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Abstract 

Steel bridges are vulnerable to corrosions, which results in conditions demanding regu-

lar maintenance in terms of de-rusting and re-painting. Current practices mostly rely 

on human workers with manually operated sand-blasting equipment to remove the rust 

or paint. This approach is labour intensive, tedious and, most of all, causes health 

and safety hazards for the workers, due to toxic dust arising from the removed lead or 

asbestos-based paints. Thus, an autonomous steel bridge maintenance system is very 

desirable, and the motion control of (). rohoti arm is identified as a key system require-

ment. 

This thesis is concerned with studies on algorithms for generating an effective tra-

jectory to be followed by an industrial robot arm used in sand-blasting. It is crucial in 

the context of productivity that the motion of the arm should follow a trajectory that 

aims to maximise the coverage of the blasted area and minimise the arm movements. 

The problem is challenging due to the changing environment underneath the bridge and 

the risk of colliding with obstacles. Furthermore, the trajectory generation process is 

complicated because of the many requirements imposed, such as minimum arm travel 

distance: minimum number of turns and minimum time to complete the blasting. 

The problem is tackled in this research by beginning with an assignment of the blast-

ing area, where a hexagonal coverage pattern is adopted to allocate blasting targets. 

The sequencing of blasting spots on the blasting surface, constituting the path to be 
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followed by the blasting nozzle, is determined through the use of a genetic algorithm as 

a sequence-finder for its applicability and flexibility in many engineering design prob-

lems. The order of blasting spots (that is, the path of nozzle) is then transformed to 

robot joint angles, that is, trajectory, by a genetic algorithm amended inverse kinemat-

ics approach. Furthermore, a method based on three-dimensional force-fields is used to 

safeguard the robot against collisions with obstacles. The resultant trajectory, in the 

form of a series of joint angles commands are fed to a Denso VM-6083D-W industrial 

robot for sand-blasting. 

The effectiveness of the generated trajectory is verified by simulations and experi-

ments. It is shown that trajectories can be derived for blasting surfaces with satisfactory 

coverage. The developed method is further demonstrated in generating trajectories for 

a number of blasting surfaces of different sizes, to the extent of the work space, at vari-

ous locations and orientations surrounding the robot arm. An experiment is conducted, 

on a mock-up robotic blasting system, by driving the robot arm in accordance with a 

generated trajectory. 
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Chapter 1 

Introduction 

Steel bridges need to be repainted for a number of reasons. One important reason con-

cerns protecting the bridge from corrosion. The application of coatings of paint could 

protect a steel bridge, particularly from corrosion, through its life span. Wynch Bridge, 

the first iron bridge in England, was built over the River Tees in 17 41 without a coating 

of paint. The bridge collapsed after 60 years because of the corrosion of support chains 

[1]. A cast-iron bridge, at Coalbrookdale in Shropshire, England, was not painted when 

it was built in 1779. It still exists today after paint was applied in 1788 and repainted 

regularly [2]. 

The common steel bridge painting process involves sand-blasting the steel surface 

to remove the current coating and rust, and then repainting the bridge to protect its 

surface from further corrosion. The procedure in sand-blasting usually relies on manual 

operation of the blast nozzles by human workers in a sealed environment, which is as-

sociated with health and safety risks. The toxic lead/asbestos contaminated old paint 

is a significant issue in causing harm to the worker's health [3]. Due to the health and 

safety risks associated with the sand-blasting processes, an automatic robotic system 

for sand-blasting is in great demand. 
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Industrial robots usually consist of a mechanical arm controlled by a computer which 

is able to perform tasks that are dull, dirty and/ or dangerous. Robots increase produc-

tion capability, improve product quality, and lower production costs. Thus, it is also 

economically valuable to build a robotic sand-blasting system to perform the required 

task automatically. 

Trajectory and motion planning of the robot end-effector is one of the key issues in 

an automatic robotic system. In most manufacturing applications, robotic arms are de-

ployed for repetitive operations in which trajectory planning can be conducted off-line. 

The environment in a work cell can be structured as obstacle-free, such that trajectory 

planning could be simplified. However, these favourable conditions are not always true 

for sand-blasting a steel bridge, and thus engineering challenges arc foreshadowed. 

This study is part of a joint project between the University of Technology, Sydney 

(UTS) and the Roads and Traffic Authority (RTA) of New South Wales, Australia. The 

project is aimed at developing an automatic robotic system for steel bridge maintenance, 

particularly, in removing paint from bridge structures using sand-blasting. This thesis 

addresses the problem of trajectory planning for the robot arm used in the maintenance 

system. 

The rest of this chapter is organised as follows. A brief account of steel bridge 

corrosion condition and the basic method of removing the rust and paint are given in 

Section 1.1. Section 1.2 contains an overview of the sand-blasting system. Then the 

motivation is presented in Section 1.3. Objectives of this study are given in Section 1.4. 

The methodology adopted is presented in Section 1.5 and a publication title based on 

the outcome of this work is given in Section 1.6. The rest of the thesis is outlined in 

Section 1. 7. 
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(a) 

(b) (c) 

Figure 1.1: An example steel bridge structure (a), spots of corrosion underneath the 
steel bridge (b) and (c). 

1.1 Steel Bridge Maintenance 

In Australia, there is a large number of steel bridges at critical levels of deterioration. 

They need to be maintained regularly for the sake of prolonging their service. A typical 

environment underneath a steel bridge is illustrated in Figure l.l(a). Figures l.l(b) 

and 1.1 (c) show the rusted patches commonly found. 

Maintaining corroded steel bridges presents a major challenge in terms of mone-

tary involvement, occupational health and safety issues and the demand for advanced 
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technologies. The program taken to maintain the steel bridge in practice is a very com-

plicated and expensive process. This is because there is not only a large percentage of 

such steel bridges requiring maintenance, but also the problem of protecting the workers 

in this kind of hazardous environment which is full of dust containing lead/asbestos. 

The first step in repainting the structure of a steel bridge is to remove its current 

coating by conducting a high-pressure sand-blasting. The second step is to repaint the 

processed surface within a few hours. The process must be executed in a sealed environ-

ment (see Figure 1.2(a) ), because the blasting operation produces asbestos-based dust 

which will undoubtedly pollute the surrounding environment otherwise. In the context 

of the workers' safety and health, they must be protected with suitable clothing and 

breathing apparatus (see Figures 1.2(b) and 1.2(c) ). Consequently the bridge mainte-

nance work carried out by human workers becomes time consuming and also extremely 

physically demanding. 

Several semi-automated sand-blasting systems have been developed in the past few 

years [4]. A common feature is that the choice of a trajectory for sand-blasting relics 

upon human control and the resultant performance critically depends on the operator's 

skill. On the other hand, the toxic lead/ asbestos-contaminated particles cause signif-

icant health issues when cleaning a steel bridge. Furthermore, due to the health and 

safety risks associated with the sand-blasting process, an autonomous robotic arm sys-

tem working in such environments is highly desirable. 

1.2 Automatic Sand-blasting System Overview 

Since 2006, we have been developing an robotic system for steel bridge maintenance, 

supported by the Centre of Excellence for Autonomous Systems (CAS), the Roads and 

Traffic Authority (RTA) and the University of Technology, Sydney (UTS). As shown 
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(a) 

(b) (c) 

Figure 1.2: A scaled sand-blasting cell (scaffold) (a) , protection gear (b) and manual 
sand blasting process (c). 
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in Figure 1.3, the robotic system consists of an industrial robot, a moving platform, 

a control computer and a sensor unit. In practice, the system will be deployed in an 

environment underneath the bridges to be maintained. Tracks will be placed along the 

channels on the scaffold underneath the bridge deck. A robot arm equipped with a 

sand-blasting nozzle is mounted on a base platform. A laser range-finder is attached 

on the end-effector and is used to identify the surrounding environment. The sensed 

data is then converted to represent the environment by a set of point clouds as shown 

in Figure 1.4 [5]. 

Figure 1.3: Laboratory setup. 

When blasting is conducted, the nozzle is mounted on the end-effector in place of 

the laser range-finder. The nozzle is fed with pressurised air mixed with sand grit and 

its motion is governed by a generated trajectory. The process of sensing and blasting is 

repeated until the desired surface is completely cleaned. The architecture of the robotic 

steel bridge maintenance system is shown in Figure 1.5. It consists of (1) mapping of a 

maintenance environment. (2) identification of material types, in order to protect non-

steel parts in a bridge. (3) surface reconstruction which generates the desired blasting 
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Figure 1.4: Overview of the sand-blasting system. 
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surface based on point clouds obtained from mapping. ( 4) path and motion planning 

which generates efficient paths automatically for a robot arm to move from one position 

to other position following the planned paths (5) collision avoidance which ensures the 

robot to conduct blasting task with collision-free path in the complex environment under 

steel bridges (6) a human-robot interface and (7) a robotic sand-blasting system control. 

1.3 Motivation 

In order to effectively conduct steel bridge maintenance, it is required to develop a 

fully automated robotic sand-blasting system with an effective path planning approach. 

Unlike most industrial applications of robotic manipulators in a pre-determined and 

obstacle-free workspace, a number of challenges in path and motion planning needed to 

be met in this research, and hence, have motivate this work. 

These challenges are highlighted as follows: 



Mapprng of a oomplex bridge 
maintenance environment 

Material i(leutific a tiou 

Sorfaoe reconstruction 

CotU$iOn avoidance 

Human-robot interface 
control 

FuHy automatic system 
control 

Figure 1.5: General framework of the sand-blasting system. 
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1. The path followed by the robot arm must be automatically generated for a par-

ticular bridge surface obtained by sensing the environment. 

2. The planning algorithm should be sufficiently generic and cater for changing en-

vironments found in steel bridges. 

3. With a fixed position of the robot, the blasting area should be completely covered 

by arm travel. 

4. The powerful high-pressure sand-blasting streaming is not allowed to target out-

side the surface to be blasted. 

5. Collision-free trajectories are mandatory because the robot moves in a complex 

structured environment. 

6. Generation of the trajectory should accommodate objectives imposed on the pro-

cesses such as minimum travel distance, minimum number of turns and minimum 

time to complete the blasting on a surface. 

1.4 Objectives 

To address the challenges presented in Section 1.3, this research aims to: 

1. Formulate an appropriate topology for completely covering the blasting area with-

out gaps. 

2. Develop a boundary editing algorithm which could ensure that the blasted areas 

are maintained within the designated surface boundaries. 

3. Formulate an efficient algorithm which can find the collision-free trajectory in 

complex bridge maintenance environments. 

4. Characterise the behaviours of evolutionary optimisation approaches for robotic 

path planning. 
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5. Demonstrate and evaluate the effectiveness of the proposed approaches and algo-

rithms through simulations and experiments. 

1.5 Methodology 

Through theoretical and practical research, this project aims to design and implement 

efficient robot end-effecter path/motion planning methodologies for sand-blasting irreg-

ular surfaces. In practice, steel bridges have complex structures which may contain a 

large number of irregular surfaces. Under the constraints of coverage and robot pose 

selection, the robotic path planning problem contains conflicting requirements, hence 

it demands a compromised approach. Enhancements to the path planning process will 

also be attempted with the use of evolutionary computation algorithms. 

For robot motion planning/pose selection, inverse-kinematics is adopted to calculate 

the robot joint angles based on the desirable end-effector configuration. When singu-

larity occurs a genetic algorithm is employed to find the joint pose that produce the 

least position and orientation error of the end-effector from desirable configurations. 

For safety issues, a collision avoidance algorithm is adopted to obtain collision-free tra-

jectories. 

The focuses of this thesis are summarised below: 

1. Incorporation of Hexagonal Topology-based Pattern 

In order to maximally cover the blasting surface by the sand stream, the construc-

tion of a hexagonal coverage pattern is developed. 

2. Development of an Editing Algorithm for Free-form Surfaces 

The editing algorithm is developed to automatically organise the surface boundary 

to make sure that the area to be blasted is not outside the blasting spots, while 
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no area which should not be blasted appears inside the boundary. 

3. Implementation of a Genetic Algorithm for Robot Arm Trajectory Generation 

A specific requirement for the robot arm trajectory in sand-blasting is that blasted 

areas should not be blasted again. This leads to the development of a genetic 

algorithm implementation with emphasis on repairing chromosomes in order to 

mitigate any duplicated blasting spots. 

4. Simulation and Experimental Studies 

Simulations and experiments are conducted to verify the effectiveness of the robotic 

path and motion planning methods. 

1. 6 Publication 

Outcomes of the studies carried out arc disseminated in the following publication. 

T. R. Rcn, N. M. Kwok, D . K. Liu and S.D. Huang, :'Path Planning for a Robotic Arm 

· Sand-blasting Systen1," Proceedings of the IEEE International Conference on Informa-

tion and Automation, June 2008, Hunan, China (accepted March 2008, to appear). 

1. 7 Thesis Outline 

After presenting the steel bridge maintenance problem, the motivation, the objective 

and the focus of this work, the rest of this thesis is arranged as follows. The relevant 

background to the application of a robotic system to perform sand-blasting will be re-

viewed in Chapter 2; topics on robot arm trajectory planning and its optimisation are 

also included. Chapter 3 contains the core development in this thesis. After present-

ing a practical sand-blasting model, a hexagon-based topology pattern is developed to 

completely cover the area to be blasted. A boundary editing algorithm is designed to 

organise the blasting spot on the boundary. A genetic algorithm is employed to obtain 
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the sequencing of blasting spot. The preferred trajectory is generated by the genetical-

gorithm modified inverse kinematics method. A collision avoidance algorithm is adopted 

to ensure the trajectory is collision-free. Simulation and experimental results will be 

presented in Chapter 4 to illustrate the effectiveness of the proposed methods. These 

tests include path planning, using: 1) different settings of the trajectory generation al-

gorithm, 2) various shapes of irregular surfaces, 3) changed surface size and 4) real-life 

robot arm motion control. Finally, a conclusion is drawn in Chapter 5. 



Chapter 2 

Background and Related Work 

Robotic systems have been attracting considerable attention in various application ar-

eas. For instance, robotic manipulators are very suitable for the automatic maintenance 

of infrastructure such as steel bridges. In order to ensure its satisfactory performance, it 

is crucial to generate an effective trajectory for the manipulator to follow. Hence, a ra-

tionalised trajectory planning strategy is required , such that the motion of the arm can 

be controlled by deriving a sand-blasting sequencing of joint angle commands. Further-

n1ore, real-world constraints imposed by the problem domain, such as minimum travel 

distance, joint angle change and obstacle avoidance need to be properly addressed. To 

this end, optimisation techniques are frequently incorporated to design the desired tra-

jectory. The automatic robotic system for steel bridge maintenance to be developed in 

this thesis falls within the scope of the robot system described above. In this chapter, 

previous related work in these areas is reviewed and serves as a background for the 

subsequent developments. 

Section 2.1 of t1is chapter will provide examples of different types of robotic paint 

removal systems under development and practical milestones achieved. Section 2.2 will 

provide informatior regarding related research work in trajectory generation. In Section 

2.3 the control of rcbot manipulator is briefly presented. In Section 2.4, the application 

13 
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of genetic algorit hms in solving optimisation problems are reviewed. 

2.1 Industrial Robots in Infrastructure Maintenance 

There have been substantial advancements in using automated and robotic systems in in-

frastructure construction over recent decades. Systems have been developed [3](4](6)[7)[8] 

to improve quali ty, productivity, safety and to reduce cost. Robotic systems are envi-

sioned to be able to conduct surface processing without very complex robot motions [9]. 

In Japan, a surface-finishing [10] robot was developed for wall painting in 1989. 

Researchers from the University of Texas at Austin developed an automated machine 

system for usc in the petrochemical industry, which was designed to blast and paint 

large-diameter steel storage tanks. This prototype design was completed in 1990. A 

surface cleaning (current paint removal) system has been developed by several other 

research groups. The National Aeronautics and Space Administration/United Technol-

ogy project has embarked on the development of an advanced stripping system - U.S. 

Navy /High Pressure \Vater Jet Paint Removal and Recovery System. This system is 

based on high-pressure water-jet cleaning to clean large ships, barges, floating dry-docks 

and other vessels [10] . These ·robotic paint/removal systems are built for simple and 

large structures. However, the processes of generating a robot manipulator trajectory 

for complex bridge structures have not been widely addressed. Furthermore, the above 

systems arc designed to work in open environments. On the contrary, the blasting sys-

tem developed in this work is to be deployed in a closed environment where obstacles 

may be found. 

An automated robotic system for rust/corrosion removal for bridges was developed 
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in the Construction Automation and Robotics Laboratory at North Carolina State Uni-

versity (11] jointly with the Federal Highway Administration and the North Carolina De-

partment of Transportation. The removal system consisted of a four degree-of-freedom 

robotic arm equipped with a sand-blasting nozzle, a bridge inspection crane (Peeper 

crane) with a crane boom, and a containment collection system mounted on an actu-

ated platform. An actuated platform was also built for positioning the robotic arm. 

This system was tele-operated. 

The robotic system control in (12] is one important element of robotic removal sys-

tems. The human-robot interface provides a great advantage to the control of the robot 

system. In manual operation, relying on the visual images from camera and sensor data 

from ultrasonic distance sensors, a human operator could control the positioning by 

using joysticks. The goal of this automated operation strategy is to perform the paint 

removal work by pointing the end-effector at a desired position. It is obvious that this 

robotic paint removal system is a semi-automated sand-blasting system, which relies 

upon human control. The quality of the sand-blasting, therefore, depends on the skill 

of the human operator. 

2.2 Trajectory Generation 

Moon and Bernold [4] used two basic strategies for generating robotic trajectories cater-

ing for the demand on complete coverage of the desired processing surfaces. One is in 

the form of a staircase and the other is a spiral confined in a window frame. Differ-

ent travel approaches lead to significant variations in the total distances travelled by 

the robotic arm. Based on their optimisation objectives, the staircases blasting path 

generally performs better than spiral form. On the other hand, when regularly shaped 

surfaces are not available, such as on steel bridges, these strategies cannot be directly 

applied. Thus, there is motivation to build a fully automated robotic sand-blasting 
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system, which could generate the path and motion of the robot end-effector in for steel 

surfaces processing task. 

In a context equivalent to sand blasting, a considerable amount of research work has 

been conducted on coverage issues addressed in sensor network designs. The trajectory 

generation problem on tool path planning for robotic spraying has also been studied 

(see (12][13][14]). The surface quality is assessed by the paint deposition thickness aris-

ing from the application of spray painting, which is more demanding than the coverage 

problem. In the following section, a review of these related research works tackling the 

coverage problem will be provided. 

2.2 .1 Coverage Problem 

The coverage problem is widely studied in several domains, for example, in sensor net-

work. T he need for coverage generally answers the question about the quality of sensor 

service (surveillance). The coverage area of a sensor could be modelled as a disc. T he 

objectives of bot h a sensor network and sand-blasting are to cover the largest area by 

using a minimmn number of individual areas denoted as discs. The principle to decide 

the sand-blasting positions is concept ually equivalent to that used in sensor network. 

Huang and T seng (15] presented an algorithm to decide whether every point in a 

given service area is covered by at least one sensor. In their work, they indicated the 

relationship between two sensing ranges . Based on this method, the insufficient cover-

age problem could be solved and the overlap of sensing ranges mitigated. Zhang and 

Hou [16} addressed the maintenance of sensing coverage and the connectivity problem. 

They solved this problem by minimising the number of sensor nodes belonging to a 

wireless sensor network. They also proved that the sensor communication range should 

be at least twice as large as its sensing range. Minimising energy consumption and 

prolonging the system lifetime have been considered by many researchers in wireless 
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ad hoc networks studies. In the article by Xu et al.s [17], in order to reduce energy 

consumption, they considered a geographical adaptive fidelity (GAF) algorithm in ad 

hoc wireless networks. It is employed to conserve energy by dividing the whole region 

where the nodes are distributed into rectangular grids. After dividing, in the transmis-

sion range of each sensor, the distance between any pair of nodes in adjacent grids was 

maximised. Chen et al. [18] presented an algorithm SPAN, which is used to decide if 

a node should be operating or standing-by on the basis of the connectivity among its 

neighbours. GAF and SPAN are both required to perform local neighbourhood discov-

ery. The coverage problem in sand-blasting tasks is also concerned with the process of 

organising the location of each neighbourhood blasting spot. 

In dealing with the sensing coverage issues, several centralised and distributed algo-

rithms have been proposed. Cerpa and Estrin [19) addressed the ASCENT algorithm in 

their article which could automatically configure sensor network topologies. The finding 

of the maximal nmnber of covers in a sensor network has been presented by Slijepce-

vic et al. [20]. In their paper, the monitored area can be covered by a set of nodes; 

a heuristic solution for solving the coverage problem is provided. They demonstrated 

that the proposed algorithm approaches the upper bound of the solution in most cases. 

Tian et al. [21] presented an algorithm which uses the concept of the .sponsored area 

to meet the complete coverage requirement. The main objective of this approach is to 

minimize the number of working sensors, and maintain the original sensing coverage, as 

shown in Figure 2.1. A sensor node will calculate its sponsored area while receiving a 

packet from one of its working neighbours. Here, the sponsored area is defined as the 

maximal sector covered by the neighbour. The node will turn itself off while the union 

of all the sponsored areas of a sensor node, as shown in Figure 2.2. Since the area where 

the sand stream hits the bridge surface is relatively much smaller than the region to be 

covered, hundreds of sand-blasting spots need to be organised on each blasting surface. 

To this end, computational burdens may impose difficulties in the above algorithms. 
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Figure 2.1: Sponsored coverage calculation-basic model (21]. 

Ye et al. [22] proposed the Probing Environment and Adaptive Sleeping (PEAS) 

method, a probing-based distributed density approach, for robust sensing coverage. 

PEAS can build a long-lived sensor network which lasts longer than that of individual 

nodes. The probing range can be adjusted to achieve different levels of coverage redun-

dancy. The algorithm guarantees that the distance between any pair of working nodes 

is at least within the probing range, but does not ensure that the coverage area of a 

sleeping node is completely covered by working nodes. for a sand-blasting trajectory, 

completed coverage is one of the most important quality requirements. 

2.2.2 1bol Path Planning for Robotic Spray Painting 

There are many research works on tool path planning for robotic spraying ([12] [13] [14]) 

. The surface quality is assessed by the paint deposition thickness arising from the 

application of spray painting, which is more demanding than the coverage problem. For 

example, in Antonio's papers [23] [24], a framework for optimal path planning is drawn 

to solve the thickness problem of optimal painting. Asakawa and Takeuchi put forward 
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Figure 2.2: Different turn-off situations [21]. 

a teaching-less method for spray-painting of sculptured surfaces by an industrial robot 

in their article [13]. They took painting a car's bumpers as an example to present a 

sculptured surface. In their approach, the spray-painting gun moves along the curves 

interpolating the points, which are generated on the work-surface on the basis of avail-

able CAD data. After passing a spray-painting path element, the gun moves to start the 

position of the next tour. The spray-painting path is shown in Figure 2.3. During the 

painting process, the spray gun is kept perpendicular to the work-surface. However, the 

small radius of curvature leads to greater paint thickness at corners. At the edge of the 

work-piece, the shortage of the over-spray points has caused the gun to start painting 

before attaining the desirable speed for doing so. 

Cheng et al. [25] pointed out that to achieve uniform paint thickness on the complex 

geometry of free-form surfaces is still a challenging research topic. They determined the 

path based on the paint thickness relationship of each neighbouring paths. The golden 
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Spraywpa:inting path element 
Spray-painting points 

Figure 2.3: A spray painting path [13]. 

section method is used to find the optimal gun velocity and overlap distance by itera-
• 

tion. A recent research work, by Arikan et al. [26], mainly presents the elliptical spray 

areas generated by different painting strokes at different spray distances and painting 

velocities. The aim of their work is to present an experimental demonstration of a 

feasible paint flow-rate employed for elliptical paint spray applications. The authors, 

in their article, showed that in order to obtain a general solution and model a wider 

range of paint spray forms, the spray gun becomes the basic variables for predicting the 

thickness distribution on the painting surface in modeling the spray painting process. 

Spray areas are indicated as ellipses (Figure 2.4). However: the elliptical spray area is 

much more complicated to be calculated than the circular ones. 

The tool motion must be taken into account to improve the manufacturing effi-

ciency. The teaching of systems to generate a special path for automatic tools have 

been widely studied in the past decades. For example, Suh et al. [12] developed an 

Autmnatic Trajectory Planning System (ATPS) for painting robots. The approach to 

approximately represent the original free- form surface with small surfaces is adopted by 
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Figure 2.4: Properties of the elliptical spray area [26]. 
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Suh et al. [12] in the trajectory planning stage. In [27], the approach decomposes the 

coverage region and determines a sequence of sub-regions, and then creates a coverage 

path that covers each region and moves to the next. During the process, the cost of 

the path generated has been taken into account the optimal line-sweep decompositions. 

The resultant trajectory length is approximately the total length, which is generated by 

the different sweep directions. However, the number of turns may cause increases in the 

operation times as illustrated in Figure 2.5, because the robot must slow down, make 

turns, and then accelerate. Thus, minimising the number of turns in proportion to the 

altitude of the sub-region will reduce the working time. This implies that generating a 

decomposition which minimises the sum of the altitudes is able to produce an optimal 

coverage path. The diameter of a polygon is determined by rotating the polygon and 

measuring the height as it rolls along the fiat surface. A diameter function is generated 

to describe the altitude of the polygon along the sweep direction. This approach is 

closely related to the sand-blasting operation considered here; its design principle will 

therefore be adopted. 

In other works such as [28][29][30][31], the authors also developed different methods 

to generate optimal paths for compound surfaces and free-form surfaces. Simulations 

were conducted based on a car's inner hood in these articles. Once the path planning 

is finished , it could be used for painting large numbers of such car's inner hoods. Thus, 

computational time in planning is not considered as a major problem. 

In the mobile robot path planning domain, researchers are normally generate a robot 

trajectory on the basis of the pre-generated landscape. Gou et al. [32] studied com-

plete coverage control for non-holonomic mobile robots in a dynamic environment by 

employing a neural network approach. They used the centre of a circle to indicate a 

mobile robot, the radius of the circle was used to represent the robot coverage region 

by its end-effector. The positions of stationary obstacles are described by coordinates 

in a pre-existing map of its operating environment. The speed and position of moving 
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Figure 2.5: The number of turns is the main factor in the cost of covering a region along 
different sweep directions. 
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obstacles are detected by the robot's on-board sensor that is used to update the map. 

Afterwards, the robot path is automatically generated based on the location and land-

scape. As shown in Figure 2.6, the authors presented the completely covered path within 

the bounded region without covering a point twice. Although this method focuses on 

mobile robots , the design principle can be used in path planning for sand-blasting. 

Figure 2.6: Complete coverage paths. The dark rectangles arc stationary obstacles [32]. 

2.3 Robot Manipulator Control 

The control of robot manipulators requires mapping from the end-effector positions 

to joint angles. An articulate figure is often modelled as a set of rigid segments con-

nected with joints. Thus, altering joint angles can cause varying configurations. It is 

straightforward to calculate the configuration by given joint angles (forward kinemat-

ics). However, obtaining the joint angles for the desired configuration is more involved 

(inverse kinematics). Inverse kinematics is a common technique in robot manipulator 
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research [33]. In robotics, however, the greatest concern is with the functionality of 

manipulators, especially facing with practical tasks. Since the inverse kinematics prob-

lem is of special importance to manipulator control, researchers have proposed several 

different solution approaches. Korein and Badler [34] investigated methods for kine-

matic chain positioning, especially in the context of joint limits and redundant degrees 

of freedom. 

Girard and Maciejewski [35] adopted an approach from robotics. To calculated the 

pseudo inverse of the Jacobian matrix that relates the increment of the joint angles to the 

displacement of the end-effector in space. Energy constraints were used by Witkin et al. 

[36] for calculating the position and orientation of the robot manipulator. Constraints 

are satisfied if and only if the energy function is zero. An isoenergy line is defined based 

on the joint angle space, on which the energy function takes identical values. Under 

this physical interpretation of the energy function, the method by vVitkin et al. [36] 

searches the path from the initial configuration to the target configuration which is, at 

any point, perpendicular to the isoenergy lines. Instead of associating energy functions 

with constraints, Barzel and Barr [37] introduced deviation functions , which measure 

the deviation of two constrained parts. They discussed a variety of constraints such as 

point-to-point, point-to-nail, etc. and their associated deviation functions. A segment 

in a system of rigid bodies is subjected to both external forces, such as gravity, and con-

straint forces , which force the deviations to zero whenever they are found to be positive. 

Constraint forces are solved from a set of dynamic differential equations that require 

all deviations go to zero exponentially in a certain amount of time. An approach based 

on physical modelling and interpretation was also adopted by Witkin and Welch [38] 

on non-rigid bodies whose deformations are influenced by a number of parameters. To 

apply this method to articulated figures, a joint would be considered as a point-to-point 

constraint and added to the system as an algebraic equation. This poses some practical 

problems that render such solutions inappropriate to highly articulated figures. First, it 

is not unusual to have several dozen joints in a highly articulated figure, adding to the 
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number of constraint equations substantially. Second, a joint of an articulated figure 

is meant to be an absolute constraint: it should not compete with any constraint that 

relates a point on a segment of the figure to a point in space. Such competition often 

leads to numerical instability. 

The computation of the reachable workspace of an end-effector could employ the 

inverse kinematics [39). The author believed that the determinations of joint angles are 

less important than the answer to the questions of whether a spatial configuration could 

be achieved or what the overall shape of the work-space looks like. Due to the collision 

avoidance requirement, inverse kinematics can be augmented to achieve collision detec-

tion. Combining spatial and joint constraints into collision-avoidance motion planning 

is a fundamental goal in robotics , and a variety of exact and heuristic approaches exist. 

The problem is that the complexity grows exponentially with the number of degrees of 

freedom, making the process to obtain exact solutions less efficient. 

2.4 Genetic Algorithms in Path Planning 

Genetic algorithms (GA), as a search-based optimisation method, have been successfully 

employed in a wide domain of engineering applications. In particular, the GA is very 

attractive in obtaining ncar-optimal solutions when the solution scape is discontinuous 

such that gradient-based approaches cannot be directly applied. 

Genetic algorithm mimics the evolution process of living species. Holland [40) mod-

elled natural adaption in the algorithm that was motivated by the principle of "survival 

of the fittest", as stated in Charles Darwin's evolution theory. Goldberg further devel-

oped the algorithm for search and optimal engineering designs [41]. By coding potential 

solutions as a population of chromosomes, and operating through selection, crossover 

and mutation, the Schemata theory ensures that the fitness of the overall population 
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improves over iterations. 

Advantageous characteristics of genetic algorithms include: 

1. Coding of potential solutions enables the GA to be used for various problems. 

2. Guided random search permits the GA to obtain global solutions through itera-

tions. 

3. In contrast to classical methods, GA uses a population of agents in the search for 

solutions. Therefore, it is suitable for parallel processing. 

Applications of GAs in engineering have been widely reported in the literature. For 

example, Powell [42] has used a GA to solve design problems with nonlinear constraints. 

The optimal design of space structures was also realised by using the algorithm [43]. 

Furthermore, a hi-level optimisation problem was solved by using a modified GA [44]. 

In the context of robot manipulator motion control, the GA was applied to design a 

trajectory to be followed by a nozzle in the spray-forming process [28] . A trajectory was 

generated by using the GA for steering a six degTee-of-freedom robot arm to perform 

three-dimensional cutting of work-pieces (see [45]). Liao [46] also used the GA to plan 

a path for a robot arm in metal bending. 

The control of robot manipulators could be realised in the form of task (Cartesian) 

and joint spaces. The task space is frequently adopted to represent the location of the 

work-piece. On the other hand, joint space is concerned with the specification of the 

desirable joint angles with which the robot arm is configured. The genetic algorithm, 

because of its flexibility, has been applied in these domains. For instance, the GA was 

applied to design a trajectory in task space for a two-link robotic arm [47]. In [48], 

motion planning in the joint space was successfully implemented for a manipulator with 

three degrees-of-freedom. In a challenging environment with static and dynamic obsta-

cles present in the work-space, the algorithm was able to derive a collision-free path for 
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a robot arm [49]. 

It is anticipated that, in the complex steel bridge environment, challenges in path 

planning would be frequently encountered. Because of its flexibility and effectiveness, 

the genetic algorithm is adopted in this study to generate a trajectory followed by the 

robotic arm in an automatic sand-blasting process. 

2.5 Summary 

This chapter has presented some research works related to path and motion planning. 

Due to the quality requirements of sand-blasting, the coverage problem has become an 

issue in trajectory planning. Thus, related research work about coverage algorithms 

on sensor networks is presented. This thesis is concerned with obtaining an effective 

blasting trajectory, therefore several optimal trajectory planning algorithms for robotic 

spray painting are reviewed. Furthermore, the related work in the manipulator control 

and optimization method arc provided as well in this chapter. In the following chapter, 

the methodologies to solve practical robotic sand-blasting path planning problem will 

be proposed. 



Chapter 3 

Trajectory Generation for 

Robotic Sand-blasting 

In Chapter 2, research work related to trajectory planning and coverage was described. 

In this chapter, the approach to devising a satisfactory sand-blasting trajectory will 

be presented. With regard to blasting coverage, a hexagon-based blasting pattern is 

adopted to provide a near-optimal solution, while reducing the un-blasted area. In 

real-world situations, surfaces to be blasted are rarely available in regular geometric 

shapes. A boundary editing procedure is therefore proposed which ensures that the 

blasted areas are maintained within the designated surface boundaries. A sequencing 

of sand-blasting spots will then be determined, which the robot end-effector is going 

to follow. Without a priori knowledge on feasible sequencing, a genetic algorithm is 

used as a solution searcher. A modified initialisation procedure is used and results in an 

efficiency improvement with a reduction in the number of iterations needed to obtain 

a feasible solution. Furthermore, a solution method for the inverse kinematic problem 

and a pose selection algorithm is employed to transform the robotic end-effector from 

Cartesian space coordinates into its corresponding joint configurations while carrying 

out the blasting task. Finally, a collision avoidance algorithm is employed to generate 

a collision-free trajectory. 

29 
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In the rest of this chapter, Section 3.1 provides the general framework of opti-

mal trajectory planning. Section 3.2 is concerned with the complete coverage prob-

lem. The design of the blasting trajectory is presented in Section 3.3. In Section 3.4, 

two approaches for robot motion control are proposed. The method of generating the 

collision-free trajectory is also demonstrated. Finally, a summary is given in Section 3.5. 

3.1 General Framework of Trajectory Planning 

A general framework for sand-blasting robot trajectory planning is formulated. Trajec-

tory planning should take t he following aspects into account: the nozzle position and 

orientation, collision avoidance and robot arm configuration constraints, etc. Figure 3.1 

shows the architecture and flowchart of the robot trajectory planner. 

It is assumed that knowledge of the environment, in the form of a point cloud, is 

available from the sensing and map building stage. The blasting nozzle model and 

robot arm model arc given. Furthennore, the surface to be blasted has been defined, 

for example, by operator intervention or an automatic algorithm. The planner takes 

the following steps to plan a trajectory for the sand-blasting robot. 

1. The extracted surface is firstly represented by blasting spots, in the form of discs, 

in a hexagonal pattern. The size of each disc is determined by the nozzle model. 

2. A boundary editing routine is then conducted to ensure that no discs are located 

outside the surface. Note that the surface normally takes an irregular shape. 

3. The path is generated by the path planning algorithm, taking into account short 

travel distances and the number of turnings. 

4. While planning, the possibility of colliding with obstacles is considered. This step 

produces the satisfactory end-effector path. 
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y 

Figure 3.1: The optimal trajectory planner. 
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5. Based on the determined path, joint angle commands are derived by using the 

inverse kinematic approach. In case singularities occur, a genetic algorithm-based 

routine is invoked to search for feasible joint movements. 

6. A satisfactory sequence of joint angle commands for the robot arm will be issued 

to drive the arm to conduct sand-blasting. 

3.2 Blasting Nozzle Model and a Hexagon-based Topology 

Pattern for Complete Coverage 

3.2.1 Blasting Nozzle Model 

The path planning for complete coverage of an area to be blasted depends critically 

on the model of the blasting nozzle. The blasting nozzle can be modelled as a spray 

cone as shown in Figure 3.2, whereby a sand stream is emitted from the tool radially 

with a fan angle. A circular blasting pattern (denoted as a disc) is formed when the 

spray cone hits the bridge surface. The distance from the nozzle to the bridge surface is 

the stream length dn. The radius of the blasting pattern is Rc, which is related to the 

stream length and the type of nozzle. The blasting direction or nozzle orientation can 

be varied from 45° to 90° is parallel to the nozzle axis and aligned with the normal of 

the surface. 

Based on the specifications of the nozzle (Bm·ide T159) shown in Figure 3.3, the 

blasting area, in the form of a circular disc, is given by 

2 R _ d dmax - dmin dmax 
S = 1rRc , c - n 2L + -2- (3.1) 

where ds is the stream length from the nozzle to the surface, Lis the length of the cone 

within the nozzle with minimum and maximum diameters of dmin and dmax, respec-

tively. The nozzle used in this work has three sizes, namely, small, medium and large 
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Figure 3.2: The nozzle model. 

Figure 3.3: Nozzle Boride T159. 
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size, as the blasting task demands. The parameters of Nozzle-Boride T159 are given 

in Table 3.1. The size of the disc also affects the blast coverage. The blast radius and 

areas with different stream length are illustrated in Figure 3.4(a) and Figure 3.4(b). It 

is clear that d8 affects the size of the disc, the longer distance, the larger blasted area. 

However, due to safety and coverage quality requirements, d8 is chosen between lOOmm 

and 500mm. 
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Figure 3.4: Nozzle characteristics with different stream length, (a) blast radius, (b) 
blast area. 

Due to the need for determining an efficient sand-blasting trajectory, the process is 
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Table 3.1: Parameters of the nozzle (Boride T159). 
Parameters( mm) Small Size Medium Size Large Size 

dmax 7 13 15 
dmin 4.5 6 7 

L 75 112 145 

simplified by keeping the stream length constant. Thus, blasting discs with the same ra-

dius are chosen. The hexagon-based topology is adopted to cover the identified blasting 

area, which aims to minimise the overlap area without "blank" areas in the free-form 

surface. 

3.2.2 Hexagon-based Topology Pattern for Complete Coverage of a 

Given Surface 

The hexagon-based topology is selected to cover the desired blasting surface because, 

compare with square based, triangle based and other topologies, it is an efficient topol-

ogy that is able to cover a large area without leaving uncovered areas. In this section, the 

procedure adopted to generate the hexagon-based topology pattern for covering given 

surfaces with a disc of radius Rc is presented in Figure 3.5. Then, the development of a 

boundary editing algorithm for free-form surfaces is pre ented. It is used to confine the 

blasting disc locations within the surface boundary. The procedure of generating this 

pattern is described below. 

1. Since a hexagon-based topology is chosen for complete region coverage, the blast-

ing region is firstly packed in the boundary region with discs of radius R c, where 

Rc is obtained from the nozzle model. 

2. The process then searches for a point P which is located on the ncar-centre of the 

blasting surface as an initial sampling point and a point Q that is v'3Rc to P is 

also selected. 
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Figure 3.5: The process of generating hexagon topology. 

3. Construct a circle with Rc as its radius at the near-centre of the desired blasting 

surface. Choose six points from Q1 to Q5 on the perimeter, with an angle 1r /3 

apart, the starting point Qi, i = 1, · · · , 6 as its centre. Draw discs with radius Rc 

centred at Qi. 

4. Taking Ql to Q5 as the centre, repeat the process, until the desired blasting-

surface is completely covered. It is shown that the disk pattern in Fig. 3.6 has 

the near minimum number of disks to cover an irregular surface. 

Figure 3.6 shows clearly that there are many blasting points located outside the 

boundary and on the boundary. The flow of high-pressure sand from the sand-blasting 

nozzle is very powerful, and could easily chip the wooden scaffold. Therefore, the region 

outside the identified blasting surface should not be blasted. In the following section, 

the methodology for adjusting the boundary blasting points to relocate them into the 

blasting surface will be presented. 
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Figure 3.6: Covering a free-form surface using a hexagon topology. 

3.2.3 Editing of Disc Location on the Boundary 

Here, the boundary editing algorithm is used to ensure that there is no blasting disc be-

yond the boundary of the area to be blasted. The boundary region has been completely 

packed with discs of radius Rc, obtained according to the hexagon topology scheme. 

The first step in solving the editing problem is to identify the discs on the boundary 

and picot of the blasting region. A straightforward approach to the problem would be 

to classify the discs into different groups based on their distinctive characteristics. For 

each disc i, let 

E ; = l 1 if it is inside the boundary 

2 if it is outside the boundary 

3 if it is on the boundary 

(3.2) 

vVhere Ei indicates the position of each disc. Checking the distance from each discs 

centre to boundary points, which is denoted as Dp . Checking distance between discs 
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centre to near desired surface centre, which is denoted as D 8 • Indexing the nearest 

boundary points to each disc, which is indicated as Dn. If Dp < D s and Dn > R c, the 

disc is inside the boundary, set Ei = 1, if Dn < Rc , the disc is outside the boundary, 

set Ei = 2 and if Dp > D 8 and Dn > R c, the disc is on the boundary, set Ei = 3. 

Obviously, the discs outside the boundary should be erased. The circles in light colours, 

as depicted in Figure 3. 7, are the discs to be stripped. Due to the complete coverage 

requirement , boundary discs cannot be removed directly. They need to be pulled inside 

the boundary to avoid over-blasting. In order to avoid over-blasting and to minimise 

the overlap area, the desired position for the centre of the disc on the boundary is taken 

as the vertex of the circle connecting the boundary. 

Figure 3. 7: Discs classified into three groups. 

The boundary line is generated from the point clouds. In practice, the linear squares 

fitting technique is employed to generate the best fitting lines which is the simplest and 

most commonly applied form of linear regression and provides a solution to the problem 

of finding a best straight line from a set of points. In Figure 3.8, tho solid line is the best 

fitting line generated by the linear square fitting technique. The direction of moving 

tho discs on the boundary is perpendicular to the best fitting line, shown in Figure 3.9, 
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Figure 3.8: Best fitting line. 
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After the whole working regions have been completely covered, the path for the 

robot arm can be generated based on performance criteria. In the next section, the 

genetic algorithm is employed to determine a blasting path. 
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3.3 Generate the Sequencing of Blasting Spots 

A disc placement pattern has been generated with a near minimum number of discs 

to cover a free- form blasting area. In this section, complete coverage path planning is 

studied as a problem of finding the sequence of visiting the disc centres by the blasting 

stream. A genetic algorithm is employed and the algorithm is modified to generate 

paths on the blasting area. 

3.3.1 Design of Objective Function 

In this section, the greedy method is employed to generate a nozzle path for each step 

with minimal travel distance and turning angles, without collisions. Here, the greedy 

method is adopted because it is much more efficient then a global approach. Both noz-

zle sweep directions and the magnitude of turns arc essential conditions that affect the 

sand-blasting efficiency. 

The travel distance di can be expressed as 

di = (Pi- Pi+l), i = 1, 2, · · · , n -- 1 (3.3) 

where Pi and Pi+l are the current position and next position of discs picked randomly, 

and n is the number of discs. 

To make a turn the robot manipulator must slow down, make turns, and then ac-

celerate, thus, it is desirable to minimise the magnitude of the turns. Let ()i represent 

the angle of a turn needed while moving from Pi-1 to Pi then Pi to the next potential 

location Pi+l· We select the next point among the six neighbours such that the cosine 

of the turn angle approaches unity, that is, cos( Bi) ---+ 1 since IBi I ---+ 0 is preferred. 

After the blasting stream reaches its next position, that position becomes a new current 

position. 
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The cos(Oi) function is further used as a penalty on di with the resultant travel 

distance modified as 

(3.4) 

Here, this objective function equation 3.4 is adopted because the trajectory is preferred 

with minimum travel distances and minimum turn angle. 

3.3.2 Genetic Algorithm-based Path-Searching 

In this section, the proposed algorithm to solve the path planning is described. Firstly, 

the genetic algorithm is briefly reviewed. Then a non-duplicative chromosome modifi-

cation will be explained in detail. 

Genetic Algorithm (GA) is an algorithm which is mainly guided by Nat'ural Selection 

and Evolution Theory. Reproduction, crossover, and mutation are the basic mechanisms 

of GAs. Typically a GA works with coding a set of binary strings to search the discrete 

space. Holland [40] referred to these strings as genotypes and Schaffer [50] referred to 

them as chromosomes while choosing P strings each of length N as an initial population. 

Chromosomes are selected from the population to be parents for operations such as 

crossover and mutation. According to Darwin's evolution theory, the best ones should 

survive and create new offspring. There are many methods for selecting the best chromo-

somes, for example, roulette wheel selection, Boltzman selection, tournament selection, 

rank selection and steady-state selection. Roulette Wheel Selection is employed to per-

form selection when parents are selected according to their fitness. The better the fitness 

is, the greater chance there is of being selected. 
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In 1989, Goldberg (41] described a simple GA implement with a population of en-

coded potential solutions. In most situations the initial population is generated ran-

domly. After each string is evaluated and assigned, a population is created. 

While doing crossover, the new set of strings is paired randomly. For each pair, 

crossover occurs with probability Pc. After crossover, mutation occurs. In this stage, 

some bits of a string are independently changed from zero to one or vice versa in the 

new population with probabilities. A genetic algorithm, through the above procedures, 

could find the best fitness values of individuals and combine them to produce individuals 

that offer better fitness values than their parents by Selection, Cross-over and Mutation 

operations. This process continues until the population converges to the best fitness 

value, or the number of generations is reached. 

The steps for using a genetic algorithm in the path planning process arc explained 

below. Integer coding is employed to represent the individuals and evaluate the solution 

based on the fitness landscape. 

1. Initialisation: Let the population be P (i.e., paths, the length of chromosome 

equals the number of blasting discs of a desired blasting-surface). Conventionally, 

each chromosome is built from choosing randomly from the discs that correspond 

to the complete coverage path planning as 

Chromosome= [Dskn], n E [1, · · · , N] (3.5) 

where Dsk indicates a disc, n is the index of the disc, N is the total number of 

discs. To avoid the bits (disc) of a chromosome from repeating, the repeated bits 

of a chromosome are repaired by randomly replacing the repeated discs with the 

missed ones. The complexity of the problem is related to the number of discs. For 

a large number of discs, more chromosomes are needed in the population. After 
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the generation of P chromosomes, their fitness is evaluated according to equation 

3.4. 

2. Selection: Chromosomes are sorted in ascending order according to their fitness 

value (minimum is preferred), each one has its place scaled according to its fitness 

function. By making multiple copies from the pool of chromosomes, the better 

chromosomes have more chances of being copied. 

3. Crossover: New chromosomes (offspring) are produced from the chromosome pool 

that was created in the previous step. Crossover occurs according to the defined 

crossover probability which is chosen as 0.9. 

4. Mutation: This procedure randomly selects a single element (the disc along the 

trajectory) in a chromosome and changes it. The mutation probability is set at 

0.1. 

5. Check for the termination criterion: If the termination criterion (no fitness im-

provement for 10 generations) is not satisfied then repeat from Selection step. 

3.4 Robot Motion Planning 

The trajectory to be followed by the robot end-effector has been generated in Section 3.3. 

Next, robot motion planning to realise the designed path (in Section 3.3.2) is another 

important element. Inverse kinematics is a nonlinear and configuration dependent prob-

lem that may have either an unique solution, no-solution, or multiple solutions. When 

faced with the no solution problem, a standard GA is adopted to determine the joint 

angles by minimising the error of position and rotation compared with the desired val-

ues. In this section, the generic-algorithm-amended inverse kinematic method will be 

presented. In addition, for safety operations, a collision avoidance algorithm is applied 

to generate a collision-free trajectory. 
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3.4.1 Genetic-Algorithm-amended Inverse Kinematics for Determin-

ing Robot Configurations 

3.4.1.1 Inverse Kinematics (IK) 

The inverse-kinematics problem is concerned with determining the robot joint angles 

based on the desired end-effector configuration. For sand-blasting, the robot arm, which 

is equipped with a blasting nozzle, has to be operated in a three-dimensional space to 

effectively remove the current surface coating. In the control space there are six dimen-

sions corresponding to the joints of the arm, three of which can be described as the 

orientation, while the other three represent the position. Position and orientation are 

related to the world coordinate frame. Point clouds, which represent the environment as 

detected by a sensor, are initially in a sensor coordinate frame. Knowledge of the sensor 

position w, t , r (twist, rotation, translation) and the world coordinate frame allows these 

points to be converted to that coordinate by applying a rotation and a translation to 

the sensor derived points [51]. 

A homogeneous transformation matrix is used to conveniently indicate a rotation 

and translation between the coordinate frames. 

(3.6) 

where n, o, a, p denote normal, approach, orientation and position respectively. They 

are 3 x 1 orthogonal unit vectors and p is a 3 x 1 position vector. 

According to the Denavit-Hartenberg convention, the relative position and orienta-

tion of two consecutive links can be described by Homogenous Transformation. 

(3.7) 
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In this equation, the relative orientation and position of the frame are described by 

R L 1 (Bi) and P~-l (Bi) respectively. The parameters of these matrices can be extracted 

from the physical shape and configuration of the DENSO VM-6083D-W robot arm used 

in this project. The detailed parameters of the robot arm are shown in Figure 3.10. To 

calculate the position and orientation of the joints (Toe(Bl, 82, · · · , Bn)), n ~ 6 in respect 

to the base of the robot for arbitrary joint angles (01 , 82, · · · , Bn], the transformer will 

be: 
n 

( 
Roe Poe ) 

0 0 0 1 
(3.8) Toe( B1 , B2 ,··· ,Bn)) = I1TL1(Bi) = 

i=l 

The robotic inverse kinematics , is the problem of finding [81, 82 , · · · , Bn], from the 

Homogenous Transformation Matrix T oe· This problem is a mapping from the 3-

dimensional task space to the joint angle space and usually has more than one solution. 

The process of determining the joint angles is based on the desirable end-effector 

configuration by inverse kinematics (IK). When faced with the multiple solution sit-

uation, the minimum joint angle change solutions are picked from the solution group. 

When faced with the no-solution problem, a GA is adopted to determine the joint angles 

by minimising the error of position and rotation compared with the desired values. 

3.4.1.2 Genetic Algorithm for Inverse Kinematics 

The approach adopted to solve the IK problem using a genetic algorithm is treated as 

a minimisation problem. The error between the end-effector position and orientation of 

an individual and the desired location is defined as the measure of fitness . In the genetic 

algorithm, measurements of the fitness of each individual chromosome are required to 
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Figure 3.10: Parameters of DEN SO VM-6083D-W robot arm 
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select the most suitable individuals for genetic operations. To measure the position 

error we com pared the vector P e = [pex, Pey, Pez ]Y obtained from the homogeneous 

transformation matrix, which is the difference between the end-effector position of each 

individual and that of the desired position Pt = [ptx,Pty,Ptz]T in the configuration space, 

that is, 

P error = min{IIPt- P ell } (3.9) 

The orientation error formulation is 

O error = min{lla- n tll} (3.10) 

where a is a unit vector which lies along the blasting stream, and is the same as the 

approaching vector ~in equation 3.6. n t is the normal vector of the desired target sur-

face. vVith equation 3.9 and equation 3.10, the objective function for the minimisation 

can be written as: 

(3.11) 

Here, a.p and o:0 are the weighting factors and can be used to normalise their corre-

sponding values. 

3.4.1.3 Joint Movement 

In order to create feasible joint movement after obtaining the sequencing of blast spots, 

m points are inserted along the previously generated trajectory. T is used to indicate 

the Homogenous Transformation matrix of interpolated points, which is 4 x 4 and in-

cludes the relative orientation and position. 
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In practice, sand-blasting is conducted by the robot arm equipped with blasting 

nozzle and hose. The hose will be fixed on the arm body while enabling rapid changes 

in robot configuration. Due to the hose management requirement and to avoid joint 

vibrations, the robot angular velocity is limited in practice. The algorithm for gener-

ating joint angular velocities is given below. Figure 3.11 is a flowchart of the proposed 

algorithm. 

A description of each step is as follows: 

1. The angular difference of each joint angle is calculated when the configuration 

changes from the current position to the next position. Here, Bangdif J( i) is used 

to denote the angular difference of each joint, where i = 1, 2, · · · , 6. 

2. Calculating joint angular velocity by 

V: _ Bangdijf('i) 
current - 6 t (3.12) 

3. The current joint angular velocity is con1pared with the maximum allowed angular 

velocities where the maximum angular velocity is taken as a desired value. If the 

current angular velocity is smaller than the maximum allowed angular velocity, 

then output the resultant joint angles, otherwise go to step 4. 

4. Extending the joint movement time: 

3.4.2 Collision A voidance 

6 t = Bangdijj(i) 

Vlimited 
(3.13) 

The path or motion planning process automatically generates the path for a robot arm to 

move from one position to another position following the planned paths. The paths have 
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to be collision-free. Thus, collision avoidance for the whole robot manipulator system 

has been considered as a very important issue, especially in the complex environment 

under steel bridges. In order to avoid collisions [52][53], a force field (F2) based collision 

avoidance method is adopted in this research. In this method, a virtual force field is 

continuously generated to cover every moving part of the robotic arm. The interactions 

among the robot's force fields and obstacles provide a natural way for collision avoidance 

while the robotic arm is conducting sandblasting tasks in the complex environment of 

bridge maintenance. The links of the robot arm are covered by ellipsoids, as shown in 

Figure 3.12. Two points on a link are selected as the foci. To ensure that a whole robot 

arm is covered by the ellipsoid, the length of the major axis is set to CJ = L x Kp, where 

L indicates the distance between the two foci and Kp is defined as a constant larger 

than 1. For any point in a three-dimensional space, a straightforward approach to the 

problem would be to put the obstacle into different groups based on their distances to 

the arm, giving 

{ 
1, 

Cc = 
0, 

CJ ~ R1 + R2 

CJ < R1 + R2 
(3.14) 

If R1 + R2 is smaller than CJ, this point is inside Dmin· Conversely, when R1 + R2 

is larger than CJ, the point is outside Dmin. 

Obviously, the obstacles outside and on the ellipsoid will not influence the motion 

planning. While Cc = 1, this function is further used as a penalty on di (distance 

between consecutive blasting points) with the resultant distance travelled modified as 

(3.15) 

where, c is a constant, indicating a potential collision. 

Figure 3.13 shows the flowchart of generating a collision-free trajectory. Each step 

will be described as follows: 
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(a) 

(b) 

Figure 3.12: Parameters of Dmin and Dmax ellipsoid (a) and a robot arm covered by 
Dmin (b) 
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1. Choose an initial blasting point from the hexagon-based topology. 

2. Determine the following point, calculating each robot joint angle position in its 

configuration space. 

3. Calculate the distance between each joint angle and selected points on the obsta-

cle(s). According to equation 3.14, if Cc = 1, penalise the travel distance with 

equation 3.15. 

4. Determine the next point with the objective of finding the shortest travel distance, 

according to equations 3.3 and 3.4. 

5. If the distance is greater than C, then there is no feasible trajectory. Go back to 

step 2 to search a new trajectory. The frequency of this depends on C . If C is 

larger, there is less chance with a "no feasible trajectory" situation. 

6. Determine the joint angle by the methods which were presented in the previous 

section . 

3 .5 Summary 

In this chapter, the hexagon-based blasting pat tern has been employed to satisfy the 

complete coverage requirement. A boundary editing procedure is also proposed to en-

sure that the sand-blasting discs are not beyond the designated surface boundaries. 

Furthermore, an optimal approach based on the genetic algorithm has been adopted to 

select a satisfactory trajectory which the end-effector is going to follow. In addition, a 

GA-based method has been employed, when solutions cannot be obtained from inverse 

kinematics, to transform the robot from Cartesian space coordinates into corresponding 

joint configurations. Finally, due to the fact that the steel bridge has a complex struc-

ture, the collision avoidance approach has been incorporated to generate a collision-free 

trajectory. 
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Chapter 4 

Sin1ulation and Experimental 

Results 

The previous chapter presented the approaches developed for the generation of an ef-

fective trajectory followed by the robot arm in a sand-blasting task. This chapter is 

focused on verifying the performances of these developed methods through a series of 

simulations and experiments. Based on the availability of a map of the environment 

(from the mapping step, which ha.s been undertaken by Paul ei al. (5]), it is assumed 

that the bridge surface to be blasted is extracted. It is also assumed that the specifica-

tion of the blasting nozzle is given. Simulations and an experiment are then designed 

to test for: 1) allocation of blasting spots on surfaces of irregular shape, 2) editing or 

relocation the blasting spots on the boundary of the surface to enclose them within the 

surface boundary, 3) sequencing the blasting spots to reduce the blasting distance and 

the number of turns, 4) deriving the robot arm trajectory and joint angle commands, 

from the sequence of blasting spots, 5) incorporating an obstacle avoidance algorithm 

for safe manipulation of the robot arm and 6) driving the real robot arm to follow the 

generated trajectory using an experimental robot system. 

The rest of the chapter is arranged as follows. In Section 4.1, an overview for the 
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setup of the simulations and experiments is given. Simulations ranging from the alloca-

tion of blasting spots to the verification of obstacle avoidance are described in Section 

4.2. The experiment conducted to illustrate the performance of the developed methods 

is presented in Section 4.3. Finally, a summary is provided in Section 4.4. 

4.1 Overview of Simulations and Experiments 

4.1.1 Physical Environment 

Simulations are conducted by emulating an environment close to the experimental setup 

in accordance with the real-world structure commonly found below a steel bridge, as 

illustrated in Figure 4.1. The rusted area, surface 1, represents the region in front of 

the robot that is to be blasted for de-rusting. Other types of surfaces are labelled as 

surfaces 2 and 3. These surfaces are located on top of the robot as well as on the two 

sides. A mock-up structure mimicking the real-world environment has been constructed 

in the laboratory and is shown in Figure 4.2. The robot arm is located under the bridge 

structure. Other supported structures arc shown in the background. It is observed that 

the test gear closely resembles the real bridge structure. Figure 4.3 shows the dimension 

of the I-beam which is used in the steel bridge. 

4. 1.2 Simulated Environment 

Figure 4.4, illustrates that a six degree-of-freedom industrial robot is mounted on a 

movable platform which moves along a track underneath the bridge deck. T he bridge 

surface is represented as a set of point clouds, represented as dots in the figure, above 

the robot arm. Figure 4.5 presents the dimension of different surfaces which are used 

in the simulation. 
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Surface 2 

Figure 4.1: Typical structure below a steel bridge. 

Figure 4.2: Mock-up structure mimicking the environment underneath the steel bridge. 
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Figure 4.4: Emulated simulation environment underneath the bridge deck. 
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Figure 4.5: Dimension of different surfaces, (a) part of Surface 1, (b) part of Surface 2, 
(c) part of Surface 3. 
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4.1.3 Experimental System Architecture 

4 .1.3.1 Hardware Components 

The robot arm used in the test, DENSO VM-6083D, is an industrial robotic manipu-

lator and was supplied together with the motor control hardware and a teach pendant 

for manual operation. Figure 4.6( a) shows the robot arm; the motor controller and the 

mini-computer are shown in Figure 4.6(b), and Figure 4.6( c) is a photograph of the 

teach pendant. 

(a) 

(b) (c) 

Figure 4.6: Components of the industrial robot arm: (a) the DENSO VNI-6083D arm, 
(b) motor controller, (c) teach pendant. 
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4.1.3.2 System Architecture 

In addition to the industrial robot, the robotic sand-blasting system is made up of 

several supporting equipment components. Figure 4. 7 shows the system architecture 

needed to construct the blasting system for experiment and real-world operation. The 

robot's motor is controlled by the associated controller connected to a mini-computer 

on the movable platform. The emergency stop switch and a teach pendant are attached 

for safety and manual operation. The mini-computer controls the platform motor and 

the robot arm. A remote computer is used for human-robot interface and is connected 

via a wireless network to the mini-computer. 

The software configuration is depicted in Figure 4.8. On one hand, the robot con-

troller is driven by the PAC programs shipped from the manufacturer. On the other 

hand, in-house interfaces have been developed in C++ dynamic libraries, to be called 

from user programs currently written on the MATLAB platform. These include the 

software implemented for trajectory generation and motion control. 

By making usc of the hardware and software setup presented above, simulations and 

experiments were conducted to verify the developed methods. In the following section, 

simulations for testing coverage) editing, sequencing and trajectory will be described, 

together with the presentation of the experiment, and the results will be discussed. 

4.2 Simulations 

The following simulations were conducted and results are shown. They include tests 

for: 1) coverage for irregularly shaped surfaces, 2) editing of blasting spots, 3) sequenc-

ing of blasting spots, 4) generation of arm trajectory and 5) incorporation of obstacle 

avoidance functionality. 
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Figure 4. 7: Robotic sand-blasting system architecture. 
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4.2.1 Coverage of Irregularly Shaped Surfaces Using Hexagon-based 

Pattern 

Assume that the environment is represented by a set of point clouds and a surface is 

identified for sand-blasting, including the following shapes: 1) trapezoidal, 2) circular 

and 3) arbitrary. Based on the given specification of the blasting nozzle , blasting spots 

are formed on the surface in circular discs and their radii are 0.04m where the nozzle is 

steered from the surface at 0.3m perpendicularly. Results are presented in Figure 4.9. 

The locations of the blasting spots are indicated by circles constructed in accordance 

with a hexagonal pattern. The results illustrate that, irrespective of the shape of the 

surface to be blasted, the hexagonal coverage pattern is able to cover the surface ap-

propriately. 

4.2.2 Editing of Blasting Spots 

It is observed from the coverage results that the discs needed to be classified as within, 

on and out the boundary of the surfaces. As developed in the previous chapter, the 

procedure to relocate or editing the blasting spots on the boundary is tested here. In 

Figure 4.10, the results of editing regions of the blasting surface are depicted. Here, the 

the thin zigzag lines in the figures are the boundary of the desired blasting surface. 

As indicated by the results, independent of the contour of the boundary, the editing 

procedure is able to re-locate the blasting spots within the blasting surfaces. 

4.2.3 Sequencing Blasting Spots 

After the blasting spots have been classified and relocated within the boundary of the 

surface, the test for sequencing the spots for sand-blasting operation is then conducted. 
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(a) 

(b) 

(c) 

Figure 4.9: Test for coverage of irregular shaped surfaces, (a) trapezoidal, (b) circular, 
(c) arbitrary shape. 
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Figure 4.10: Results of editing the blasting spot locations, (a) overall edited result, (b) 
bottom boundary, (c) top-left boundary. 
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The sequencing is cast as an optimisation problem solved by using for which the genetic 

algorithm. Table 4.1 lists the parameters of the genetic algorithm used in the simula-

t ions. 

Table 4.1: Parameters of the genetic algorithm used in the simulations 

crossover probability 0.9 
mutation probability 0.1 
maximum generation 300 
size of chromosomes number of blasting spots 

Two cases are simulated by considering the following two objectives: 

1. shortest travel distance of the blast ing nozzle, 

2. shortest travel distance and minimal number of turns. 

Results are presented in Figure 4.11. In this figure, the starting points arc marked 

in green and end points in red. Figure 4.11(a) presents the result (i.e. , path) is ob-

tained by minimising the travel distance of the nozzle. It is observed that the sequence 

generated is satisfactory, however, it is also noticed that the path has turns. A further 

simulation is conducted, minimising the travel distance and the number of turns. The 

result is depicted in Figure 4.11 (b). It is noticed that the path length is similar to 

Figure 4.11(a) and the objective of minimising t he turns is achieved. The results of the 

distances travelled and the numbers of turns in these two case studies are summarised 

in Table 4.2. It is shown that the distances travelled are comparable for the two case 

studies. T he number of turns has been reduced when such an objective is taken into 

consideration in the second case. 
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Figure 4.11: Sequenced blasting spots, (a) minimising travel distance, (b) minimising 
travel distance and the number of turns. 



Table 4.2: Summary of blasting spot sequencing results 

Objective 
Distance 
Distance and Turn 

Distance (m) 
6.62 
6.10 

Number of turns 
32 
25 

4.2.4 Generation of Robot Arm Trajectory without Collision 

A voidance Functionality 
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The generated sequence of blasting spots is exported to the robot arm path planning 

algorithm to generate a trajectory of the arm. In this section, the approach adopted 

to transform the blasting spots from the Cartesian space into their corresponding arm 

joint configurations without obstacle avoidance is described. In order to resolve the 

singularity problem that exists in the method using inverse kinematics, the genetic al-

gorithm is employed to identify the robot joint angles when the singularity problem 

occurs. As a requirement of hose management, the robot joint angle velocity is limited 

to below 30° /sec. The robot model used is the DENSO VM-6083D-W , the work-cell 

setup that was shown in Figure 4.4. During the simulation process, the base of the 

robot is assumed to be placed at (500, 375, 370)mm. Nozzle length is set as 100mm 

and the stream length is set as 300m,m. Due to safety issues, the smallest robot pose 

is chosen as the initial configuration, where joint angles are (0°' -75°' 160°' 0° ' 30°' 0°) ' 

respectively. 

There are two simulation cases , including: 

Case 1: Trajectory generated by inverse kinematics only {without collision 

avoidance) 

A snapshot of a full sand-blasting nozzle path is given in Figure 4.12, which shows how 

the robot arm trave from its init ial position and configuration to the first sand-blasting 

target on Surface 1 It is noticed that the starting point, ending point and target cell 
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are the same as in Figure 4.11. The computational time is approximately 37 sec using a 

computer with 2.40GHZ CPU and 1.0GB of RAM. Figure 4.13 illustrates that the robot 

moves by following the planned path as generated by inverse kinematics only. Here, the 

desired blasting surface is an irregular surface; therefore, the approximate centre of 

the surface is used to define the location of the surface in the global coordination. 

The location of the robot is (500, 375, 370)mm, the centre of the surface is located at 

(0,500, 1500)mm. 

(a) (b) 

(c) (d) 

Figure 4.12: The robot travels from the initial position to the first target blasting spot, 
(a) initial position, (b) and (c) intermediate positions and (d) blasting start position. 
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(a) (b) 

/ 
~::~ ·~ 

(c) (d) 

Figure 4.13: The robot motion while blasting a small area after following the planned 
path, (a) start of blasting, (a) and (b) intermediate positions and (c) end of blasting 
position. 
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In Figure 4.12, the initial motion traced a smooth path where there are no con-

straints on the nozzle 's target, except in its final position. The blasting process shown 

in Figure 4.13 illustrates that the arm is able to follow the generated joint angles and 

trace the required sequence of blasting. 

The traces of joint angles from the robot's initial pose to the first blasting target 

are shown in Figure 4.14. Due to the accurate and smooth motion requirement, 100 

way-points are inserted along the movement from the start configuration to the first 

blasting target. Obviously, the robot arm moves smoothly in this process. 

While the blasting nozzle travels along the generated path, the traces of joint angles 

arc presented in Figure 4.15. However, joint 1 and joint 6 experienced large joint angle 

changes during the turns. A robot joint angular velocity control approach is employed 

to make sure that the angular velocity is smaller than the limited value. Figure 4.16 

plots the traces of angles joint when velocity control approach is applied. 

Case 2: Trajectory generated by combining inverse kinematic and genetic algorithm 

(without collision avoidance) 

A snapshot of the sand-blasting nozzle path shown in Figure 4.18 and 4.19 is obtained 

by inverse kinematics combined with the genetic algorithm approach presented in Chap-

ter 3. The results show that the sand-blasting process is effective on different locations 

on the bridge's surfaces. Figure 4.19 shows the path and robot motion for blasting 

surface 3 located at (0, 1000, 1500)mm in the global coordinate. For this position and 

orientation of the surface, no singularity problem was encountered during the process of 

obtaining robot joint angles by inverse kinematics. The computational time is approxi-

mately 93sec. 

Figure 4.17 shows the robot sand-blasting system blasting Surface 1 located at 

(500, 500, 1700)mm in the global coordinate. The singularity problem occurred while 
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Figure 4.15: The joint angles traced while the robot travels along the generated path. 



73 

80 100 120 140 
Time(s) 

ON-~~ z:r 
0 20 40 60 80 100 120 140 160 180 

Time(s) 

Time(s) 

80 100 120 140 160 180 
Time(s) 

~~ -~~--------~~----~ 
-2~------------------~----~----~----~----~----~----~--~~--~ : ~~-3 

0 20 40 60 80 100 120 140 160 180 
Time(s) 

0~_~E~i ~ 
r ad ia n o 20 40 60 80 100 120 140 160 180 

Time(s) 

Figure 4.16: Traces of joint movements with movement time extended. 

the robot was moving on the positions shown in Figur~4.17(a), 4.17(b) , 4.17(c) and 

4.17(d). As presented in section 3.4.1.1, the inverse kinematic is required for deter-

mining the joint angl~given desired end-effector configurations in its Cartesian space. 

Singularity problems occur when robot axes are redundant, which means that more 

axes than necessary can be found to produce the same motion, or when the robot is in 

certain configurations that require extremely high joint rates to move at some speed in 

the Cartesian space. Here, the genetic algorithm based inverse kinematics approach is 

applied to handle the singularity problem. The error between the actual position and 

its desired location are 0.0253mrn, 0.0187mm, 0.0214mm and 0.0281mm, respectively. 

The number of errors are dependent on the number of times the singularity problem 

occurred. The four errors here are observed from the simulat ion conducted. The error 

in orientation is very small. 

On the other hand, Figure 4.18 shows the robot sand-blasting system blasting Sur-

face 2, located at (0, 500, 1500)mm in the global coordinate. The singularity problem 
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occurred while the robot was moving on to the positions which are shown in Figure 

4.19 while blasting Surface 3. The errors are 0.0247mm and 0.0189mm, respectively. 

In both situations, the errors are considered acceptable in practice. 

(a) 

(c) 

/ 
/~ 

/' . 2SOO 
,/._ 2000 

._( """ 
.(. 1000 

(b) 

(d) 

Figure 4.17: T he robot motion on Surface 1, following the generated path. 
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(a) 

(b) 

Figure 4.18: The robot motion on Surface 2, following the generated path. 

These results indicate that the proposed approaches are able to conduct the blasting 

task on different locations and orientations. It is a generic system to be used in varied 

environments. While the genetic algorithm is used to alleviate the singularity problem 

during the blasting process, calculating one set of robotic joint angle takes around 3.lsec 

of computer time. 
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Figure 4.19: The robot motion on Surface 3, following the generated path. 
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4.2.5 Generation of Robot Arm Trajectory with Collision A voidance 

Functionality 

4.2.5.1 Effects of Obstacles on the Sequencing of Blasting Spots 

The sequencing of blasting spots in obstacle-free environments was conducted in Sec-

tion 4.2.3. In this section, the sequencing is cast as an optimisation problem in an 

obstacle-presented environment, for which the genetic algorithm is used. Table 4.1 lists 

the parameters of the genetic algorithm which are used in the simulations. 

The comparison is conducted between the obstacle-free environments and obstacle 

presented environments while generating the sequencing of blasting spots, using Surface 

1 as an example. The results shown in Figure 4.20 illustrate that when determining 

the sequence of blasting spots without considering the presence of obstacles, the result 

obtained from using the shortest distance and reduced turns is better. 

In Figure 4.20(a), the sequence obtained resembles that of the previous scenario and 

the result is considered satisfactory. On the other hand, the blasting sequence obtained 

when the bridge deck channel is the obstacle contains several sections of non-straight 

paths, see Figure 4.20(b). Here, the location of the surface (Surface 1) lies between 

the I-beams forming the channel. As a result, the movement of the arm is to generate 

constrained and the freedom a satisfactory sequence is thus limited. The results arc sum-

marised and compared in Table 4.3. It is noted that the distance travelled by the nozzle 

is not severely affected by the presence of obstacles. The distance travelled increased 

slightly from 3.32m to 3.52m only. In other words, the sequencing algorithm is able to 

maintain short travel distances irrespective of the obstacles. However, when obstacles 

arc present , the nozzle has to take alternative paths to avoid collisions. Consequently, 

the number of turns is increased from 17 to 26 as anticipated. 
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Figure 4.20: Comparison of sequencing results due to the presence of obstacles (a) 
without obstacle, (b) with obstacle. 



Table 4.3: Comparison of blasting spot sequencing results (with obstacles) 

Obstacles Distance (m) 
Not present 3.32 
Present 3.52 

Number of turns 
17 
26 
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4.2.5.2 Generation of Robot Arm Trajectory in Obstacle Presented Envi-

ronments 

In this section, the amended inverse kinematics approach, combined with the collision 

avoidance methods arc adopted to transform the blasting spots from the Cartesian space 

into robot arm joint configurations. The cases tested include: 

Case 1: A voiding collision between the robot arm and bridge structure 

The obstacle avoidance functionality is incorporated into generating the trajectory of 

the robot. The results indicate that the objective of being collision-free is achieved on 

different types of surfaces under the complex steel bridge environment. Figures 4.21, 

4.23 and 4.25 show simulation snapshots of the robot with the force-field ellipsoid de-

fined by Dmin' Dmax and the nozzle path. The values of kp in the simulations are set 

to be kp = (1.05, 1.10, 1.10]. The computation time is 78sec for 800 iterations while 

processing Surface 1. For Surfaces 2 and 3, the computational times are 58sec and 

1756sec, respectively. 

In Figures 4.22, 4.24 and 4.26, it is observed that the distances between the ellipsoid 

covering the arm and the surfaces have been kept above zero. That is, an effective avoid-

ance of collision with obstacles, in the form of bridge surfaces, is accomplished. Notably, 

when blasting the surface in front of and above the arm, the distance between the force 

field ellipsoid and the I-bcam fluctuate. This is caused by the fact that the surfaces 

on the side of the robot are close to the arm's path. On the other hand, for blasting 

the side surfaces, t.te distances are relatively constant (Figure. 4.26), reflecting the fact 
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that collision is not likely because of the openings along the length of the bridge channel. 

-··································· 

(a) 

I liD I!Dl 

(b) 

Figure 4.21: The simulation result of the robot conducting sand-blasting of Surface 1 
by following the generated path in the complex steel bridge environment 

Case 2: A voiding collision with an obstacle in the work-space 

Simulation results on different bridge surfaces during the sand-blasting process under 

the complex steel bridge environments have been presented in the previous cases. In 

these cases, simulation results show the process of generating a collision-free trajectory 

while there is a static obstacle in the robot working space. For the case considered here, 
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Figure 4.22: Distance between the force field ellipsoid and the I-beam while blasting on 
Surface 1. 
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(a) 

(b) 

Figure 4.23: The simulation result of the robot conducting sand-blasting of Surface 2 
by following the generated path in the complex steel bridge environment 
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Figure 4.24: Distance between the force field ellipsoid and the I-beam while blasting on 
Surface 2. 
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Figure 4.25: The simulation result of the robot conducting sand-blasting of Surface 3 
by following the generated path in the complex steel bridge environment 
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Figure 4.26: Distance between the force field ellipsoid and the !-beam while blasting on 
Surface 3. 
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Figure 4.27 shows the robot motion planing while the robot is blasting the surface on 

the roof of the channel. The red points are used to indicate the obstacle. Figure 4.28 

is enlarged to clearly present the relationship between the obstacle and the robot arm. 

Figure 4.29 shows sand-blasting conducted in front of the robot. Figure 4.30 is also en-

larged to clearly present the relationship between the obstacle and the robot arm while 

sand-blasting. These results indicate that, the collision avoidance based path planning 

approach successfully protects the robot from collision during the sand-blasting process. 

(a) (b) 

(c) (d) 

Figure 4.27: The robot blasting a part of Surface 1 in the environment with obstacles. 
(1) 
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(a) (b) 

(c) (d) 

Figure 4.28: The robot blasting a part of Surface 1 in the environment with obstacles. 
(2) 



(a) (b) 

(c) (d) 
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Figure 4.29: The robot blasting a part of Surface 2 in the environment with obstacles. 
(1) 



(a) 

(c) 
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(b) 

(d) 

Figure 4.30: The robot blasting a part of Surface 2 in the environment with obstacles. 
(2) 
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4.3 Experiment 

Based on the simulation results, an experiment was conducted in the laboratory. The 

robot arm motion followed the sand-blasting trajectory which was determined in this 

experiment using the trajectory generation approaches and joint angles generated by 

inverse kinematics. Experimental results are given in Figures 4.31-4.34. These figures 

are snapshots showing the robot motion with the pre-generated trajectory during the 

experiment. The question that the experimental results aims to answer in this section is 

how accurately the robot could follow the trajectory. The trajectory generation process 

consists of two elements: robot end-effector trajectory generation and robot joint angle 

identification. This experiment is conducted in the laboratory. 
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(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 

Figure 4.31: The experimental results for robot path planning (1). 
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(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 

Figure 4.32: The experimental results for robot path planning (2). 
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(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 

Figure 4.33: The experimental results for robot path planning (3) 
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(a) (b) 

(c) (d) 

(e) (f ) 

(g) (h) 

Figure 4.34: The experimental results for robot path planning ( 4) 
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In order to protect the robot, the collision avoidance algorithm is employed while the 

robot is moving. Figure 4.35 and Figure 4.36 show the results. Snapshots of simulation 

are placed alongside the photographs taken during the arm movements. The surface 

to be blasted is in front of the robot. The path traced by the robot follows a parallel 

and zigzagged path from bottom to top. From the comparison, the experiment and 

simulation results are matched. Thus, this experiment result satisfies the requirement. 
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Figure 4.35: Comparng between simulation and experimental results for robot path 
planning ( 1) 
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Figure 4.36: Comparing between simulation and experimental results for robot path 
planning (2) 
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4 .4 Summary 

This chapter has presented the simulation results, which verify that the boundary edit-

ing algorithm, the sequencing of blasting spots generation method, robot configuration 

transforming approaches and collision avoidance algorithm are effective. The exper-

imental results provided in this chapter satisfy the requirement that the robot arm 

follows the generated trajectory accurately. 



Chapter 5 

Conclusion 

The thesis has presented the study of generating an effective robotic trajectory to be 

used in a sand-blasting operation for steel bridge maintenance. The methodologies 

adopted have addressed the challenges faced with increasing the coverage of irregular 

blasting surfaces and the avoidance of collisions with obstacles. The feasibility of using 

the evolutionary computation technique in trajectory generation is demonstrated and 

the algorithm is modified as demanded by the problem domain. The overall effective-

ness of the developed methods is verified by extensive simulations and experiments. 

A hexagon-based topology is adopted to assign the blasting spots, to ensure that the 

blasted surface is fully covered while avoiding isolated patches of un-blasted areas. An 

editing procedure is further developed such that blasting spots are confined within the 

desired surface boundaries. This approach is crucial that high-pressure sand-blasting 

streams will not damage the surrounding structures underneath the bridge. 

The trajectory generation problem is cast as the sequencing of the blasting spots 

that the blasting nozzle has to target in consequential steps. In this regard, a genetic 

algorithm is used to obtain a ncar-optimal solution. Since it is not desirable to re-

peat blasting at the same spot, the algorithm is modified it to alleviate the repetitions. 

99 
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This is achieved by detecting and repairing, in the genetic terminology, the genes in 

a chromosome. The effectiveness of the trajectory is improved by considering objec-

tives including short travel distances and small number of turns while manipulating 

the blasting nozzle. The outcome of this approach, hence, contributes to an improved 

productivity of sand-blasting operation. 

After the sequencing of the blasting spots, the robot arm joint angles are then de-

termined and issued to drive the arm for blasting. The transformation of task space to 

configuration space, i.e. , from nozzle positions to arm joint angles, is conducted by the 

use of the inverse kinematics approach. However, due to singularities that frequently 

occur during the transformation, a genetic algorithm is again adopted to search for fea-

sible joint angles when ingularity occurs. This approach is considered as an attractive 

alternative in such demanding situations. 

In practice, particularly in the complex environment underneath a steel bridge, the 

incorporation of obstacle avoidance functionality is necessary. To this end, a three-

dimensional force-field method is used to safeguard the arm from colliding with obsta- . 

cles. When collisions are encountered, the joint angles arc rc-sclected from the pool 

of potential solutions maintained by the genetic algorithm. With the incorporation of 

collision avoidance, the robot arm can be deployed in the real-world operation environ-

ment as required. 

A series of simulaticns and an experiment are conducted to verify the effectiveness of 

the generated trajectory for automatic sand-blasting. Surfaces to be blasted arc deter-

mined from the sensed environment. Simulation cases include various surface locations 

and orientations with Bspect to the robot arm. These include surfaces in front , on top 

and on the sides of th~ robot arm. Large surface sizes are also chosen such that the 

ability to mitigate inverse kinematics singularities can be tested. Obstacles are placed 
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in the vicinity of the arm to test the avoidance functionality. An industrial robot ma-

nipulator, DENSO VM-6083D , is commanded in the experiment to follow a generated 

trajectory for sand-blasting. All results have demonstrated that the developed tech-

niques are effective. 

In summary, the methods presented in this thesis have provided feasible procedures 

to generate an effective robotic trajectory for sand-blasting. Directions for future re-

search and developments may be stated as follows. Since the computational complexity 

increases with the size of the surface to be blasted, it is desirable to develop efficient com-

putational methods independent of the surface size. Alternatively, methods to partition 

blasting surfaces into smaller sub-surfaces may be investigated such that complexity in 

trajectory generation could be further reduced. 
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