For the dimensional synthesis of the robotic arm, a skeleton modeling approach is used
through which, links are represented by lines and joints are reduced to points and/or
motion axes [5,11]. Interactive geometric software (IGS) - Geogebra is used for this
purpose. Geogebra allows construction of 2D and 3D graphics using simple geometric
shapes. This feature is used to represent asbestos removal scenario.

Initial iteration

Using an existing commercial anthopomorphic arm with two segments doesn’t sat-
isfy the design rule DR_Mass was found because commercial arms+control box are
too heavy. Thus, an in-house arm synthesis is adopted. A classical anthropomorphic
kinematics ‘Base-Shoulder-Elbow-wrist’ is chosen for an initial assessment of asbestos
removal use case.

g Base and

Afrm _~* Shoulder

Mounting

Figure 3.5: Geogebra model of the robotic unit

Base placement is the distance of the Robotic unit frame from the wall.

Base placement and link lengths

It is evident that base placement and link lengths are in direct relation. Thus, the fol-
lowing Design Rules will be used for converging to proper dimensions :
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Table 3.2:

Generation of design rules from design requirements

General
requirement

Design rule

Design feature satisfying
the design rule

Type of surfaces

Degrees of freedom: Enough
degrees of freedom are required

Kinematic architecture
that generates 3
translations and 2

DR_Reach

REQ_Surf reach aimed surfaces .
Q- rotations of the
DR_DoF
end-effector
Reachability: Sufficient link . . .
s L Dimensional synthesis
Geometry lengths to reach ceiling height in . s
. . ; considering reachability

REQ_Reach non-singular configuration

analysis

Asbestos removal

Grinding parameters: Apply
enough cutting wrench (Normal

Motors to generate joint

DR_NonCollision

frocess | and latera fore, euting (046, | 4orques (addton of mas)
DR_Param
Stabili Stability margin: Satisfy stability Short link lengths for
tability . . . o
REQ_Stab margins for entire operation better stab.lhty
DR_Stab (Constraint)
Collision constraint: Link
Collision lengths must be designed for Short link lengths for
avoidance avoiding self collisions as well as | better collision avoidance
REQ_Noncollision with environment (Constraint)

Contamination
avoidance
REQ_Contm

Mass pressure: To protect plastic
sheets from getting damaged,
mass pressure at the ground
should be < 300 kg /m?
DR_Mass

Less overall mass for
protecting plastic
(Constraint)

Navigation
REQ_Nav

Respect dimensions of elavators,
doors and narrow corridors
DR_Dim

Compact overall
dimensions (Width <0.6
m, Length <0.8 m, Height
<1.8 m) (Constraint)

Productivity
REQ_Prod

Cleaning time: Robotic unit
must perform the task in
minimum possible time
DR_time

Continuous trajectory
with optimal feed and
acceleration.

* DR_Link_Dynam: Dyanmic effects in the link We set down four new design rules
to establish the relation between link lengths, mass, inertia and torque:

— DR_Length_Mass: Longer link lengths add more mass in the system. Thus,
joint torque required are higher which also adds mass of the motors used.

— DR_Length_Inertia: Longer link lengths increase overall dimensions of the

robotic unit and may exceed the criteria of being able to fold within maximum
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Figure 3.6: Mounting of the robotic arm at a mid distance

dimensions.

— Inertia_Torque: Moving a link with higher inertia require an actuator with
higher torque.

— DR_Torque_Mass: An actuator with higher torque will have a higher mass.

* DR_Link_Length: link length must be long enough to reach the ceiling (from
REQ_Reach) and not too long so that the robot remains compact when folded
(from REQ_Entry and REQ_Non_collision)

* DR_Stab: Stability is another constraint on link lengths. Longer link lengths may
provide larger workspace. However, stability of the robotic unit is compromised
due to overhanging of the links.

Thus, while performing dimensional synthesis, the attempt is to design shortest pos-
sible link lengths which provided a necessary reachability while satisfying constraints.

Preliminary Dimensional synthesis

Figure 3.7 shows robotic unit placed laterally in front of (A). Links B} and L, T are the
principal links contributing to reachability. Figure 3.7.b shows intersection of the 3D-
workspace (W) with the wall. This intersection is the circle ‘(C)’. Plane (7) is a lateral
plane passing through points A and T. It is this plane where, elbow of the robotic arm
has maximum chance of colliding with the wall since the base angle is 0°. If collisions of
the robotic arm are avoided in this plane, the arm doesn’t collide with the wall for any
other lateral position. Thus, reachability analysis can be then restricted to 2D (in plane
(7)) by fixing the base revolute joint. Ignoring one wrist joint, kinematics is reduced to
RRR i.e Shoulder-Elbow-Wrist pitch.

Moreover, narrow corridors is a critical factor affecting design of link lengths. Thus,
DR_Narrow_Corridor must be satisfied. Considering the most critical case, dimensional
synthesis is performed for cleaning inside narrow corridors.

Mounting of the Robotic arm

DR_Mass puts a constraint on the overall mass of the robotic unit. Combining this with
DR_Reach, base mounting can be done at the mid distance between the ground and the
ceiling.

* DR_Mid_Dist: The arm base should be located at mid-distance between the ground
and ceiling and with a reach superior or equal to this mid-distance.

Locating the arm base at mid-distance between ground and 3 m high ceiling and
provide arm ream superior to 1.5 m as shown in figure ??. A center position is chosen
on the top of the mobile base (pink box).

Arm analyses

A narrow corridor is represented in cross-section by the rectangle C;C,C3Cy4. The pa-
rameterization feature of Geogebra is used to move the base and adjust link lengths.



3.3. Design rules 47

Workspace } e
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/

(a) Lateral plane 7t passing through (b) Intersection of 3D workspace with cleaning
robotic unit wall

Figure 3.7: Arm link length design process
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Figure 3.8: Collisions while performing vertical trajectory in a corridor

Point B represents the base of the arm and is adjusted at 150 cm height with the Yp
slider, according to DR_Mid_Dist. By fixing the base B, circle (L;) that characterizes the
first link is (parameterized by slider Blj). For constructing the second link, the end-
effector point T is first fixed at a position on the wall represented by the Y-axis. Another
circle (Ly) that characterizes the length of second link is parameterized by slider I;T.
Two intersection points I; and I, are obtained that are the two possible elbow points.
Point I (elbow-up) configuration is chosen. A vertical trajectory is traced along line
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C1C; and intermediate positions of the arm are shown in Figure 3.8.a. It can be seen
that, for the choice of given link lengths, the issue of collisions of the elbow joint with
the wall as well as Link 1 with the mobile platform while performing vertical trajectory
are inevitable.

Figure 3.8.b proposes an alternate design of the mobile platform to avoid arm-
platform collision. In this design, the red box indicating ancillaries is mounted behind
the working plane of the arm and hence does not interfere within the workspace. How-
ever, arm-wall collisions can’t be avoided. Thus, DR_Non_collision is not satisfied.
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(a) First arm link BI_1 is chosen short enough (b) Second arm link I 1T is chosen short
to avoid wall-collision when horizontal enough to avoid wall-collision when horizontal

Figure 3.9: Arm link length design process in the (%) plane

New design rules

A solution to satisfy the design rule DR_non_collision is to infer the new following design
rules as follows:

* DR_Link_1: For avoiding collision, the link length of the first link must not exceed
the distance between the base position, B and the front wall. Thus, the input radius
for circle L1 (which controls the link length L;) is given adjusted to make link BL
not collide with the wall when it is perpendicular to the wall.

* DR_Link_2: Similarly, to avoid the collision of elbow with wall C,C3, a design rule
for second link can be obtained as: length of link 2 (I;T) should be less that the
width of the width of the corridor” as shown in figure 3.9.b

However, for link lengths obtained by following these two rules, it is impossible to
reach both ceiling and ground points by keeping the base position fixed (figure 3.10.
Another design rule can be generated to solve this issue.

* DR_Arm_Base_Motion: To achieve reachability, need of a vertical shift in the base
point B is identified. The arm can be fixed on the slider so that
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Figure 3.10: Reachability assessment with new link lengths

By adding an extra joint redundancy is introduced in the kinematics. Therefore, the
result is DR_non_collision is satisfied. This can be seen through figures 3.11. Vertical
displacement of the prismatic joints is shown by dotted trace of point B. In this case, the

arm base B elevates from 100cm to 180cm.
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Figure 3.11: Arm link length design process
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3.3.3 Workspace of the Robotic Unit

Intersection of the 3-Dimensional workspace of the arm with walls of the narrow cor-
ridor are shown in figure 3.12. Intersection circle of the wall and ceiling are different
due to the position of the prismatic joints not being at the equidistant from ceiling and
ground on the slider position.
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(a) Three arm positions to show accessibility to (b) Intersection of 3D workspace with wall,
front wall, lateral wall and the corner ceiling and ground

Figure 3.12: Arm link length design process

3.4 DH parameters of the robotic arm

Robotic arm to be integrated with mobile base has an architecture ‘P-6R’ i.e an anthro-
pomorphic ‘6R” arm mounted on a ‘vertical axis slider’.

P_1: Prismatic joint as a consequence of DR_Arm_Base_Motion

R_2: Allows to rotate the plane (7) with respect to the (A,z)

R_3: Completes the shoulder mobility

R_4: Elbow

R_5: R_6, R_7: Wrist R_6 and R_7 maintain the tool disk in the plane of the wall
when R_1 is actuated. The consortium chose a 3 DoF wrist.

Such architecture is redundant in terms of task requirement since in task space we
need 5 d.o.f and the architecture has 7 d.o.f in total. In Fig.3.13, XYZ is a global frame of
reference. Vertical axis of the slider is along ‘Z’-direction. Frames (i) are attached to each
joints as per modified DH conventions [Khalil, 2002]. Table 3.3 presents architecture of
the robotic arm in terms of modified Denavit-Hartenberg parameters.
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Table 3.3: MDH parameters

@) o 6 d o r
1 1 0 0 rh
2 0 g O 0 o1
3 0 g 01 2 09
4 0 g 06 0 0
5 0 g5 06 2 0
6 0 g 013 —Z 013
7 0 g O 0 0
*r1 =h=(05,18)m Figure 3.13: Visualization of the P-6R
architecture
Conclusions

In this chapter, a methodology of selecting a kinematic architecture is demonstrated. An
anthropomorphic arm structure is synthesized using inference of design rules and 2D
parametrized models in an Interactive Geometric Software (IGS). The synthesis method
is based on a loop of series of three stages:

* Inference of design rules that determine geometrical properties represented in sim-
plified models.

¢ The geometric model is simulated. If the design rule is seen to be violated (e.g.
collision, singularity...), a better restrictive design rule is inferred and the loop
continues.

¢ If violation of constraints can’t be avoided, a new kinematic architecture is adapted.

The workspace of the kinematics designed is sufficient and can perform a 3 m high
continuous trajectory while avoiding singularities. The width of the workspace is con-
strained in the narrow corridor scenario: the most critical pose is when the arm is
located on the lateral plane (BYZ) passing through the arm base point. As the RR arm
architecture generates too many collisions a redundant PRR kinematics was proposed.
Adding redundancy to the originally considered architecture was proved to generate a
better compact design avoiding collisions and allowing singularity-free continuous ver-
tical trajectories. This work proved the interest of combining design rule inference and
skeleton modelling using IGS in order to perform dimensional synthesis of an arm for
mobile manipulator. The design rules are helpful for converting requirements into geo-
metrical constraints. The IGS is powerful software for expressing design constraints in
the Cartesian space and exploring the design space through parametrization. The IGS
permitted to extract new design rules that allow local geometrical optimization of the
mechanism in the design space.
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Dynamic Modeling of the Robotic
Unit: Stability Evaluation
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Dynamic nature of the asbestos removal process generates the need of setting up

a simulation model for assessing behavior of the robotic unit while performing
removal operation. Primary objective of this assessment is stability evaluation of the
robotic unit to ensure safe and stable operation. In this context, the chapter presents
a methodology adapted to study dynamic behavior of the robotic unit. Initially, en-
vironment to be cleaned and its key components are presented. Thereafter, cleaning
scenarios arising due to the presence of different entities like wall, ceiling and ground
are analysed to identify reaction wrench and its effect on the stability of the robotic unit.
Finally, two methods of stability evaluation, numerical and co-simulation, are explained
in detail.
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4.1 Need of dynamic modeling

Process of asbestos removal involves dynamic interaction between cleaning environment
and robotic unit. This interaction occurs at two levels. Firstly, a grinding tool mounted
on the robotic arm interacts with the cleaning surface and generate reaction forces.
Secondly, wheels of the mobile base are subjected to ground reaction forces due to:

— weight of the robotic unit

- grinding forces (normal and tangential reaction forces, three reaction wrenches)

— inertia forces generated due to the motion of robotic arm and tool rotation

[ Dynamic Environment]

-
Ceiling
® Tool-Ceiling
o Reaction Force (T
=0 , Robotic Unit
L \ J \
E S Robotic Arm
83 Mobile base
4 R
Grinding Arm without Platform —
Wa" tool end-effector +
y o Wheels
Grinding and
Inertia Force
J
\ J
Tool-Ground Wheel Reaction Force
Reaction Force
Ground
"

Figure 4.1: Interaction model of asbestos removal use case

In figure 4.1 a typical interaction model existing within the process of asbestos re-
moval is detailed. Reaction forces generated by tool-surface interaction (ground, wall
and ceiling) are transmitted to the arm through tool-arm connection. Since, arm per-
forms accelerated motions, varying inertial forces are generated in addition to grinding
reaction forces. Connection of arm to the mobile base transmits these forces to the mo-
bile base which are further passed on to the ground surface through wheels. Due to
these transmissions, stability of the robotic unit is significantly affected. Therefore, in
order to study effects of arm motion and grinding reaction forces on the stability of
robotic unit, a dynamic simulation model capable of simulating realistic asbestos re-
moval scenario must be constructed.

For realistic simulation of the process, intended dynamic model should incorporate
following components:

¢ Cleaning environment consisting of elements like wall, ground and ceiling.

* Multi-body dynamic model of the robotic unit localized inside cleaning environ-
ment (with inertial parameters: mass, center of mass, inertia).

e Geometric and kinematic models (direct and inverse) of the robotic arm for motion
generation.
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¢ Tool-wall and wheel-ground contacts to simulate robot-environment dynamic in-
teraction.

¢ Control scheme to govern motion of the robotic arm.

¢ Formulation for dynamic stability of the robotic unit.

In the following sections, components of dynamic model are explained in detail.

4.2 Cleaning Environment

Cleaning environment is typically a rehabitation site located in a residency building.
The site consists of rooms like bedroom, office/study room, living room, kitchen, din-
ing room, front entrance, garden, laundry room, etc. They vary in terms of dimensions
(ceiling height, room width and length) as well as materials used for construction (resur-
facing concrete, plaster, bricks, tiles etc). However, one obvious commonality for all the
rooms is that the surfaces to clean can be on the ground, the walls or the ceiling.

4.3 Description of representative frames

To represent the environment as well as the robotic unit, coordinate frames are defined
for individual entities (figure 4.2). Here, we consider surfaces of the room are perfectly
planar and perpendicular to each other. Also, an important assumption for the place-
ment of the robotic unit through out the cleaning operation is to have length of the
robotic unit perpendicular to the wall. Let, w and h be the width and The frames con-
sist of three mutually perpendicular unit vectors. Detailed description of these frames
goes below:

Environment frame (F¢)

Environment mainly consists of three surfaces i.e wall, ceiling and ground. In most of
the cases where walls are planar (i.e without curvatures), these three surfaces can help
defining the global environment frame of reference. The origin of the frame is named
as Og. Position of O can be assumed at a convenient location e.g center of the room,
corner of the room etc. Axis xg is defined as normal to plane (Pg) point inside the
room. Then, axes xg and yg can be defined as mutually perpendicular axes that lie in
the ground plane P;. Axis Y is selected along the line of intersection of planes (Py)
and (P;) and its direction is shown in figure 4.2. According to general conventions,
XE = YE X Zg.

Ground frame (Fg)

Ground frame Fg is assumed to be oriented parallel the frame Fg¢. So the axis zg is
normal to the plane Pg. Position of the origin Og can be assumed at any convenient on
the plane P;. Here, assumption is that, the room is parallelepipedic in shape.

Ceiling frame (F¢)

Ceiling plane Pc is parallel to the ground plane Pg and is separated by height & and
located on the ceiling. Thus, orientation of the ceiling frame (F¢) is parallel to that of
the ground frame (Fg).
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Figure 4.2: Description of cleaning environment and frames

Wall frame (Fyy)

Origin of the front wall frame Oy is fixed on the wall surface. Z-axis zw is normal to
the wall plane Py. Axes xw and yw are mutually perpendicular and lie in plane Py.
Also, zw = xw X yw. Thus, w.r.t the frame F¢, zw is parallel to xg, xw is parallel to yg
and yw is parallel to xg.

Frame of the Robotic Unit (F3)

Frame of the robotic unit with origin Og is attached on the center of the top face of the
mobile base. Axes xg and ygr are directed along the length and the width of the mobile
base and are parallel to plane (P;). Thus on a flat standard ground, orientation of axis
zR is parallel to axis zg.

Frame of the support polygon (Fg)

Frame of the support polygon with origin Og is attached on the center of the support
polygon of the mobile base. Axes xg and yg are directed along the length and the width
of the mobile base and are parallel to axes xg and ygr respectively. Naturally, orientation
of axis zg is parallel to axis zg.
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Table 4.1: Description of Frames

Environment (F¢

At a convenient
position on Pg

Frame Position Orientation
(F) (P) 0)
zg L(Pg)

yg = any of the two directions

along (Pg) N (Pw)

XE = YE X ZE

Wall (Fyy)

position on Py

) zg L Pg
At a convenient
Ground (7g) position on Pg YG ~ YE
XG = XE
At a convenient zw 1Py

yw =h, yw ¢ (Pw)

xw =W, xw € (Pw)

At a convenient zc LPc

Ceiling (F¢) position on Pc yc = VE
Xc = Xg, Xw € Py

Center of the top zr L Pg

Robotic Unit (Fr face of the mobile YR =YG

base xr = Xg

Support Polygon Geometric centre zs 1Pg

(Fs) of the support ys =Y¥c Pc
polygon xs = Xg

Transformation between frames

There exists a fixed transformation between environment frame (F¢) and frames repre-
senting components of the environment. i.e. wall frame (F)y), ground frame (Fg) and
ceiling frame (F¢). These transformations are summarized in the Table 4.2.

Table 4.2: Transformation of frames w.r.t environment frame

Frame Position w.r.t Fg Orientation w.r.t Fe¢
Wall(gl;ir)ne [0, 01y O] [Rep (-3)Reg (-3)]
Gt | o0,
Ceilirg__ (fjr)ame (o, 0, 0c.] [Ry; (-7)]
Suploozf;r i;ﬂygon Elos, 05, 0] [R:,]
RObO(ﬁ;Rl;nit Eloy, or, Hy k] [Rz]

Ry, denotes a rotation matrix around axis kg where, k = x,y,z
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4.4 Representation of asbestos removal use case

Process of asbestos removal involves positioning the mobile platform base in the clean-
ing environment at a suitable distance so as to access maximum possible area at a given
base position and be able to grind the surfaces with optimal grinding parameters while
maintaining stability of the overall robotic unit.

P.)
wall surface (Pw %

Adjacent

Robotic Wall
arm
Grinding
C=(wn~r,)
Tool ¢ w
T, -
Cc k-g‘,L Intersection circle (C) [ 2 2. Slider

(Centre of b B... of Workspace Q Displacement
circle () (Base) and Wall surface Displacement -

of circle 'C’

Ancillaries

\Vertical

Slider

Mobile
base

Ve Support Polygon

(a) Representation of workspace (b) Extension of workspace

Figure 4.3: Representation of asbestos use case scenario using Geogebra [geo, 2016]

Figure 4.3a shows robotic unit placed at a distance 'b'from wall surface (Py). At
this distance, the 3D workspace (W,) of the robotic arm intersects with surface (Pw)
for giving circle (C). The area of (C) is the area available for cleaning at a given base
placement such that collision free (arm-cleaning environment) continuous trajectories
are feasible. However, since the robotic arm is mounted on a vertical slider figure 4.3b,
circle (C) can move along a vertical axis to sweep a surface with a geometric shape
called ‘stadium’ (rectangle with semicircles on either of the opposite sides). Thus, even
at fixed base position, the workspace of the robotic arm is extended due to presence of
architectural redundancy (P-joint).

4,5 Identification of reaction wrench

While realizing robotized grinding operation, it is inevitable to consider the difference
in the geometry of the cleaning environment for precise modelling and simulation of the
process. Moreover, grinding operation generates reaction wrench being applied on the
end-effector. Since, the end-effector while cleaning different surfaces, takes different ori-
entations, it is quite intuitive to conclude that the reaction wrenches acting on the robotic
unit while cleaning these surfaces have different positions and orientations. Thus, sta-
bility of the robotic unit is affected differently while performing grinding operation of
these surfaces.
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4.5.1 Frontal wall

Figure 4.4.a shows reaction wrench being applied on the end-effector (tool) during the
grinding operation while Fy, : {Xw, Y, zw } indicates wall frame. Reaction wrench con-
sists of normal reaction forces [(Fnz)w], tangential reaction forces [(Fry)w], [(Frx)w] and
reaction torque [(Tz),]. Here, subscript ‘w’ indicates that components of the reaction
wrench are expressed in wall frame (F;,). Normal and tangential reaction forces are
responsible in producing moments which act on the robotic unit through end-effector.
These moments, and the distances responsible for creating them are summerized in
table 4.3. Also, effect of these forces on stability are identified.

(Froyy
! (Fnzhw !
fe—Ya — : -
; (Ry) ! . 1
e R F o)y L/
(Fnzhiy DY 7 i ! F B
: - yw: b :
R - o~z w
(Rz)yw (Frdw :’\:\ k’.l ‘?(w i
! ' !
{Frdw : FwiZw j
:;\xd : Zy : : Xq z
H o !

(a) Rear view (b) Side view

Figure 4.4: Forces and moments acting during wall scenario

4.5.2 Ceiling

For cleaning the ceiling portion of the environment, the directions of reaction forces
differ from those during cleaning frontal walls. Reaction wrench consists of normal
reaction force [(Fyz).], tangential reaction forces [(Fyy)c], [(FnT)c] (figure 4.5). Subscript
'c'indicates ceiling frame F.

4.5.3 Ground

Ground cleaning is a scenario, as shown in figure 4.6 where the cleaning surface plane
P¢ and the plane defined by axes xg — y of the environment frame are same. Reaction
wrench consists of normal reaction force [(Fyz)g], tangential reaction forces [(Frx)c],
[(Fry)c] and reaction torque [(Rz)g]. Here, subscript ‘G’ indicates ground frame of
reference Fg. Since, tangential reaction forces lie in the plane of the support polygon,
moments produced by these forces are zero in the ground plane. Thus, normal reaction
force and reaction torque are the two entities which affect stability of the robotic unit.
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Table 4.3: Generation of moments in wall scenario

Reaction Normal Resulting moment Probable E.ffect on the
force distance robotic unit
va M., Yaw motion of the robotic
(FNz)w (Moment around zg ) unit
2 Mys Pitch‘ mo’Fion affec‘t'ing
(Moment around ys) longitudinal stability
X A‘}IZS Yav‘v motion causing
(Fry)w (Moment around Zs) rotation of the platform
2 M, Roll motion af‘f(.ecting
(Moment around Xg) lateral stability
Xy Mys 'mo’Fion affec't.ing
(Moment around ys ) longitudinal stability
ya st motion affecting
(Moments around xXg ) lateral stability
(R)w-Xxs Roll motion affecting
(Reaction moment lateral stability
around xg)

Table 4.4: Generation of moments in ceiling scenario

Reaction Normal Resulting moment Probable E.ffect on the
component | distance robotic unit
X Mys Pitch‘ mo’Fion affec‘t'ing
(Fnz)c (Motion around yg) longitudinal stability
” M, Roll motion affecting
(Moment around xg) lateral stability
” Mzs Yaw motion of the robotic
(Fry)c (Moment around Zs) unit
2 Mys Pitch‘ mo’Fion affec‘t'ing
(Moment around ys ) longitudinal stability
24 st moment a'ff.ecting
(Moment around xg) lateral stability
X M, motion of the robotic
(Moment around zg ) unit
(Rz)c-zs Yaw motion of the robotic
(Reaction moment unit
around zg)

4.6 Stability criteria based on Zero Moment Point

Issues regarding stability of the robotic unit during grinding operation are already dis-
cussed in previous sections. In order to ensure safe and stable operation, a suitable
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Figure 4.5: Forces while cleaning ceiling  Figure 4.6: Forces while cleaning ground

Table 4.5: Generation of moments in ground scenario

Riiizlém gs:;l;ji Resulting moment Effect on the robotic unit
M Pitch moment affecting
Z4 Ys . . s
(Fnz)c-(Zs) (Moment around ys ) longitudinal stability
y My, Roll motion affecting
d (Moment around xs) lateral Stabl].ity
(R;)G-zs Yaw motion of the
(Reaction moment platform
around zg)

stability margin, must be defined. For a dynamically operating system, a well known
stability criteria called Zero moment point (ZMP) is widely used in the filed of biped
locomotion. ZMP (zero moment point) is defined as a point on the ground at which
the net moment of the inertial forces and the gravity forces has no component along
the horizontal axes [Vukobratovic and Juricic, 1971]. The two components of ZMP are
presented as:

o Yoo mi(Zi + g)xi — il (mi%i)zi — Yy (Ly)i
" Lmi(Zi+g) (12

- iy mi(Zi + 8)yi — Yty (miyii)zi — Yiq (L)
o Yitgmi(Zi+8)

(4.1b)

where, i indicates number of rigid bodies, (x;,y;, z;) indicate coordinates of the CoM of
the i body and (L, £,) indicate components of derivatives of angular momentum,
where, £; = [jw + w; x ljw;; w; is angular velocity of link 7 and I; is its mass moment of
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inertia matrix.

From the definition of ZMP, we see that each term in the numerator represents a mo-
ment acting on the system. Thus, to integrate grinding reaction forces in ZMP, moments
produced by normal and tangential reaction forces must be taken into account. These
moments are already identified in the section (4.5).

Yy mi(Z 4 )xi — iy (mi%)zi — Xiy (Ly)i — My

xzmp - Z?:l m; (Zl + g) (42&)
Yoy = Ly mi(Z + 8)yi — iy (mii)zi — Tiy (£x)i — M (4.2b)
zmp Yimimi(Zi+8)
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Figure 4.7: Notations for stability in the support polygon

Stability criteria

In our case, mobile base has a support polygon 'S;S,S3S4'of dimensions (I x w) mm with
lateral and longitudinal axes "Y1 Yr'and 'XgXg'respectively (see Figure 4.7). The polygon
is divided in four quadrants namely, front-left (Fr), front-right (Fr), rear-left (Rg) and
rear-right (Rr). Longitudinal (Sng) and lateral (Sy,) percentage stability of point ‘i’
having ZMP coordinates (x;,y;) is calculated as,

min(dxr,d min(dygr,d
%%:(égdﬂvxmaswz<é£%“»xwo (4.3)

,dyr = ‘% +yzmp‘

1 [
where, dxr = ‘5 — Xzmp|, xR = ‘E + Xzmp|, dyr = ‘% = Yzmp

4.7 Numerical evaluation of stability

An algorithm to carry out numerical evaluation of stability is implemented using MAT-
LAB computing software (figure 4.8). The main objective of developing numerical
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method is to exploit computational efficiency of MATLAB script execution, which is
much higher than that of the co-simulation with a black-box dynamic model in ADAMS.
Numerical simulation is a fast way to simulate the simplified dynamics of the robot as
it simplifies the process of simulation by avoiding repetitive steps like modifying initial
posture of the arm for different trajectories.

e Y

Cartesian tool coordinates
(Cartesian trajectory (using Cubic,
quadratic or quintic polynomial))

\ &

\4

Inverse Kenematic problem
(Determination of joint vector using the
pseudo-inverse of Jacobian)

A v

\ 4
Accelerations of COM
(Compute position and thus
acceleration of COMs based on DGM
and local frame tranformations)

Y

Acceleration of joints
(Newton-Euler recursive formulation
for estimation of joint velocities and

accelerations)

\ 4
Stability Evaluation
(Evaluate stability by computing
ZMP coordinates and stability margin
during the operation)

Figure 4.8: Numerical evaluation of stability

Numerical algorithm of stability evaluation

General approach adapted in defining the algorithm is explained below :

— Cartesian trajectory input : Targeted operational surfaces in construction applica-
tions can be 3-dimensional in nature (curved walls, ceiling or ground). However,
in thesis, focus is limited to non-curved surfaces. Thus, 2-D Cartesian trajecto-
ries are defined while performing simulations. Cartesian poses of the end-effector
frame corresponding to trajectory coordinates serves as an input to the algorithm.

— IKS : Inverse kinematics solution is needed to generate arm motion. Since arm is
kinematically redundant, IKS is determined using redundancy resolution method
that uses pseudo-inverse of the kinematic Jacobian matrix.

— Recursive computation of link accelerations : Angular velocities and accelerations
of moving links contribute in generating dynamic effects on the robotic unit.
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Newton-Euler recursive algorithm is used to compute these entities.

— Stability Evaluation : Zero moment point for the instantaneous dynamic state of the
robotic unit is computed using equations 4.2a and 4.2b. Stability is then evaluated
as per equation 4.3.

For evaluating stability during a continuous trajectory, the algorithm runs in loops
defined by end positions of the trajectory. To provide readers with details on execution
of each step, the algorithm is elaborated through following subsections.

4.7.1 Modeling of the robotic arm

Since, the mobile platform is steady during the operation, the geometric model of
the robotic arm is sufficient for stability evaluation. SYMORO (Symbolic Modeling
of Robots) developed by [Khalil and Creusot, 1997] is used to model the robot. In
SYMORO, robotic arm is described using MDH parameters. It then generates analytical
expressions for :

— Homogeneous transformation matrices of joint frames (DGM)
Kinematic Jacobian matrix

Inverse kinematic solution (for non-redundant manipulators)
Inverse dynamic solution

4.7.2 Cartesian trajectory

Cartesian pose of the tool (X) is given as an input for motion generation. A desired tool
velocity (v¢) or acceleration (a;) can be generated by providing time dependent values
of pose. This can be achieved by different types of trajectory generating polynomials
[Khalil, 2002]. Table 4.6 summarizes properties and minimum time takes by different
polynomials for generating trajectories.

Trajectory Generation

For the three Cartesian coordinates of the tool, three trapezoidal profiled velocity trajec-
tories can be planned. By keeping one of the coordinates constant, a planar trapezoidal
trajectory (on a wall, ceiling or ground) can be generated. To perform vertical or horizon-
tal wig-wag trajectory, one of the two changing coordinates can be varied reciprocally
between fixed limits and the other one would undergo periodic increment or decrement
for tool to make horizontal advancement.

Figure 4.10 shows a vertical wig-wag trajectory such that y,, coordinate varies from
Ymin tO Ymax While xy, periodic increment or decrement by Ax,. A simulink model for
generating trapezoidal trajectory of the z-coordinate is shown in figure 4.10. ¢; and gy
are two pulse generating blocks 180° out of phase. The two pulse generators revere
system inputs (from Y to Yimax) periodically. trepeqr produces a repetitive linear time
input trajectory that varies from 0 to t;. vmax and amax are values of maximum velocity
and acceleration allowed during the trajectory.
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Table 4.6: Polynomials for trajectory generation

Interpolation . . . .
PO Minimum time Properties
function
Linear b= |Dj| Position is continuous,
interpolation i ™ velocity is non-continuous
Position and velocity are
. . B 3D;|  /6lDj] . o
Cubic polynomial tr, = max PR = continuous, acceleration is
b Zkyj aj .
non-continuous
. Position, velocity and
Quintic 15|Dj 10|D;| .
. tr =max |5 -,/ =5 acceleration are
polynomial j 0j V3kgj .
continuous
Position and velocity are
: B 2|D|| D] : L
Bang-bang profile tr. = max 524 continuous, acceleration is
J oj aj .
non-continuous

where, j= joint number, k,; = coefficient of velocity polynomial, k,; = coefficient of
velocity polynomial

e P = Pr = = >
Ymax A A A
yul}

N

»
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Figure 4.10: Vertical wig-wag trajectory
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Where,
qi : initial pulse generator for input.
qr final pulse generator for output.
trepeat :  Tepeating sequence block.
Umax Maximum velocity of the trajectory.
Amax ©  Maximum acceleration of the trajectory.

General algorithm for trapezoidal trajectory goes as below :
Input: Define : g, Viax, @max
initialization: Start point ;
if(0<t && t < 1) then

|y = yo+ (0.5 X 12).apqx.sign(yq)
elseif (T <t && t< tr — 1) then

| Yt = Yo+ Onax sign(ya)-(t - 3)
elseif (T —ty <t && t < tf) then

| ye =y5— 0.5 x (tf — )% apmax-sign(yy)
else

| Y =2f
end

Algorithm 1: Algorithm for trapezoidal trajectory generation

4.7.3 Inverse Kinematics Problem

Inverse kinematic problem deals with identifying vector of joint velocities (4) for given
pose (X) of the end-effector. Method of pseudo-inverse |* of the Jacobian matrix is
proposed in [Whitney, 1969] to obtain IKS of kinematically redundant manipulator.

q=J'X (4.4)

However, for tasks requiring accurate end-effector position, desired pose vector (X;)
has to be the input for controlling motion of the manipulator. Mathematically, problem
to find the joint position vector () that yields the desired end-effector pose can be
expressed as

Xa=f(q) (4.5)

This is called redundancy resolution at the position level.

Trajectory is nothing but a sequence of end-effector poses w.r.t time. In a continuous
trajectory, successive points can be regarded as new desired point and motion of the
manipulator can be planned to go from point to point. An algorithm to plan each indi-
vidual point-to-point motion goes below [Fahimi, 2009].

— Discretization of line segment :
Let, X; and X5 be the two successive points on the trajectory. Let, X; be the initial
position of the manipulator. Line between the two points is divided into N smaller
line segments for numerical integration (figure A.7). Points x1, x2...xn4+1 represent
intermediate positions of the end-effector during iterations.
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Figure 4.11: Discretization of line segment into N intervals

Computing initial pose :
Initial pose can be computed using equation 4.5

xo = f(qo0) (4.6)

Planning velocity of motion :
For i*" interval, calculate velocity ¥; to drive manipulator towards the desired pose.

(4.7)

Computing joint rates :
Based on cartesian velocity, joint velocities are calculated using the pseudo-inverse
of Jacobian.

Gi = I, (q:) % (4.8)

Computing joint positions :
Joint positions for (i + 1) iteration is

git1 = qi +qi.At (4.9)

— New end-effector position :
Hence, end-effector pose for (i + 1) iteration

Xiv1 = f(qiv1) (4.10)

— Iterations :
Repeat equations 4.7 - 4.10 for N iterations.

4,74 Estimation of COMs

Evaluation of ZMP requires position, instantaneous velocity and instantaneous acceler-
ation of C.0.Ms of all the individual components. To compute COMs,

- Using homogeneous transformation, position of the each joint frame F;, is deter-
mined with respect to global frame of reference

— Fixed transformation between centre of the i’ joint C;, and COM of the i*" link is
identified

— COM, R of it" link in environment frame of reference is computed as

ER, =F TF%_.F% Tc, (4.11)
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4.7.5 Recursive formulation of velocities and accelerations

Newton-Euler recursive formulation is used to compute joint velocities (w) and accel-
erations (w) of moving bodies. Velocities of link (i + 1) with respect to link i is given
as:

i+l = inR i, (4.12a)

oy = IR0+ wi X' Piy) +dipr T2 (4.12b)

Angular momentum of the each link can now be calculated using w calculated above.

Thus, all the entities required to calculated ZMP are obtained using analytical ap-
proach. Cartesian co-ordinates of the end-effector are input to the algorithm. Calculating
ZMP requires

— Inertial parameters of individual links - mass (), moment of inertia (I)
— Angular velocity and angular acceleration of moving links
— Angular acceleration of COM of each link

4.8 Stability evaluation using Co-simulation

Cooperation of dynamic modeling and simulation tool - ADAMS (Automated Dynamic
Analysis of Mechanical Systems) with the computing software MATLAB (Matrix Labo-
ratory) is a known methodology in robotics research community. In [Angel et al., 2012],
importance of co-simulation is highlighted for robotics domain by simulating 2-link pla-
nar robot. Several other notable works are also mentioned. Co-simulation combines
features of both software and provides a robust and efficient tool for dynamic system
analysis.

Table 4.7: Features of ADAMS and MATLAB

ADAMS MATLAB/SIMULINK

-Modeling of Mechanical system
—Importmg'CA.D parts (e..g. CATIA) -Designing control architecture
-Parameterization of design . .

) ) - using block diagrams
-Modeling contacts (with friction) Predefined blocks

-Applying External force “Defining MATLAB function blocks
-Defining input-output variables By
within control model

control variables -Data logging and processin
-Robust Dynamic solver 585 p &

-Measuring output variables

4.8.1 Procedure of creating co-simulation model

In this section, procedure of constructing ADAMS-MATLAB co-simulation described in
detail.

1. Parameterized multibody ADAMS model of the robotic unit
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ADAMS MATLAB/Simulink

Modeling of the robotic unit
(Model parts, define joints, inertial parameters:
density, inertia, centre of mass)

Defining Control Model
(Defining cartesian trajectory, solving
IKS, computing torques for motion

l generation)

Modeling environment v
(Model cleaning surfaces, contacts with tool
and wheels, define external forces)

l Y

Exporting control plant Running simulation
(Define I/P-O/P states,create and export
ADAMS control plant to Simulink)

A 4

Importing control plant from ADAMS

l . .
Visual interface of the |, Data logging, processing
simulation - and plotting

Figure 4.12: Flow-chart of ADAMS-Matlab co-simulation

(a) Direct geometric model (DGM) of the robotic arm is found using SYMORO.
DGM provides pose of the each joint frame in cartesian space coordinates

(b) Using these co-ordinates, construction points are created in ADAMS environ-
ment

(c) Individual links are then built with the help of these construction points
2. Input-Output control plant

(a) State variables are assigned to each joint angle as well as CoM of the each
link to track position, velocity and acceleration.These are output variables of
the control scheme.

(b) Input variables consist of torques given to the joints of the robotic arm

(c) ADAMS control plant is created which is then exported to Simulink environ-
ment co-simulation purpose.

3. Control Scheme in simulink environment

(a) PID controllers are implemented at each joint angles to compute required
input torques for desired motion

(b) Gravity compensation torques are added to PID generated torques to account
for the effect of gravity

(c) Output coming from ADAMS i.e. joint velocities and accelerations are used
for PID feedback

4. Estimation of ZMP

(a) All the necessary components to calculate ZMP are obtained in runtime through
ADAMS output. While angular moments can be calculated from information
available
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Figure 4.13: Multibody dynamic model of the Robotic Unit - V2

(b) ZMP criteria is then implemented to compute stability at each pose while
performing desired motion

4.8.2 ADAMS model of the Robotic unit

It is a multi-body dynamic model positioned inside cleaning environment consisting of
ground, ceiling and frontal wall (figure 4.13). Peculiarities of the model are enlisted
below :

* Part modeling : Simple geometric shapes like sphere, cylinder, cuboid etc. are used
to create multi-body model of the robotic unit. These are solid rigid bodies that
can mutually interact to generate displacement, reaction forces etc. Construction
of robotic arm is performed by importing parts from CATIA as .stl files (figure
4.14).

* Parameterization : It can be achieved through design variables (DV). They are used
as an input (length, width etc.) to the geometric shapes. On changing value
assigned to the DVs, geometries can be quickly modified or re-positioned in the
environment.

* Joints/motion constriants : Prismatic and revolute joints are added to create suitable
joint angles between bodies. Static components are connected using fixed joints.
Joints can also be parameterized to change posture of the arm (or individual link).
This is helpful in achieving suitable initial posture during co-simulation.

* Contact modeling : Contacts between grinding tool and cleaning surface is created
to generate reaction forces. Similarly contacts between wheels of the mobile ma-
nipulator and ground surface are created to restrict motion of the robotic unit in
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Figure 4.14: Multibody dynamic model of the Robotic Arm - V2

the plane and record ground reaction forces. Contact feature in ADAMS allows to
select coefficients of static and dynamic friction.

e Inertia parameters: Values of mass, inertia matrix and position of COM are deter-
mined through CAD models and are added to the components.

Inverse
Kinematic

Xdesire

Ter,
Tcr,

Tep.

Y

Problem

de

da

Qe

PD controller

TPD TTotal

Tg’mvity

ADAMS
i/p and o/p

model

Gravity

% Ya

Initial joint |

Compensation |

Stability
computation

angles

Figure 4.15: ADAMS-Simulink Control model for stability evaluation
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x-coordinate of the tool.
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z-coordinate of the tool.
desired Cartesian coordinates of tool centre point.

For the sake of simplification of analysis and computations conducted in the paper,

following assumptions are made:
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1. the ground is even and no surface shrinkage is considered;
2. the center of mass (CoM) of the platform is coincides with its center of geometry

3. all wheels are always in contact with the ground. i.e., no slippage of the wheels
occurs;

4. the onboard manipulator is rigidly connected with the platform, and the links of
the onboard manipulator are rigid

Conclusion

This chapter detailed the dynamic modeling of the robotic unit for stability evaluation.
Initially, the robot-environment interaction model was presented to highlight the need
of developing the dynamic model. Thereafter, cleaning environment and the robotic
unit were described through representative frames. This representation provided a base
for developing the numerical model. Using Geogebra illustrations, process of asbestos
removal was analyzed to identify reaction wrench acting on the robotic unit during
different cleaning scenarios namely wall, ceiling and ground.

Further, the approach for numerical evaluation of dynamic stability based on zero
moment point (ZMP) was elaborated. Steps of this approach that are, kinematic mod-
eling of the robotic unit, trajectory generation and solving inverse kinematic problem
have been explained in detail. Method of co-simulation for evaluating stability was
developed so as to validate the results to be obtained by the numerical approach. Multi-
body dynamic model of the robotic unit was developed in MSC ADAMS software which
provides information on the behavior of the system (joint velocities, accelerations etc.).
Control commands of this model were fed in the Simulink environment.

In the next chapter, stability evaluation approaches are utilized to investigate static
and dynamic behavior of the two versions of the robotic unit.
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T

His Chapter presents static and dynamic stability analyses of the two versions of
the robotic unit. For Version-1, analysis is made for the two positions of the slider

height to identify stability behavior for cleaning wall surface. For Version-2 three clean-
ing scenarios (wall, ground and ceiling) are investigated to evaluate static and dynamic
stabilities. Based on this, a stable grinding trajectory for cleaning wall surface is demon-

strated.
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5.1 Stability conditions of the robotic unit

The arm of the robotic unit (mobile manipulator) executes several sub-tasks like end-
effector positioning, aerial path traversing and/or a process like grinding, in order to
perform grinding operation. These sub-tasks affect static, quasi-static or dynamic sta-
bility of the robotic. The stability conditions of robotic unit and the associated tasks are
described below:

1. Static stability condition : Pose of the robotic unit consists of pose of the mobile
base and the robotic arm integrated on the top. Since manipulator, while per-
forming any operation undergoes significant change in pose, static stability of the
mobile manipulator is majorly governed by pose of the robotic arm. Robotic unit
encounters static condition in following situations during the operation :

(a) At the start of trajectory: End-effector positioning at the starting point of the
trajectory when the arm motion is about to begin.

(b) At the end of trajectory: Trajectory is completely executed (for contact opera-
tion: the end-effector is about to be detached from the wall).

(c) At emergency stop: In this scenario, arm is stopped suddenly and a pose that
can not be predicted in prior.

From these scenarios, it is quite clear that, robotic unit must be statically stable
for all poses of the arm required to perform the operation. This underlines the
important constraint of static stability to be followed at each instance during the
operation.

2. Quasi-static stability condition : Whenever arm has low translational velocity,
motion of the links in joint space can be regarded of uniform angular velocity.
During such motion, stability condition of the robotic unit is quasi-static.

3. Dynamic stability condition : Dynamic stability condition of the robotic unit oc-
curs during two types of operations:

(a) Non-contact : When the arm is moving in air, i.e. there is no contact be-
tween end-effector and environment. However, accelerated motions of the
arm generate inertial effects which affects the dynamic stability of the robotic
unit.

(b) Contact: In operations like grinding, end-effector (grinding tool) interacts
dynamically with the environment. Reactions forces generated in the process
act on the robotic unit to make is dynamically unstable. Along with, reaction
forces, angular accelerations of the links during accelerated motion of the arm
also contributes to dynamic effects.

5.2 Evaluation of Static stability of V1-prototype

For analysis of static stability, 25% is considered as a safe limit. This value was chosen
based on the preliminary co-simulation of the robotized asbestos removal. A sample
cleaning trajectory was performed to observe that below 25% the fall of stability was
rapid and unrecoverable. Static longitudinal and lateral stability behavior of the V1
prototype at slider position 4 = 0.9 m is shown in figures 5.1 and 5.2.
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Figure 5.1: Contour: Static longitudinal Figure 5.2: Contour: Static lateral stability
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Static longitudinal stability - Figure 5.1

,Stability always stays above 25%. It is highest (54%) in the region (a) - [y, > 2.2m
and x, =(1.2m, 0.8 m)]. On the other hand it is lowest (35%) at the bottom part of
the map in the region (b) - [y» < 1.2m and x,, =(—0.4m,0.2m)]. Top to bottom
along Y;, axis, static longitudinal stability shows a decreasing trend. Figure 5.3,
shows three poses of the robotic arm at a fixed position of the mobile base. For
pose (a), tool altitude is 2.45m while for (b) it is 1 m. Table 5.1 summarizes CoMs
of two long links which contribute the most in deciding overall CoM of the robotic
unit. CoM projections of both links of pose (a) are less than those for link (b).
Thus, longitudinal static stability of the pose (a) is higher than the that of pose (b).
Here, an important conclusion is stability at a pose with higher altitude (2.4 m) of
the end effector is lower than that of the lower altitude (1 m). This could appear as
a counter intuitive phenomenon.

Static lateral stability - Figure 5.2

— Lateral stability has a symmetric variation about vertical axis passing through vy, =
—0.05m (see figure 5.2).

— Except for axis of symmetry (LL’), along any vertical line inside circle (C), lat-
eral stability decreases from top to bottom. This is the result of increase in the
overhanging distances of arm links from top to bottom.

— Near y, = 0.9m and -0.9m blue zones indicate decrease in stability close to 40%
and as low as 30%.

For accessible wall area, both the stabilities are above a critical limit.
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Figure 5.3: Side view: Robotic unit equipped with P-6R architecture

Table 5.1: Arm poses and corresponding stabilities

Coordi Longitudinal
Pose COM oor Inate Static stability
(x5 in m) (%)
comp, 0.244
(a) 72
com; 0.455
4
comp, 0.455
(b) 36
com 0.67
Ly

5.3 Evaluation of Static stability of V2-prototype

This section presents numerical evaluation of two static stabilities namely: static longi-
tudinal stability (S1,,) and static lateral stability (Sr, ). Method of numerical evaluation
is detailed in chapter 4. It was shown that, 3D workspace of the robotic arm intersects
cleaning surface in the circle (C). Thus, grid-points on the circle of intersection (wall-
workspace) are input end-effector positions to the stability evaluation algorithm. Also,
while computing static stability, the arm is not in the contact of environment.

Let, x;;, and y,,, be a points on the circle (C) which can be parameterized using polar
coordinates (7, 6) as:

Xy, = ¥m.cos(0m) + X0,

. 5.1
Yme = Tm-Sin(0m) + yo, G-1)

where, k = {w,c, g} i.e. wall, ceiling or ground (depending on surface being cleaned).
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Variation of 7€[0 , 7yqx] and 0€[0 , 27t] with yield end-effector positions (X, ¥m,)eC and
each of the position corresponds to a pose of the robotic arm. Here, 7,y is the radius of
circle (C) and its value depends the dimension of link lengths.

5.3.1 Wall scenario

This section identifies static stability behavior of the V2 prototype for wall scenario. For
given (X, Ym,), the arm is actually not in the contact with the wall but has the pose
that will be acquired by the arm while performing cleaning operation.

Figure 5.4 shows three different poses of the robotic arm at constant elevation (Y)
through sub-figures (a)-(f). Figures (a)-(c) show front-top isometric view whereas figures
(d)-(f) show top views. Figure (a) shows robotic arm at co-ordinates (-1.38, 2.45) in wall
frame of reference. Pose of the Links L;-Lg determine CoM of the arm.

+

(-1.38, 2.45) (1.38, 2.45)

Figure 5.4: Three poses of the mobile manipulator at constant i, = 2.45m

Comparison of poses shown in (d)-(f) reveals why longitudinal stability is affected
for laterally varying poses. In figure (e), links L, and L, lie below axis AA’. Stability at
this place is 84%. On the other hand, pose shown in (f) is symmetric to pose (d) around
yw = 0. However, static longitudinal stabilities for these symmetric poses are not equal.
Poses (f) and (d) have stabilities (46%) and (72%) respectively. The reason for difference
in the stability of two poses is the difference in the position of links with respect to axis
AA’. For the pose (d) all the links lie above AA” while in the case of (f), link L, lies on
the below AA’. The arm is more extended longitudinally in pose (d) that (f). Thus, it
can be concluded that, closer the links to axis AA’, better is the longitudinal stability.

Figures 5.5 and 5.6 present contour maps of the static longitudinal and lateral stabil-
ities.

Static longitudinal stability - Figure 5.5

Numerical evaluation of static longitudinal stability for wall cleaning scenario is plotted
in figure 5.5. x4, and y,, are axes of the wall frame of reference. Important observations
of the contour plot are detailed below:
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— Static longitudinal stability is dependent on the position of CoM of the each link
with respect to the robot frame of reference ()

— A maximum value of (84%) of static longitudinal stability occurs in the vicinity
of xy, =-0.25, v, = 2.5. while the minimum (35%) occurs around x;,, = 0.5,
Ym, = 0.5.

- At a given vy, on both sides of x, = 0, Si,, shows a decreasing trend. This
happens due to the extension of arm links along longitudinal axis while reaching
lateral distances.

Static lateral stability - Figure 5.6

— Maximum static lateral stability (Sp,,) is highest near to axis y,, = 0 line.

— It decreases along both sides of this axis due to lateral extension of the arm.
Since poses of the robotic arm are not symmetric around this axis while reach-
ing equidistant points, variation of stability is not symmetric either.

— Further, away from both sides of axis, it decreases to reach zero making those areas
unsuitable for cleaning.

— Lateral stability is higher when y,,,, is higher. This behavior is a results of higher
lateral extension of arm at lower vy, .

5.3.2 Ceiling scenario

Ceiling forms the second most frequent area to be cleaned inside the cleaning envi-
ronment. Figures 5.7 and 5.8 present contour plots of static longitudinal and lateral
stabilities respectively.
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stability - Ceiling Ceiling
Static longitudinal stability - Figure 5.7

— Figure 5.7 shows contour plot of static longitudinal stability in percentage for ceil-
ing scenario. Radius of the ceiling accessed is 1m.

— Static longitudinal stability is above the critical limit of 25% all over the accessed
area.

— Maximum stability zones are highlighted in respective figures for both lateral and
longitudinal stabilities.

— In case of longitudinal stability, maximum stability zone is a s-shaped curve with
axis indicated in figure 5.7.
Static lateral stability - Figure 5.8

— Static lateral stability too shows a stable behavior over the area accessed as shown
in figure 5.8.

— Maximum lateral stability zone is a s-shaped curve highlighted in figure 5.8 .

Thus, it can be concluded that in case of ceiling scenario, robotic unit is always stable.

5.3.3 Ground scenario

Cleaning ground surface is a special case where the accessible workspace is limited by
the presence of mobile base. Since, rear side of the robotic unit has a power supply cable
and other ancillaries, is not entirely safe to access rear area.

Static longitudinal stability - Figure 5.9

— Figure 5.9 presents static longitudinal stability for ground cleaning scenario. For
cleaning at front and rear sides of the mobile base, stability is minimum since pose
of the arm is extended in longitudinal direction.
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stability - Ground

Figure 5.10: Contour: Static lateral stability
- Ground

— However, along lateral axis (x. = 0) this behavior is mostly stable.

— The arm poses required to clean ground surface are close to singularity. Also, avail-
ability of better machines weakens the case of using this arm for ground cleaning.

Static lateral stability - Figure 5.10

— Figure 5.10 shows static lateral stability. Contrary to longitudinal stability, lateral
stability is higher while for front and rear poses.

— Inclined zone of cleaning occurs due to offset of arm link-1.

5.3.4 Statically stable task workspace

To satisfy the constraint of static stability throughout the operation, a region must be
identified on the cleaning surface where both, lateral and longitudinal static stabilities
are above critical limit. Since static longitudinal stability always stays above the critical
limit, stable task workspace is determined by looking at the static lateral stability map.
Area beyond zero lateral stability is unsuitable for cleaning.

From figure 5.11, a stable zone having lateral and longitudinal stability margin
greater than zero percent is highlighted in figure 5.11. Here, the line y,, = 3 indicates
ceiling height and hence the stable zone is clipped at this height. Even though stability
of robotic unit is ensured above zero inside this region, it is important to note that, CoM
is quite close to the edge of the support polygon when stability is near zero and hence
a safety margin is necessary. Area inside the statically stable task workspace does not
ensure stability while performing the operation. It ensures for any pose of the arm
that the robotics unit takes up inside this workspace, it will always be statically stable
(if operation is stopped in the middle of the process)
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5.4 Evaluation of dynamic stability of V1-prototype

For P-6R architecture, slider height (h) plays a role in governing altitude of the cleaning
tool. It governs normal distance z; between tool center point and origin of reference
frame F; that is responsible for pitch and roll motions of the robotic unit. Here we
evaluate longitudinal and lateral stabilities at two different slider heights h = 1.075m
and 1.675m. By applying accelerations in +x;, and +y,, directions following results are
obtained.

Dynamic longitudinal stability for grinding motion

Longitudinal stability maps are shown through figures (5.12 - 5.15).

— Motion in +y,, h = 1.675m: Here, tangential reaction force acts along -1,. Mo-
ment + M, responsible for longitudinal stability decreases from top to bottom due
to decrease in distance z; (figure 5.12) decreasing the stability. Maximum stability
is 57% at ¥, = 2.2m and minimum stability is 29% below y, = 1.2m.

— Motion in —y,, h = 1.675 m: Tangential reaction force acts along +y,, and moment
—M,, now pushes ZMP along —xg, that is towards center of the support polygon.
Thus, longitudinal stability at respective points for motion along —y,, is greater
than that for motion along +y, (see figure 5.13).

- Motion in +y,, h = 1.075m: From the two slider heights, y, = [1.8m,0.8 m]
is a common accessible area. However, static stabilities of the arm poses from h
= 1.075m (see figure 5.14) to access this common area are less stable than those
from h = 1.675m (see figure 5.12). Thus, even the disturbing moment M, is lower
in case of 1.075m than h = 1.675m, longitudinal stabilities are respectively lower
while accessed from h = 1.075m. Red contour in the figure (5.14) shows 25%
stability line below which stability is critical.
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Figure 5.12: Dynamic longitudinal
stability of prototype V1 when tool
grinds towards +y,, h =1.675m
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Figure 5.13: Dynamic longitudinal
stability of prototype V1 when tool
grinds towards —y,, h = 1.675m

— Motion in —yy, h = 1.075m: In this case, tangential reaction force acting along
+Yyw generates a supporting moment —M,,. Thus the stability is higher than the

case before (see figure 5.15)

Longitudinal Stability
Grinding motion, acceleration in Yo
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Figure 5.14: Dynamic longitudinal
stability of prototype V1 when tool
grinds towards +y,, h = 1.075m
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Dynamic lateral stability for grinding motion

Longitudinal Stability
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08 06 04 -02 0 02 04 06 08
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Figure 5.15: Dynamic longitudinal
stability of prototype V1 when tool
grinds towards —y,, h = 1.075m

Lateral stability is plotted for two slider configurations i.e h = 1.675m and h = 1.075m.
Differences in the stability maps are analyzed below:
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Yo (Vertical axis)

Motion in +x,, h = 1.675m: Tangential force acts along —x;, pushing ZMP to-
wards edge 515, of the polygon. Thus, area on the right of x, = 0 line is stable.
However area on the left contains a red line that defines 25% stability limits. In the
region x;, < 0, ZMP is pushed towards $51S,, decreasing the later stability below
25% as shown in figure 5.16.

Motion in —xy, h = 1.075m: Similar pattern of lateral stability is observed as
earlier case. However, since distance yr is lower due to lower h, unstable area is
reduced as indicated by red contour in figure 5.17.

Motion in +x,, h = 1.675m: Tangential force acts along -+, direction creating
moment M, that tends to move ZMP towards edge S;5; of the support polygon.
Figures (5.18) and (5.19) show lateral stability maps at two different slider heights.
opposite to what observed in the case of motion along xy, at slider height h =
1.675m, stable area available for cleaning are larger than for this slider height.

Lateral Stability Lateral Stability
Grinding motion, acceleration in X, Grinding motion, acceleration in X,

24r
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N
N
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Yo (Vertical axis)

-08 -06 -04 -02 0 02 04 06 08 08 -06 -04 -02 0 02 04 06 08
Xy (Horizontal axis) X (Horizontal axis)

Figure 5.16: Dynamic lateral stability of ~ Figure 5.17: Dynamic lateral stability of
prototype V1 when tool grinds towards  prototype V1 when tool grinds towards

5.5

Xw, h =1.675m —Xp, h=1.675m

Evaluation of dynamic stability of V2-prototype

Evaluation of dynamic stability aims to ensure not only safety but also operational pro-
ductivity of the robotic unit which can be quantified in terms of time taken to complete
the operation. It is positively affected by translational and rotational velocities of the
end-effector. However, higher values of v;,,. tend to largely affect stability. Thus, as-
sociation of stability and operational efficiency must be studied while performing task
planning.

5.5.1 Stability for accelerated motions without contact - wall scenario

This

is a scenario where robotic unit is performing an application of spray painting,

or watering walls etc. In such applications, robotic arm performs accelerated motions
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Lateral Stability Lateral Stability
Grinding motion, acceleration in X, Grinding motion, acceleration in X,

Yo (Vertical axis)
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Figure 5.18: Dynamic lateral stability of =~ Figure 5.19: Dynamic lateral stability of
prototype V1 when tool grinds towards prototype V1 when tool grinds towards
Xp, h=1.075m —Xw, h =1.075m

without touching the wall (environment). Thus, grinding like reaction wrench is absent
and the dynamic effect due to accelerated motion and pose of the robotic arm play role
in deciding stability.

— Motion along +y,: Longitudinal stability is above a critical value of %25 over
entire area. Decreasing trend from top to bottom along tilted axis is observed
(figure 5.20).

— Motion along —y,: Longitudinal stability is above a critical value of %25 over
entire area but has lower values compared to the case above. This is due to inertial
force creating destabilizing force while tool accelerates along -y, (figure 5.21).

— Motion along +x,: Lateral stability is approximately symmetric about x,, = 0.
For x, < 1.5m, the value drops below critical value of 25% when x,, < —0.7 or
xp > 0.7 (figure 5.22).

— Motion along —x;,: Similar trends are observed for this motion as for the above
case (see figure 5.23).

5.5.2 Stability for accelerated motions with contact

To generate these maps, each point inside the safe static zone is accelerated along two
principle axes: vy, X,. The two axes are chosen by keeping in mind directions required
to generate horizontal and vertical zigzag trajectories. These maps are intended to iden-
tify dynamic behavior of the robotic unit for accelerations in the principal axes.

Dynamicstability for grinding motion

Longitudinal stability is largely affected by motion of the tool in £y, direction. As
described in chapter 3, tangential reaction force acting in the opposite direction of the
tool motion.
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Figure 5.20: Dynamic longitudinal Figure 5.21: Dynamic longitudinal
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Figure 5.22: Dynamic lateral stability of =~ Figure 5.23: Dynamic lateral stability of
prototype V2 for tool motion in the air ~ prototype V2 for tool motion in the air

along +xy along —xy

— Motion along +y, : For motion in +y, direction, tangential reaction force is in

—Yw direction. Figure 5.24 shows, at higher values of y,, longitudinal stability
is higher and vice a versa. This forces ZMP to move towards front edge of the

support polygon reducing stability.

— Motion along —y, : For motion in -y, direction, tangential reaction force is in

+Yy. direction and the resulting moment pushes ZMP to move towards center of
the support polygon. Hence a stability as high as 96% observed in figure 5.25.

— Motion along +x, : For this motion, tangential forces are along —x,. The two red

lines denoted in 5.26 define the critical limit. of 25%. The lines are not parallel to
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Figure 5.24: Dynamic longitudinal Figure 5.25: Dynamic longitudinal
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Figure 5.26: Dynamic lateral stability of =~ Figure 5.27: Dynamic lateral stability of
prototype V2 when tool grinds towards prototype V2 when tool grinds towards
+Xqp X

Yw axis. This hints towards difficulty in achieving coverage path planning.

— Motion along —x;, : For this motion, tangential forces are along +x;,. The two red
lines of 25% stability are indicated in figure 5.23. Reduction in the area of laterally
stable zone is visible similar to previous case.

5.6 Kinematic performance indices

Manipulability index (w) proposed by [Yoshikawa, 1985] provides a quantitative mea-
sure of closeness of the robotic manipulator to a state of singularity. Manipulability
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is widely used for achieving optimal control performance of kinematically redundant
manipulators.

Condition number of the kinematic jacobian matrix is used as an index to describe
accuracy, dexterity as well as closeness to the singularity of the given pose. Ill condi-
tioned jacobian has low maneuverability which implies need of high joint torques to
obtain even a small velocity output of the end-effector [Tsai and Chiou, 1990]. Inverse
of condition number (x~!) is bounded between [0 1] where the value of 1 indicates
condition of isotropy.

5.6.1 Wall scenario

« " for Wall Scenario Manipulability - Wall scenario
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Figure 5.28: Inverse of condition number Figure 5.29: Manipulability (w) for wall
(x~1) for wall scenario scenario

Figure 5.28 presents a contour plot of distribution of (x~1) over wall accessible
workspace. As can be seen from the figure, it is symmetric about X, = 0. Value of
« 1 lies above 0.1 for Y,, > 1.5m and goes below 0.1 for Y;, < 1.5m.

Manipulability index (w) shown in figure 5.29 implies a trend similar to that of the
(k~1). A central region around Y;, = 1.5m has the lowest value of w. It is noteworthy
that, w shows a higher value near boundary of the stable accessible workspace (which
is not a boundary of the total accessible workspace) on lateral sides.

5.6.2 Ceiling scenario

Figure 5.30 shows (k') contour for ceiling scenario that is symmetric about Y, = 0.
The index has the lowest value (0.02) in the center. This clearly indicates that the pose
of the robotic arm is near singularity. For the area defined by X, = [-1 1] and Y. =
[~0.375 0.375]. Beyond this area value of (x~!) gradually increases on both sides
indicating, arm is now moving away from singularity.

Manipulability index (w) for ceiling scenario is shown in figure 5.31. Similar to x !,
manipulability is symmetric about Y, = 0 and has lowest value located near center and
increases gradually on both sides of X;, = 0.
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Figure 5.30: Inverse of condition number Figure 5.31: Manipulability (w) for ceiling
(k1) for ceiling scenario scenario

5.6.3 Ground scenario
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Figure 5.32: Inverse of condition number Figure 5.33: Manipulability (w) for
(x~1) for ground scenario ground scenario

For ground cleaning scenario, both inverse of condition number k! (figure 5.32) and
manipulability w (figure 5.31) have gradually increasing concentric circles. The central
area is obviously occupied by mobile base. Beyond that, condition number doesn’t
increase significantly and the maximum value reached is 0.1. Manipulability however,
shows a good rise in the value. Yet, cleaning ground is not a promising scenario due to
low value of k1.
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5.7 Stability based trajectory using Version-1 prototype

This section demonstrates a grinding trajectory using Version-1 prototype [Maraje et al.,
2019]. Since, most of the cleaning walls are rectangular in shape, we assume a rectangle
of dimensions (1.38m x 1.13m) inside circle (C). Here, slider height is h = 1.675m.
Robotic unit is placed in at a distance of 0.75m from the cleaning wall.

Dynamic stability conditions

Important conclusions of the dynamic analysis of Version-1 prototype are recalled below.

— Figure 5.16 shows that when the tool moves along x, a red line of critical lateral
dynamic stability appears in the region (x, < 0) while the region (x;, > 0) is
dynamically stable.

— Similarly, figure 5.17 shows when the tool moves along —x;, direction, the region
(xp < 0) is dynamically stable while portion of the area from (x,, > 0) develops
instability.

— Figures 5.12 and 5.13 imply that at this slider height, dynamic longitudinal stability
is above the critical limit of %25. Thus, motion of the tool in both +y,, directions
is permitted.

Conditions of motion
The conclusions derived above yield important conditions of motion.

— For motion along axis x, in the region (x;, < 0), the tool direction should be along
_Xw.

— For motion along axis x;, in the region (x;, > 0), the tool direction should be along
+xy.

Grinding trajectory

From these two conditions. The continuous path Ei-E; is divided into two sub-paths
(see figure 5.35):

(i) SE1: While tracing this path the tool moves in the region (x;, < 0) and direction
of the motion is along —x,.

(ii) SEp: While tracing this path the tool moves in the region (x;, > 0) and direction
of the motion is along +x.

Validation of stability

To perform the grinding trajectory, multibody dynamic model of the Version-1 prototype
was made in ADAMS software (see figure 5.34). Figure 5.36 shows front half of the
support polygon. Axis AB defines the front axle. The black dotted lines are 25% stability
lines. The figure shows variation of ZMP obtained for the cleaning trajectory. The black
line shows ZMP trace calculated using numerical approach while the pink line traces
ZMP from cosimulation. The approximate overlapping of the two traces validates the
numerical approach.
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Figure 5.34: Multibody dynamic model of the Version-1 prototype
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Figure 5.35: Path traced by tool on the wall analytical and co-simulation
Conclusion

This chapter presented stability analyses of the two prototype versions. Firstly, static sta-
bility of Version-1 prototype having an arm of P6R kinematics (6R robotic arm mounted
on the vertical slider) was evaluated. This version showed a stable static longitudinal
and lateral behavior throughout the accessible surface. Dynamic analysis performed at
two different slider heights revealed occurrence of lateral instabilities.

Version-2 prototype that has 7R redundant kinematic arm was statically analyzed
for three cleaning scenarios (wall, ground and ceiling). This version was found to have
limited static lateral stability for the wall case. For the ceiling case, static stability was
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always maintained. However, the ground case turned out to be unsuitable for cleaning
due to instabilities and reduction in the accessible area due to presence of the mobile
base. Dynamic analysis of this version revealed reduction in the surface available for
cleaning due to loss of dynamic lateral stability.

Finally, a stable grinding trajectory using Version-1 prototype was demonstrated.
The traditional continuous zigzag path was split into two sub-paths based on the con-
ditions of motion derived from dynamic analysis. Numerical evaluation of stability was
validated through cosimulation.
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Conclusions and future work

This chapter summarizes contributions and conclusions of the thesis and invokes per-
spectives.

Synopsis

The primary focus of this doctoral thesis was structural selection of the arm kinemat-
ics and stability management of the robotic unit while performing asbestos removal
operation from real world rehabilitation sites.

Initially, the use-case of manual asbestos removal was reviewed to study the clean-
ing environment. The study led to formulate requirements and constraints imposed
by the cleaning environment on the robotized asbestos removal. Design rules were in-
ferred from requirements and a redundant P-6R kinematics (i.e. 6R anthropomorphic
arm mounted on a vertical slider) was selected and integrated with the mobile base.
Moreover, dimensional synthesis of the arm was performed to satisfy critical constraints
such as tall ceiling height, narrow entry door and cleaning in narrow corridors. The pro-
totype resulting from the integration of P-6R with the mobile compact base was called
Version-1 prototype. It was shown that the arm had a sufficient workspace to access
ground, wall and ceiling from the given pose of the mobile base. As Version-1 was not
optimal in terms of compactness, a Version-2 was proposed with a 7R arm kinematics
preserving the volume of the control box and more suitable for ground cleaning around
the mobile base and wall cleaning in narrow corridors.

Further, the robot-environment dynamic interaction model was presented and the
need to create dynamic simulation was emphasized. This was followed by geometric
modeling of the cleaning environment consisting of wall, ceiling and ground. There-
after, the effect of grinding reaction forces on the dynamic stability of the robotic unit
for three cleaning scenarios was identified. Based on this a numerical methods for sta-
bility assessment was proposed to evaluate the dynamic stabilities of two versions of
the robotic unit. Additionally, a co-simulation model (multibody dynamic simulation
software + numerical solver) was developed to validate the numerical approach.

Stability analysis consisted of studying static and dynamic stabilities of the two ver-
sions for the three cleaning scenarios. Kinematic performance indices- (manipulability
and inverse of condition number) were evaluated to assess suitability of the arm in dif-
ferent cleaning scenarios. This revealed difficulties in cleaning ground while both the
prototypes showed acceptable performance for cleaning the wall and the ceiling. The
analysis led to identify cleaning directions which comply with the longitudinal and lat-
eral stability requirement. In the end, cleaning of the wall surface using stable cleaning
trajectories was demonstrated.
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Co

1

ntributions

Structural selection and dimensional synthesis of the robotic
arm

Structural selection and dimensional synthesis of P-6R (that is a 6R manipulator mounted

on a

1.1

vertical slider) was presented in Chapter 3.

Asbestos removal use case was geometrically modeled using an interactive ge-
ometric software (Geogebra). This allowed to formalize 11 requirements from
which were derived 8 design rules.

1.2 The two long links (arm and fore-arm) were designed sufficiently short to avoid

2

2.1

2.2

2.3

3

3.1

3.2

3.3

collision in the corridor scenario. As they are too short to reach the ceiling, the
additional range was provided by the vertical slider.

Dynamic modeling of the robotic unit for stability evaluation

A dynamic interaction model of the robotized asbestos removal was proposed. A
geometric model was developed to represent the robotic unit and cleaning envi-
ronment. Reaction forces appearing during the grinding and their effect on the
stability of the robotic unit were identified.

Using the above information, a numerical approach for stability evaluation was
developed using ZMP based stability margin. The method of pseudo-inverse was
used to solve the inverse kinematic problem of the redundant arm.

Multibody dynamic models of the two prototypes of the robotic unit were devel-
oped and were coupled with the control model for co-simulation.

Static and dynamic stability evaluation for trajectory plan-
ning

Static stability of the Version-1 prototype was first studied. It was found that the
prototype has stable static behavior over the entire accessible surface of the wall at
a given position of the mobile base. Dynamic stability behavior however showed
occurrence of instabilities at specific slider heights.

Version-2 prototype was analyzed for three scenarios - ground, wall and ceiling of
static stability. In cases of wall, static lateral stability was found to limit the acces-
sible area. In case of ceiling, the robotic unit showed a stable behavior. However,
for ground scenario, robotic arm was found to be close to singularity.

Based on the conclusions of stability analysis, safe grinding trajectory was demon-
strated for cleaning wall scenario. Original design rules for path planning were
extracted. For instance, it was shown that dynamic stability for wall cleaning is
better when horizontal motions start from the center of the workspace and move
away towards the sides.
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Future work

1 Arm design based on dynamic stability criteria

It was found that the arm that has been designed based on the geometric modeling and
the dimensional synthesis approach provided a good accessible workspace for cleaning
walls. However, due to loss of static stability, a part of the accessible area was inappro-
priate for grinding. One future work could be to construct an optimization problem to
maximize the dynamic stability on a standard trajectory and deduce optimal dimensions
of the arm.

2 Stability optimization for a redundant mobile manipulator

As the arm has already a redundant kinematics for the task and is also supported by
a mobile base that adds two or three other mobilities, the mobile manipulator can be
optimally controlled online for maximizing its stability. Control can deal only with the
arm for a given pose of the mobile base, or can simultaneously address the arm and
mobile base motions. Our developments on stability evaluation will be directly usable
in such control approaches.

3 Multi-robot collaboration

The conceptual framework of the Bots2ReC project imagined robot-robot collaboration
for achieving the cleaning task. However, numerous challenges faced during the de-
velopment and the limited time span, the idea of collaboration remained at conceptual
level.

The application of asbestos removal can be performed with two or three specialized
robots one for each scenario (wall-ceiling and ground). In such case productivity of the
cleaning operation can be further optimized. Collaboration can also enhance stability
of the robotic units if connected by mechanical links. This can significantly enhance the
cleaning workspace for both of the robots working side-by-side.
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Appendix A

Online tool path planning algorithm
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This section elaborates theoretical framework for the a stability based trajectory plan-
ning algorithm.

A.1 Aspects of path planning

To study this dependency, a systematic approach is proposed to plan operational tra-
jectories of the arm by assessing dynamic stability. Some of the issues to be addresses
while planning the trajectory are presented below:

— Identifying line of safety :

— Defining dynamic task workspace : It is clear from previous discussion that, lateral
stability plays an important role in deciding stable operational zone since postural
longitudinal stability never reaches zero. Figure A.2 shows stability contours of
(0, 5, 10, 15, 20, 25)%. These lines indicate potential threshold for deciding which
line should be considered as a safety margin for the operation. Choice of the line
affects how much area is selected as a safe zone. In figure A.3, two zones defined
based on two stability contours are shown. Zone 1 is set of all points inside 20%
static stability line while zone 2 is set of all points 10%. Two area’s differ, such that
(Zone 2)>(Zone 1) by 1.5m>.

To identify which line to be taken as a safety limit, robotic arm is applied with
acceleration in all directions from the point on each stability line.
— Complete area coverage :

While performing the task that involves covering the entire wall, issue of determin-
ing optimal adjacent positions of the robotic unit arises. A challenge here is not to
let any area uncovered. At the same time too much overlapping of areas can result
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Figure A.2: Contour: Postural lateral Figure A.3: Defining zones based on
stability stability lines of 10% and 20%

in frequent repositioning of the robotic unit increasing task completion time. The
region show in figure A.3 is an irregular concave shape. However, to cover entire
wall during operation, this shape needs to be replicated several times. Figure A.4
shows two operational areas, A and B resulting from two adjacent positions of the
robotic unit. Two regions namely, overlapped region (Rp) and uncovered region
(Ry) are indicated. For time-efficient operation,

1. Area of uncovered region (Ry) must be zero

2. Area of overlapped region (Rp) must be minimized

— Contact vs Non-contact
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Figure A.4: Scenario of adjacent operational areas

Depending on the type of operation, i.e. whether end-effector makes any contact
with the operating surface, dynamics of the system changes. Thus, two cases need
to be studied separately.

A.2 Definition of path

Initial step in planning trajectory is to define a path inside the static stability zone such
that, it covers all points within the zone at least once in a single trace. Let, such path be
denoted by p and [, be the total path length (figure A.5).

S1 S S3 Sn
o P P2 Pz _Pn1 Pn
- AS —

« b, -

Figure A.5: Definition of the path followed during operation

Path p is divided into ‘n” segments (s1, s5...5,) using ‘n -+ 1" points (po, P1, P2, ---Pn—1, Pn)-
Thus, po and pn are start and end points of the path respectively, whereas all the other
in between points (p1, p2, P3, .--Pn—1) are intermediate points. Each segment (s;) has an
equal length of As.

nxAs=I (A.1)
(A.2)

A.3 Types of Tcp motions

Tool centre point (Tcp) undergoes accelerated and decelerated motions during the oper-
ation which can be classified into following types:

- Start motion :
At the beginning of path (i.e. point pp) involving acceleration of Tcp.
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— Stop motion :
At the end of path (i.e. point p,) involving deceleration of Tcp.

— Intermediate motions :
While Tcp travels through intermediate points (p1, p2, ..., Pn—1), it may pass from
the point of higher stability zone to the lower one or vice a versa. This may
generate accelerations and decelerations of Tcp.

- Emergency stop motion :

As soon as, operator hits the emergency stop switch, Tcp must come to rest within
specified stopping distance. Intuitively, higher stopping distance would allow
planning stop motion with lower deceleration. Even though this would generate
lower dynamics, time taken to complete the stop motion will be higher compared
to the motion planned over lower stopping distance. However, in case of motion
over lower stopping distance, higher dynamics will be generated, making dynamic
stability a critical issue.

From this classification, initial and final conditions of velocity and acceleration of the
tool can be determined.

A.4 Boundary conditions for Tcp motion

Let, V};, and a4, be the velocity and acceleration of Tcp for the ith point on path p. Here,
po and py are the start and the end points, respectively. At these points, Tcp is assumed
to have zero velocity and acceleration. Thus, we have

Viy =0, Vi, =0
Ay, = 0, at, = 0 (A?))

Boundary conditions on velocity and acceleration expressed through equation A.3
will be useful while calculating start and stop motions of the trajectory.

A.5 Trajectory Planning Algorithm

Once the path to be followed by the tool during operation is defined, positions acquired
by Tcp with respect to time need to be identified, which indeed defines trajectory of the
entire motion. To achieve this, we need to determine minimum possible time interval
At; for the motion of the frame Tcp along As; under constraints of static and dynamic
stabilities.

— Planning start motion :

For starting motion, tool centre point Tcp is initially positioned at point py. Initial
conditions of velocity and acceleration are expressed in equation A.3. To achieve
time-efficient trajectory, an attempt should be to reach maximum transnational
velocity ‘V;,,.” in shortest possible time while reaching the successive point p; on
the path. Since, As is the length of the segment s; between points pg and p;, the
planning problem becomes: coverage of distance As in shortest time interval Aty
under the constraint of dynamic stability.
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— Computing Aty :
According to equations of motion,
v* = u? + 2.4
Vi, 2 = Vi,2 + 2.(aps,).Ds (A.4)
Here,
Viy =0

aps, = uniform acceleration over segment As.

Rearranging, eqn.A.4 for acceleration we have,

(aae) = i (A5)
A1) 2 Ap ‘
Also,
v=u-+at
p=2"" (A.6)
a
Using, u = 0, and the value of acceleration (a) from equation A.5,
2.As
At; = A7
1=, (A7)

Equation A.7 shows that, value of At; depends on the choice of velocity V;,. To
achieve minimum possible At;, intuitive choice of V, is V;,,.. However, choice
of V;, is responsible for generating uniform acceleration Anp,, (equation A.5) and
hence the magnitude of dynamic effects. The total dynamic effect in turn governs
stability of the system. Therefore, choice of V}, is constrained by dynamic stability.
If, for V;, = V.., dynamic stability is within the limit of stability criterion, com-
puted At; is valid. Else, another At; must be calculated that does not result into
instability of the robotic unit.

— Critical limit of stability :

Figure A.6 shows support polygon S15,535;. Axes xs and ys define frame of the
support polygon. Segment 515, represents front side of the support polygon while
segment S35, is the rear one. Based on the signs of x; and ys coordinates, we have
£ critical longitudinal stability line £ critical lateral stability line. Every point on the
critical stability line is a critical value of ZMP.

— Computing optimal At based on critical stability :
Reminding equation of zero-moment point we have,

o Y mi(Z+ g)xi — i (miki)zi — Yl (Ly)i
o Ll milZi+g) (A.52)

- iy mi(Zi + 8)yi — Yty (miyii)zi — Yy (Ly)i
e Yty mi(Zi+8)

(A.8b)
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Figure A.6: Longitudinal and lateral critical stability lines

Last terms in both the equations are derivatives of angular moments. Since, an-
gular velocities w of all the links are low, value of the last terms is negligible
compared to the first two. Thus, contribution of the last term in deciding ZMP is
negligible.

Also, terms of accelerations can be represented in terms of time derivatives to sep-
arate time variable. Ignoring last terms in the numerator of equations A.8a can be
expressed as,

Yy mi(55 4 g)xi — Tiy (miR%)z;

Xzmp = ;
Y mi(Y4 4 g) (A.9a)
Equation A.9a can be re-organised to express in terms of ¢ as follows:
Zl 1 ml(AZl + gAtz)xl 2?:1 (mlelzl) (A.lO)

Xamp = Y mi(Az + gAt?)

X Zn 1 ml<AZl)xl + Zn 1 ngAt Xi — 2?:1 m;Ax;z;
anp = Yoing mi(Azp) + Y migAt

n

(Xzmp — le Z + (%zmp — Zx ZmlgAtZ Z(miAxizi)

i=1 i=1

n

(Xzmp — sz X:mlgmf2 — (Y (miAxizi) + (Xzmp — sz Z [(Az}))

i=1
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[2?:1(miAxiZi) + (xzmp - 217‘1:1 xi) er‘lzl mi(AZi)]

At2 - _ n n
(xzmp - Zi:l xi) Zizl m;g

Af = | TIEEa (miBxiz) 4 (ramp — Ty xi) By mi(Azi)]
(xzmp - Z?:l xi) 2?:1 mig

Negative value of At is infeasible and hence, the value of At to be taken is;

(A.11)

A — \/ [ (midxizi) + (xampe — Ty ) Ty mi(A2)]
! (xzmp — Yty xi) ity mig

Here, subscript x in At, indicates time interval evaluated based on critical value of
ZMP - Xzpp... This critical value can be the point on the longitudinal dynamic safety
margin drawn inside the support polygon.

Similarly, based on critical value of the lateral stability v, o another time interval
namely, At can be calculated as,

Aty = \/_[Z?—l(miAini) + (yzmpc — Y yi) Xitg mi(Az;)] (A12)

(Yzmp — i1 Yi) Yieq mig

— Planning stop motion :
Stop motion occurs at the end of trajectory i.e. while going from point p,_1 to py.
Time interval At, for stop motion can be calculated using equations A.5, A.6 and
A7 as,

_2Ap
th—l

Aty (A.13)

— Planning intermediate motion :
Since, stability of the robotic unit varies due to arm acquiring different positions
during the operation, intermediate motions are associated with uniform accelera-
tion, uniform deceleration or constant velocity motion.

e Accelerated motion : For any motion from p;_; to p; (i.e. along ps,), if tool
translational velocity (V}, ,) is less than,

— Planning emergency stop motion :

At any time instance during the trajectory, arm must be able to stop within speci-
fied stopping distance in case of emergency. Thus, arm must be able to decelerate
the tool and come to rest without being dynamically unstable.

To satisfy the criteria of stability during deceleration, from each point on the trajec-
tory, arm is decelerated to come to rest within the stopping distance. To illustrate
this, let’s consider that while performing trajectory, tool center point T, is passing
through an intermediate point p;,; shown in fig.A.7.

Let, V},, be the velocity and a;,, be the acceleration of T;,. Let, psiop be a point
at stopping distance ds,, from the point pj,;. At psrop, both velocity and acceler-
ation,i.e. Vi, and at,,, are zero. Stopping time Aty can then be calculated as
below.
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Figure A.7: Deceleration to achieve emergency stop

In equation, A.4 when, v = 0, it becomes

- _% (A.14)
Also,
v=u-+at
v—u
t = p (A.15)
Using, v = 0, and the value of 2 from A.14,
. —u.(2.5)
2
2.5
t = — (A.16)
Here, s = dssop, u = V4, and t = Atg,p. Thus,
Atstop = 2.(;15:,, ) (A.17)

From eqn.A.17, it is clear that time required to stop the motion of tool in the stop-
ping distance depends on the velocity of the tool at the time of pressing emergency
stop.

Value of Atsp can then be used to evaluate stability while executing stopping
motion from p;y, to Pstop-

Value of At;, will decide velocity and acceleration of the motion.

Finally, addition of all At;; will yield total time taken to complete the path. Since,
we attempt to find out minimum possible time interval, the resulting time of path
completion is the minimized one.
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Input: p = Y1 pi
initialization: Start point p; = po, Vi, =0, tp=0;
fori=0:(n—1)do
compute — Atiy1 = Ap/ V.5
compute — (/\DLG’ ADU)QCC/ (/\DLO’ )‘Du)dec;
if [()‘DLDI/\DU)%CC/ (ADLD’ADLt)dEC] > ADC then
execute motion from p; to p;1;
store At;iq;
Ise if (Apy,)acc < Apc,[(ADy,)aces (ADy,s Ay, )dec] > Apc then
compute — Aty ;
execute motion from p; to p;1 using Aty,,;
store Ati 1 = Aty ,
Ise if (/\Du>acg < ADC’[<ADLD)QCC’ (/\DLU,/\DU)dec] > /\DC then
compute — Aty ;
execute motion from p; to pi;1;
store At; 1 = Aty ;
Ise if (/\DL0>dcc < /\DC’[(ADLO’ADU)’MC’ (/\Du)dec] > ADC then
compute — Aty ;
execute motion from p; to pi;1;
else
evaluate At; 1 using eqn(A.11);
excute motion from pi to piy1;
store Atj,q;
end
end
At End point: i = n, p; = pu, Vi, = 0, t, = 11" Atiq;
Algorithm 2: Tool motion planning

()

()

()
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