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Abstract 
Sanding operations in industry is one of the few manufacturing tasks that has yet to 

achieve automation. Sanding tasks require skilled operators that have developed a sense of 

when a work piece is sufficiently sanded. In order to achieve automation in sanding with robotic 

systems, this developed sense, or intelligence, that human operators have needs to be 

understood and implemented in order to achieve, at the minimum, the same quality of work. 

The system will also need to have the equivalent reach of a human operator and not be 

constrained to a single, small workspace. This thesis developed solutions for a control scheme 

and a path planning algorithm to provide the next steps into sanding automation. The control 

scheme uses found insights on how vibration forces evolve over time during sanding operations 

to estimate the quality of the surface and adapt the velocity of a sander, akin to how human 

operators do, with a robotic manipulator.  The path planning algorithm was developed to allow 

for the use of mobile manipulators to perform the sanding tasks and giving the manipulator an 

equivalent reach to that of an operator. 
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Chapter 1. Introduction 
1.1. Motivation 

Finishing operations, such as trimming, surface treatment, grinding, sanding, and 

painting, are necessary to ensure components possess required geometrical tolerances and 

properties [1]. Sanding and polishing represent two of the most common finishing processes, 

both of which are processes that remove small amounts of material on a components surface 

[2]. As presented in [3] the sanding process is common in furniture manufacturing, where it is 

used to remove residuals caused by wood processing to ensure homogeneously smooth parts. 

These operations can be costly and time-consuming [4]. Furthermore, for human operators, 

those tasks are tedious, leading to physical discomfort and repetitive strain injuries, risks that 

could be mitigated by an automated solution [5]. Robotic systems represent a solution that 

both decrease cost and improve the sanding process. The state-of-the-art in robotic sanding 

technology has followed two avenues: 1) autonomous sanding where the path and the velocity 

along the path are predefined or 2) teleoperated robotic sanding that leverages the knowledge 

of a human operator to monitor and intervene in the process described in the previous point 

and remove individual flaws [6]. Nevertheless, these approaches have limited applicability for 

wide deployment as they rely on human-expertise. To enable fully autonomous robotic systems 

to be deployed in sanding operations, the following barriers have to be addressed: 1) the 

motions for sanding cannot be planned prior to the sanding process, as residual stresses during 

manufacturing may cause dimensional variations in the final parts geometry by up to several 

centimeters [7], 2) both the nature and duration of the tasks to be performed vary from one 

part to another, 3) task completion is based on a human operators judgement and previous 

experience, which is difficult to automate, and 4) the robotic system must be able to maneuver 
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and sand objects within the same or higher reach of a human operator. To address these 

barriers, in this work we design a smart framework for achieving variable velocity motion of the 

robotic manipulator based on surface characteristics. The main contributions of this framework 

are: 1) observe a correlation between vibration information from a force/torque sensor and the 

surface quality, 2) design of an expert system for sanding operations without human-input, 3) 

enable sanding operations without the need of specialized sensors for measuring roughness, 

using only sensors that are readily available and already a part of a robotic system and 4) design 

a path planning system for the use of mobile manipulators to enable sanding operations over 

large areas. Hence, the proposed architecture will enable robotic manipulators with specialized 

sanding tools to perform smart sanding without human input, using information only from the 

sensors integrated in the robotic manipulator. 

1.2. Chapter Overview 
The following sections in this thesis are as follows. Chapter 2 discusses the background 

information of this thesis and covers past/related work and the contributions this thesis holds. 

Chapter 3 goes over the first part of this work, a control algorithm for automated sanding using 

a robot manipulator. Chapter 4 goes over the second part of this work, path planning for a 

mobile manipulator whose end-effector must follow a desired trajectory. Chapter 5 concludes 

this work and suggests ideas for future work given the findings. 
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Chapter 2. Background 
2.1. Literature Review 

Work on autonomous robotic sanding operations is limited and currently in early stages. 

A majority of the work has been focused on force calculations and tracking needed for sanding 

for a single robot manipulator and path planning for sanding tools along some given work 

surface. Few works have studied the use of robotic systems that encompass the use of multiple 

sensors for a more realized autonomous robotic sanding system. The use of a mobile 

manipulator for sanding is also lacking although there are works that use mobile manipulators 

for similar applications. This section is broken down into three sections: literature review on 1) 

robotic sanding systems, 2) control for autonomous sanding, and 3) similar works on path 

planning using mobile manipulators. 

2.1.1. Review on Robotic Sanding Systems 
In [8] and [9] an acoustic emission sensor is used to estimate the surface roughness, tool 

wear, and to adjust the polishing force and tool speed accordingly. The acoustic measured were 

the sounds produced during the sanding operation when the tool is actively sanding a surface. 

The author here first produces a database of experiments to build the relationship between the 

acoustics and the desired parameters then uses the database for online adjustments of sanding 

parameters to achieve a higher surface quality during sanding operations. 

The work in [4] analyzed the feasibility use of an orbital sander attached to the end of a 

robotic manipulator for automated sanding and polishing of metal surfaces for aircraft 

manufacturing and found that the automated process was 25% more efficient than the typical 

manual process. [10] developed grinding strategies for a robotic manipulator equipped with an 

orbital sander. The system began with set parameters of a desired geometry and applied 
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normal force of the sander onto the work surface. The system monitored and ensured fitting of 

multiple parameters during sanding operations. Experiments showed that the system was able 

to perform more efficiently when compared to the manual process. 

 [5] and [11] study the combination of a griding/polishing wheel and a robotic 

manipulator. Both papers focus on manipulator path planning for grinding/polishing of objects 

with complex surfaces. 

2.1.2. Review on Controls for Sanding 
Initial studies in deploying collaborative robotic manipulators in finishing operations are 

presented in [12]. The goal of these works is to investigate both open- loop and closed-loop 

force control structures and their impact on the quality of finish. It was concluded that accurate 

force regulation improves the quality of the sanding, but an increase in the contact force does 

not ensure a better finish. 

[13] uses a combination of a robot manipulator’s joint torque input and momentum, 

read through joint encoders, with a Kalman filter to estimate the forces at the end effector 

without the need of a force-torque sensor. The author saw an improvement in the force 

estimation when compared to the momentum only estimation approach including model 

inaccuracies, indicating that the addition of a Kalman filter helps with the estimation. The 

author concluded that an improvement is made with a Kalman filter as it allows for model 

inaccuracies and compensates for them. Although this paper does not specifically focus on 

robot manipulator sanding, force estimation at the end-effector where the sander is equipped 

is seen as essential in robotic sanding applications [14]–[16]. 
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[17] uses joint torque sensors to estimate the force at the end-effector. Unlike in [13], 

this work performs additional signal analysis only on the joint torque signal. Due to vibratory 

nature of sanding operations, the author implements an adaptive notch filter whose frequency 

is dependent on a frequency analysis of the joint-torque signal. The filtered joint-torque signal 

is then used to estimate the end-effector force which is then implemented into a hybrid force-

position controller. Experiments showed that the addition of the adaptive filter to counteract 

the vibration due to sanding allows for improved force tracking during sanding operations. 

[18] presents a novel hybrid position-force controller that uses sliding mode 

theory/approaches to ensure for robustness and low computational costs to perform sanding 

operations with a 7 degree-of-freedom manipulator. The author shows that the controller is 

able to maintain a desired trajectory and force during polishing operations. [1] and [14] 

implement a fuzzy-logic controller to perform force tracking at the end effector for sanding 

operations. This has shown an improvement to force tracking compared to a typical PID 

controller.  

[19] analyzes the force signal for robot assisted polishing for surface estimation. The 

author performed experiments where force measurements during polishing operations were 

made and analyzed. The author in this work concluded that there is an evolution in the force 

signal during polishing while the surface becomes smoother. The author then suggested that a 

control algorithm using this information could be further developed for use in automated 

polishing processes. 
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2.1.3. Review on Mobile Manipulator Path Planning 
The concept of attaching a robot manipulator to a mobile base is called simply, a mobile 

manipulator [20]. Mobile manipulators present itself today with many challenges. Since mobile 

manipulators consists of both a robot manipulator and a mobile base, it inherits the common 

challenges of those two robotic systems. Not only that, but mobile manipulators must also deal 

with the coupling of the two systems in which both systems must be coordinated to work 

desirably. 

For sanding operations in industry, the path that a sander must cover is pre-determined. 

This is due to the fact that the sander must cover an entire area and there are works that go 

over coverage path planning [5][21][22][23]. In order for a mobile manipulator system to 

perform sanding operations, the mobile manipulator’s end effector must follow this 

predetermined path and the joint paths of the mobile manipulator needs to be planned such 

that the end effector can achieve this. To ensure that the system’s path is collision free, whole-

system coordination is required, which can be difficult as mobile manipulators tend to be highly 

redundant-systems with infinite reach. [24] identifies this problem as Motion Planning along 

End-effector Paths (MPEP). [20] provides a systematic review on path planning for mobile 

manipulators and includes a section on mobile manipulator path planning where the end-

effector must follow a given trajectory. 

Path planning for mobile manipulators is typically broken into two categories, a 

decoupled approach in which path planning for the mobile base and the arm are done 

separately, and a coupled approach in which they are performed together [20], [24]. To clarify, 

the former approach works by moving the base into a desired position while keeping the 
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manipulator in a default state then moving the manipulator once the base kept at a position. In 

order to achieve a solution to MPEP, a coupled approach must be taken, in which the whole 

system’s configuration path must be planned. 

After deciding the initial approach of a coupled or decoupled approach to the path 

planning problem, generating the joint path for the mobile manipulator is also broken up into 

multiple approaches. The two main categories of approaches to generating joint paths are 

optimization-based path planning and sampling-based path planning, although other methods 

do exist [20], [25]. Each approach has their pros and cons.  

Optimization-based methods are capable of finding locally optimal paths and 

incorporate a multitude of parameters, such as smoothness or distance from obstacles. They 

also tend to be computational expensive and may not find converge to a solution. Sampling-

based methods are computational fast and can guarantee solutions, depending on the 

algorithm used, but the path tend to be jerky and discontinuous. 

[26] performs path planning for a mobile manipulator with a 7 degree-of-freedom arm 

to perform 3-D printing. In this work, the end effector must maintain a specific trajectory, 

similar to the task of sanding, in which the end-effector must also maintain a specific trajectory. 

This author uses an RRT* (Rapidly-exploring Random Tree Star) algorithm to generate the path 

of the mobile manipulator’s joints. 

2.2. Thesis Contribution 
2.2.1. Vibration Controller & Path Planner 

The contribution of this thesis are: (1) a novel control algorithm that can be used for 

automated sanding for a robot manipulator and (2) a path planning algorithm for mobile 
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manipulators whose end-effector pose is constrained to a specified trajectory. The control 

algorithm developed provides an industry ready solution for intelligent sanding operation using 

robots. An analysis on the force generated at the end-effector during sanding was also 

performed and key insights about how force vibrations evolve during sanding was made. 

Experiments were made and showed that the novel control algorithm performed better than 

other algorithms currently in use. The path planning algorithm created investigates the use of 

probabilistic path planning methods for redundant, high degree-of-freedom mobile 

manipulators with end-effector trajectory constraints. This thesis ultimately provides the first 

steps to realizing fully autonomy in large industry sanding application. 
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Chapter 3. Vibration Controller 
3.1. Introduction 

Sanding operations is one of the last few manufacturing operations that is struggling to 

be autonomized. A requirement of robotic automation is that the robotic system needs to work 

as intelligently as humans while also being affordable and practical in a manufacturing sense. 

The work in [19] shows the methods that human operators employ during sanding but 

analyzing the forces that they feel during operations. The author concludes that these forces 

evolve as a correlation to a surface’s roughness over time and this idea is used as motivation for 

this vibration controller. As shown in the literature review section, many of the robotic systems 

presented are not ready for full autonomous deployment as they are either not suitable for a 

manufacturing environment or still require human assistance. For the control algorithms 

presented, the common focus is only force regulations strategies using differing methods and 

sensor information The system presented in this section equips a robot manipulator, commonly 

used in industry, with an orbital sander. The robot manipulator contains a force torque sensor 

at the end-effector, where the sander is attached. Figure 3.1 below shows the manipulator 

setup used.  This system is low-cost and performs surface quality estimation based on the force 

vibration readings taken with a force-torque sensor during sanding operations to perform 

intelligent sanding akin to expert human operators. 
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Figure 3.1. Robot manipulator with orbital sander used for experimentation 

3.2. Methodology 
3.2.1. Initial Experimentation to Correlate Surface Roughness to Vibration 

Readings 
Force measurements taken at the end-effector, with an integrated force-torque sensor, 

during the sanding process are inherently noisy due to the vibrations caused by the sanders 

motor and the rough surface that is being sanded [17]. Because of this, it is recommended to 

look at the force signal in the frequency domain. This is done by transforming the force signal 

using the fast-Fourier transform (FFT) [27]. An example of the FFT graph produced during 

sanding can be seen in Figure 3.2. When the sander is turned on, regardless if the tool is in the 

air or in contact with the environment, vibrations are present. The frequency of these 
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vibrations depends on both the tool and the working surface if the tool is in contact with the 

surface. As the sander makes contact with the surface, the vibration frequency is dampened 

while the magnitude of the vibration increases. As the surface gets smoother, the dampening 

effect decreases, and the amplitude begins to diminish. This behavior has been observed across 

several experiments, where the robotic arm was commanded to sand a singular area while 

maintaining a normal force of 15 newtons for 50 seconds. The average value and standard 

deviation of the sanding frequency and its amplitude have been computed across all these 

experiments. As seen in Figure 3.3, these observations validate the assumption that sanding 

frequency increases and the amplitude decreases over time, indicating a less rough surface. 

Furthermore, similar behavior has been shown in [19] where a relationship between surface 

roughness of an alloy steel and force data coming from gauge sensor was found. The study 

shows that the frequency analysis of the force data could be potentially used to estimate the 

surface roughness, however, the study does not utilize this information for online estimation of 
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the roughness. It is this relationship that allows for an online observation of surface roughness 

and what is used to establish governing control laws for the proposed expert system.  

 

 

Figure 3.2. FFT of the measured normal torque when the sanding tool is turned on 

 

Figure 3.3. Top-down view heat map of the frequency response around the vibration frequency. The amplitude of this 
vibration is high, and the frequency is dampened initially and regresses over time. 
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3.2.2. Control System Design 
3.2.2.1 Coordinate Frame Definition 

The proposed expert system is designed based on the local coordinate system of the 

working surface. In this paragraph we describe this coordinate system, known as the n-t 

coordinate system or the path coordinate system, and its usage for the design of the proposed 

architecture. When the tool of the manipulator moves along a path (curved or straight), it can 

be convenient to describe its motion using the normal, tangential, and bi- normal coordinate 

system, also known as n-t coordinate system. We define a path coordinate system where the 

tangent unit vector, t, maintains a direction along the path on the surface while the normal unit 

vector, n, is aligned with the normal of the surface at the current location of the tool. The bi-

normal unit vector, b, is determined by the right-hand rule such that 𝑏 = 𝑡 ×  𝑛. Figure 3.4 

shows the path coordinate system in the set-up of sanding tasks for flat surfaces. It has to be 

noted that the manipulator used in this research only accepts commands in its base coordinate 

frame. To accommodate this, the velocity signal that is developed in the path coordinate frame 

is transformed into the base coordinate cartesian frame, leading to the commanded end-

effectors linear and angular velocities given by 𝑣𝑐 = [𝑣𝑥, 𝑣𝑦, 𝑣𝑧 , 𝑣𝜓, 𝑣𝜃, 𝑣𝜓]
𝑇

. The transformation 

between the n-t coordinate system and the cartesian coordinate system is given by 

[𝑣𝑥, 𝑣𝑦, 𝑣𝑧 , 𝑣𝜓, 𝑣𝜃 , 𝑣𝜓]
𝑇

= 𝑅(∙)⨂ [𝑣𝑡, 𝑣𝑛, 𝑣𝑏 , 𝑣𝛼 , 𝑣𝛽 , 𝑣𝛾]
𝑇

 , where 𝑅(∙) is the rotation matrix 

between the n-t coordinate frame and the cartesian frame. 𝑣𝑛 is the velocity in the normal 

direction, set to a constant value and 𝑣𝑡 , 𝑣𝑏 , 𝑣𝛼 , 𝑣𝛽 , 𝑣𝛾 are the outputs of the expert system 

presented in the following paragraphs. 
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Figure 3.4. Motion of the sanding tool on the work surface, describing the coordinate systems used 

 

3.2.2.2 Governing Control Laws 
The proposed expert system architecture, seen in Figure 3.5, drives the velocity profile 

in the n-t coordinate frame. The system has two governing control laws: 1) a pose-driven 

control law and 2) a vibration- driven control law.  The following sub-sections present these 

control laws and their formulations. 

 

Figure 3.5. The proposed expert system: the vibration-driven control law acts in the tangent axes based on the FFT 
information, the pose- driven control law acts in the φ-, θ-, ψ- axes and in bi-normal axis, The rotation matrix transforms the n-t 
coordinate frame. 
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3.2.2.2.1 Vibration-Driven Control Law 
The proposed vibration-driven control law is responsible for the definition of the tool's 

velocity in the tangential direction to the work piece along a given path. Based on the vibration-

roughness observations presented in 3.2.1, the proposed vibration-driven control law output is 

inversely proportional to the amplitude and frequency information. Specifically, as the surface 

becomes smoother the velocity of the end-effector increases, as the robot should spend less 

time sanding those areas. The formulation of the vibration-control law is given by: 

𝑣𝑡 =
1

𝑢𝜆 + 𝑢𝐴 + 𝜖
  

𝑢𝜆 = 𝐾𝜆 ∗ 𝑒𝜆,    𝑢𝐴 = 𝐾𝐴 ∗ 𝑒𝐴 

𝑒𝜆 = 𝜆𝑚 − 𝜆𝑑 ,    𝑒𝐴 = 𝐴𝑑 − 𝐴𝑚 

Equation 1: Vibration Control Law 

where 𝜖 is a small constant (i. e. 10−6) that ensures singularities are avoided when 𝑢𝜆 

and 𝑢𝐴 are zero. 𝜆𝑑 is the  free spin sanding frequency that is dependent on the sanding tool 

used and found by allowing the sander to free spin in air. 𝜆𝑚 is the measured sanding frequency 

taken from the FFT. The measured sanding frequency is taken to be the frequency with the 

highest amplitude within a predefined range. The frequency range is determined empirically 

based on the properties of the work surface, sanding tool, and sandpaper grit size. 𝐴𝑑 is the 

free spin amplitude of the sanding frequency that is dependent on the tool used. 𝐴𝑚 is the 

measured amplitude of the sanding frequency determined above. 𝑒𝜆 represents the error in 

frequency domain and 𝑒𝐴 is the error in amplitude, 𝐾𝐴 is the normalization factor for the 

amplitude component of the controller, and 𝐾𝜆 is the normalization factor for the frequency 
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component. 𝑣𝑡 is the commanded velocity in the tangent-axis. A large 𝑒𝜆 or 𝑒𝐴 indicates a rough 

surface, meaning more sanding is required, the commanded velocity, 𝑣𝑡 being low. If both 

errors are zero, the velocity becomes 
1

𝜖
 and the end-effector rapidly advances to the next rough 

area where errors become present. For implementation purposes, an upper limit is placed on 

the velocity to ensure safe practices. The magnitude of the frequency dampening effect and the 

amplitude increase depend on the sanding parameters. Equation (1) shows the proposed 

vibration-based control law which uses a combination of both the measurement of the 

dampening effect and amplitude increase. By combining the information provided by both 

parameters we ensure meaningful information is received by the expert system, achieving 

reliable sanding behavior. As presented in [19] this can happen for several materials including 

alloy steel. The control signals 𝑢𝜆 and 𝑢𝐴, are added together to ensure that all the information 

from the FFT is considered in a decoupled manner. 

3.2.2.2.2 Pose-based Control Law 
The pose-based controller is responsible for determining the angular velocity of the end-

effector and the bi-normal velocity with respect to the path. This component ensures that the 

sanding tool does not deviate from the predefined path and orientation by rapidly driving the 

manipulator back if it senses a difference between its position and the path. The pose-based 

formulation uses two parallel rules, one for angular velocity computation and another for the 

bi-normal velocity formulation. The angular velocity component is a Proportional-Derivative 

(PD) controller described by: 
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𝑒𝑝 = 𝑑𝑝 − 𝑝 

𝑣𝑝 =  𝐾𝑝,𝑝 ∗ 𝑒𝑝 + 𝐾𝑑,𝑝 ∗ 𝑒̇𝑝 

Equation 2 

where 𝑝 =  [𝑝𝛼, 𝑝𝛽  , 𝑝𝛾 ]
𝑇

 is the end-effector orientation in normal, bi-normal, and 

tangential directions with respect to the Cartesian coordinate system. 𝑑𝑝 =  [𝑑𝑝𝛼
, 𝑑𝑝𝛽

, 𝑑𝑝𝛾
]

𝑇

 is 

the desired orientation of the end- effector in the normal, bi-normal, and tangential directions. 

𝐾𝑝,𝑝 and 𝐾𝑑,𝑝 are 3 × 3 diagonal matrices representing the gains of the controller. The output of 

the controller is the commanded velocity 𝑣𝑝  =  [𝑣𝛼, 𝑣𝛽  , 𝑣𝛾  ]
𝑇

 consisting of the angular 

velocities. This control structure was chosen to ensure a smooth motion of the end-effector 

avoiding any overshoot and robust transient response. 

The bi-normal velocity component is designed for maintaining the tools position along 

the path, using the position error in the bi-normal direction. The controller architecture takes 

the form of: 

𝑒𝑏 = 𝑑𝑏 − 𝑏 

𝑣𝑏 = 𝐾𝑝,𝑏 ∗ 𝑒𝑏 + ∫ 𝑒𝑏𝑑𝑡 + 𝐾𝑑,𝑏 ∗ 𝑒̇𝑏 

Equation 3 

where 𝑣𝑏 is the velocity in the bi-normal direction, 𝐾𝑝,𝑏, 𝐾𝑖,𝑏 and 𝐾𝑑,𝑏 are the gains of 

the controller, and 𝑒𝑏 is the error in position in the bi-normal direction, defined by the desired 

position in the bi-normal direction, 𝑑𝑏, and the current position, 𝑏. For this application we 



   
 

18 
 

consider that the desired position in the bi-normal direction is zero as we do not wish for the 

tool to stray off from the planned path. 

3.2.2.2.3 Force Regulation 
The force regulator is responsible for maintaining the desired force in the normal 

direction during sanding. With the use of the UR5e for testing, the UR5e implements its own 

force control algorithm and is used in tandem with the pose and vibration control laws. The 

UR5e’s force regulator accepts a user input of the desired force and the direction on which this 

force has to be applied. 

3.3. Experimentation and Results 
3.3.1. Experimental Apparatus 

For experimentation setup, a UR5e robot from Universal Robotics was used and can be 

seen in Figure 3.1. A Makita XOB01T orbital sander was attached to the UR5e’s force-torque 

sensor located at the end-effector using a custom-made 3D printed bracket. The force-torque 

sensor allows for the force measurement in the three spatial directions and torque 

measurement in the three rotational directions. The orbital sander speed was set to 9,500 

orbits per minute for each test. The sanding speed is fixed by the manufacturer and cannot be 

adaptively controlled. A 127 mm diameter 80 grit sand paper pad was attached to bottom of 

the sander and blocks of wood and metal were used as the sanding surface. The surfaces vary in 

size with a minimum width and length of 140 × 480 mm. The proposed expert system was 

implemented and data was recorded using the UR5e’s Real Time Data Exchange network 

protocol with the use of an externally connected Microsoft Surface laptop using Python 3.1 
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3.3.2. Experimental Procedures 
During the experimental testing, the manipulator was tasked with applying and 

maintaining a 15-newton reference force and moved along the block of wood/metal (Figure 

3.6), while the orbital sander was operational. The reference path of the sander was a straight 

line of 25 centimeters. The aim of this experiment was to decrease the roughness as much as 

possible. It is noted that depending on application, the desired roughness value could be any 

specific target. The proposed architecture was compared to a baseline approach in sanding 

presented in [6], where the manipulator moves at a constant velocity along the work surface. 

For consistency, each experiment ran both approaches on the same block of wood/metal but at 

different locations. The proposed strategy was run first for all experiments. We then calculated 

the mean tangential speed for that particular experiment ( 𝑣̅𝑡
𝑛 ). This value was then used as the 

requested velocity for the baseline constant velocity tests for the corresponding experiment. A 

Micro Photonics Nanovea optical profilometer was used to measure the roughness of 

wood/metal before and after sanding for each controller 
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Figure 3.6. Wood and steel samples used for testing 

3.3.3. Experimental  Results 
This section presents the results obtained when the proposed approach has been tested 

in the environment described in the previous paragraph. Table 1 shows the results of the 

experiments performed on wood and metal blocks. The first six experiments were performed 

on wood, and the last six were performed on metal. The mean roughness measurements were 

obtained with the optical profilometer described previously. The table shows the average of 

three random measurements taken by the profilometer on the work surface. The optical 

profilometer scans a 2 mm × 2 mm area and measures the distance between the scanned area 

and a light source. This provides an elevation map of the scanned areas, from which the surface 

roughness can be calculated. The surface roughness of the area is calculated using: 
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𝑆𝑎 =
1

𝐴
∫|𝑧|

𝐴

𝑑𝐴 

Equation 4 

where A is the area of the measured surface and z is the difference in height from the 

average height of the measured surface. The mean performance difference metric was 

calculated by taking the difference between the after roughness of the proposed approach and 

the constant velocity approach, dividing by the original roughness, and taking the average for 

all experiments for each material. The metric directly compares how well the proposed 

controller is able to decrease surface roughness with the constant velocity controller. 

3.3.4. Discussion 
From Table 1 it can be seen that the proposed approach was successfully able to further 

decrease the surface roughness of the environment when compared to the baseline approach. 

Furthermore, the mean surface roughness after sanding shows that the expert system performs 

better than a constant velocity approach. In experiment 8, the proposed approach was slightly 

worse compared to the baseline strategy. This may be caused by the natural irregularities found 

in metal and particularly in this singular specimen. Figure 3.7a shows the overall behavior of the 

end-effector tool when the proposed approach is used to sand the environment. It can be seen 

that the end-effector is maintaining a constant force, while doing a single pass over the area to 

be sanded at a variable velocity. Specifically, Figure 3.7a shows that the desired force (15 N) in 

the normal axis is achieved and maintained throughout the entire sanding process. The 

beginning of the graph presents force oscillations around 0 N, showing that the manipulator 

had yet to make contact with the surface. These oscillations are mainly due to the vibrations of 

the sander. After 2 seconds, the graph shows the sander achieves contact with the surface. This 
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force is maintained for the duration of the experiment. Figure 3.7b shows the recorded motion 

versus reference path for the end- effector, displayed in the tangential - bi-normal axes. The 

proposed approach ensures the position along the path is maintained, the error in the path 

being negligible to the degree of 10−4 m. Figure 3.7c shows the tangential and bi-normal 

velocity of the manipulator over time. The velocities are set to 0 m/s until the UR5e’s force-

torque sensor measures a 15 N contact force. This graph shows how the robotic arm velocity 

needs to be adjusted when the system detects a rougher surface. At the 14 second mark in this 

graph, the system detects that it is in contact with a rough surface and decreases the tangential 

velocity to maintain its location. Once the controller senses that the surface is smooth, it then 

increases its tangential velocity to the end of the path.  

The velocity in the bi-normal direction is small in comparison to the tangential velocity 

due to the lack of a deviation in the bi-normal position. The proposed approach’s main 

advantages are that it is able to sand a given surface intelligently and further decrease surface 

roughness when compared to a constant speed approach. The force measurements and 

tangential velocity may also indicate the conditions of the surface without the need of a 

profilometer, and simply relying on a force/torque sensor placed at the end-effector of the 

robotic arm. Furthermore, the simplicity of the system allows for real-time implementation. The 

main limitation of this approach is that prior information about the vibration characteristics is 

needed for every specific material, which may not be readily available. Another limitation is 

that the proposed approach will require more time to complete the sanding operation when 

compared to a constant speed strategy. In industrial settings, however, an operator will 
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typically perform multiple sanding passes over a single area to obtain a high-quality surface 

while the proposed method would ideally only need one, saving time overall. 
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Table 1. Roughness measurements [μm2] for wood, steel and aluminum samples: before sanding, after sanding using the proposed variable velocity approach, and 
using a constant velocity as presented in [6]. 

  Wood Ra [μm2] Steel Ra [μm2] Aluminum Ra [μm2] 

Experiment # 1 2 3 4 5 6 7 8 9 10 11 12 

Before 15.16 18.71 14.16 16.56 17 16 554 320 1.011 0.7415 3.348 1.445 

Proposed  12 8.8 8.31 9.17 7.71 11.52 176.8 204 0.5596 0.6066 1.004 0.8086 

Constant 13.13 9.46 8.76 14.53 11.49 13.59 187.86 199.87 0.7631 0.6517 1.178 0.9381 

Mean 

Preform. Diff. 
13.61% 0.35% 14.22% 
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Figure 3.7. The end-effector behavior using the proposed expert system: (a, left) contact force measured during 
sanding, (b, middle) the end-effector position in the bi-normal and tangential coordinate system, (c, right) the velocity of the 

manipulator in the tangent and bi-normal direction 

 

3.3.5. Conclusions 
The proposed strategy is based on the correlation found between vibrations and surface 

roughness. An analysis using the FFT of the forces measured with a force/torque sensor is 

performed, showing the correlation between the sanding frequency and the amplitude of the 

frequency with the surface roughness. Additionally, an expert system consisting of a vibration- 

driven and a pose-driven control law is presented. The system leverages the surface roughness 

observations performed with the FFT to adjust the velocity of the end-effector based on the 

roughness of the area to be sanded. This formulation allows for  adaptive velocity, which 

ensures reliable sanding with one single pass of the end-effector. Further improvements in 

performance can be obtained if more is known about the vibration response, i.e., the frequency 

dampening and amplitude increase. Unfortunately, this requires a great deal of more testing as 

each different material being sanded must have different gain parameters. Furthermore, a 

comparison with a constant speed controller shows that our proposed control strategy is able 

to obtain a smoother surface. Future works will be discussed in the Future Works section 5.2. 



   
 

26 
 

  



   
 

27 
 

Chapter 4. Path Planner 
4.1. Introduction 

The work presented in Chapter 3 focuses solely on the use of a stationary robot 

manipulator. For realization of a more applicable solution, the robot manipulator will need to 

be attached to a mobile base to allow the system to perform work on large manufacturing 

pieces. The proposed method falls into the category of a coupled path planning method for the 

mobile base and manipulator that uses probabilistic planning methods. Generally speaking, this 

method uses configuration sampling along a given end-effector trajectory in an attempt to find 

a path, thus the probabilistic aspect. This method was chosen due to the robust probabilistic 

completeness of this method which ensures a solution if one exists. Path planning for high-

dimensional systems is typically computationally expensive and optimization algorithms can 

have difficulty searching through multiple dimensions to find a solution. Probabilistic planners 

are able to handle high-dimensional spaces better due to the lack of need to search high-

dimensional space. 

4.2. Methodology 
The path planner introduced here is broken down into two steps: 1) sampling and 2) 

graph search. The overview of this path planning algorithm is that a pre-determined end-

effector path is broken into 𝑁 number of points. Each point is an end-effector pose that must 

be achieved by the mobile manipulator’s configuration. A configuration is represented by a 

vector 𝜃 that contains the values for the degrees-of-freedom for the system. For each point, an 

arbitrary number of 𝑀 configurations are generated that achieves the end-effector pose. A 

configuration path is achieved by connecting a sampled robot configuration, Θ, from the 

beginning end-effector path point to the next until the last path point is reached. A weighted 
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distance norm that compares the robot system’s joint and base travel distance is used to 

determine which sampled robot configuration to choose from. 

4.2.1. Sampling 
A pre-determined path is divided into 𝑁 number of points. For each point, 𝑀 sampled 

robot configurations are found. This section goes over how the samples are generated. A point 

that the mobile manipulator must reach is a six-dimensional point in space consisting of 

[𝑥𝑁 , 𝑦𝑁 , 𝑧𝑁 , 𝑟𝑁, 𝜌𝑁 , 𝛾𝑁]𝑇. The first step is to generate a random base configuration around said 

point. The mobile base’s configuration is described [𝑥𝑏 , 𝑦𝑏 , 𝑧𝑏 , 𝑟𝑏 , 𝜌𝑏 , 𝛾𝑏]𝑇 in Cartesian 

coordinates. The values for 𝑧𝑏 , 𝑟𝑏 , and 𝜌𝑏 are zero for this mobile base used due to grounding 

constraints, leaving  [𝑥𝑏 , 𝑦𝑏 , 0, 0, 0, 𝛾𝑏]. The variables 𝑧𝑏 , 𝑟𝑏 , and 𝜌𝑏 refer to the height of the 

base, rotation about the forward direction, 𝑥, and rotation about the side direction, 𝑦, 

respectively. The sampling range of 𝑥𝑏  and 𝑦𝑏 is a normal distribution with mean of the desired 

point path’s 𝑥𝑁 and 𝑦𝑁, respectively, with range of the manipulator’s reachable length. This is 

due to the fact that the mobile manipulator must be in some reachable space of the target 

point to achieve the desired end-effector pose. The reachable length for the UR5e, in this case, 

is 0.35 meters. 𝛾𝑏 is sampled with a mean of tan−1 (
𝑦𝑁+1−𝑦𝑁

𝑥𝑁+1−𝑥𝑁
). This is done to anticipate 

changes in orientation so that the mobile manipulator’s x-direction (forward) can be parallel to 

the end-effector path. This effect is desirable as it grants more anticipation of how the robot 

will act which can lead to safer operation as well as play a vital role if holonomic constraints are 

present in the system that does not allow the robot to turn easily.  

Once a base configuration has been sampled, inverse kinematics is used to find the 

associated joint configuration of the attached manipulator in order to reach the desired end-
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effector pose. The inverse kinematic method to find the required joint positions used is the 

Newton-Raphson method [28] with an initial guess of [0, −90, 90, −90, −90, 0]° for the joint 

angles of the UR5e. Wrapping to and checking of joint limits is then performed to ensure that 

the solution is applicable. The joint limits of the manipulator were generally from −𝜋 to 𝜋 but 

slightly different depending on the specific joint. In cases where the pre-defined joint limits 

have been broken or there was not a solution found, another sample is created and the above 

process is performed, replacing the faulty sample. This method is performed until 𝑀 number of 

solutions are   generated for 𝑁 number of points along a given path.  

4.2.2. Path Search 
This section will detail how a path is created from the 𝑁 × 𝑀 number of samples 

created in the previous section. Each 𝑁 number of path points has an associated 𝑀 number of 

sampled configurations. The methodology to find a path works by first picking an initial 

configuration from the 𝑀 configurations at the first path point. We then calculate a weighted 

joint distance to all the 𝑀 configurations in the next path point. The configuration with the 

smallest weighted distance is chosen and the process is repeated until 𝑁 number of 

configurations have been chosen, giving a configuration path for the mobile manipulator. This 

method of path search is a greedy optimizer. The weighted distance calculation from one robot 

configuration is shown in Equation 5. Δ𝑞 is the difference in configuration vector of the mobile 

manipulator from the initial robot configuration to the candidate configuration. 𝐴 is the weight 

matrix which allows for more emphasis to be had on the movement of specific joints depending 

on a desired response. 
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𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = √
1

2
𝛥𝑞𝑇𝐴𝛥𝑞 

Equation 5 

𝐴 is a 𝑛 × 𝑛 matrix where 𝑛 is the degrees of freedom of the mobile manipulator. In this 

case 𝑛 equals 12, six for the base and six for the manipulator. The weights of matrix 𝐴 were 

determined experimentally. It was determined that movement in the orientation (or 𝛾) and 𝑦 

direction was to be limited; thus, their relative weights were set to be higher. The justification 

for this is due to the holonomic constraints on the mobile manipulators planned for use. The 

holonomic constraints are due to the slip steering system on the mobile manipulator which 

limits its ability to turn. The robot used in simulation do not have these constraints as additional 

work must be done to model these constraints. 

 

4.3. Experimentation and Results 
4.3.1. Experimental Procedures 

Mobile manipulator path-planning experiments were performed on computer 

simulation. The simulation software used is Gazebo, an open-source robot simulation tool. The 

robot used to perform the test was the RB-Kairos, a mobile manipulator that consists of a base 

with four mecanum wheels and a UR5e manipulator attached on top. Figure 4.1 shows the 

simulation software and robot. The model used was provided by Robotnik, a company that 

manufactures the same robot. The robot accepts commands in simulation through the ROS 

middleware framework. The mobile manipulator has 9 degrees-of-freedom and consists of the 
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3 ground plane coordinates and orientation, 𝑥𝑏 , 𝑦𝑏 , and 𝛾𝑏, and the 6 joints present in the 

UR5e. 

 

Figure 4.1. Simulation Software with Mobile Manipulator 

 

The mobile manipulator is set to follow three paths, a straight-line, a sinusoidal path, 

and a sinusoidal path that increases in amplitude. Figure 4.2, Figure 4.5, and Figure 4.8 show 

the Cartesian representation of each path, respectively, and is in units of meters. Each path was 

divided into 100 equidistant points with 500 sampled configurations. Path search was then 

performed to find a suitable path for the mobile manipulator’s joints. Initially, experiments 

were first performed on the straight-line path and the weights for the distance path search 

were analyzed and tuned until a qualitatively desirable path was found. This was qualitatively 
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chosen such that there would be minimal movement in the orientation of the base of the 

mobile manipulator. Once a desired weight matrix has been found, experiments on the three 

paths were performed. The next section shows the path results of the joints for the mobile 

manipulator. The paths found for each degree-of-freedom were then simulated to ensure if the 

path was successful. 

4.3.2. Experimental Results 
The following figures show the joint paths for the mobile manipulator for the respective 

end effector path. The weight matrix used was a diagonal matrix of 

[10, 10, 10, 1, 1, 10, 1, 100, 0, 0, 0, 100]. The first 6 weights refer to the joints of the 

manipulator from the base to the end-effector, respectively. The next 6 refers to the cartesian 

positions of the base, [𝑥𝑏 , 𝑦𝑏 , 𝑧𝑏 , 𝑟𝑏 , 𝜌𝑏 , 𝛾𝑏]𝑇, respectively. A weight emphasis was put on the 

bottom three joints of the manipulator due to the inertia associated with that joint as that can 

be susceptible to jerk. Another emphasis was put onto the 𝑦 and 𝛾 positions of the base as it 

was desired that the base does not slide or change direction if unnecessary due to the slip 

steering system of the physical mobile manipulator. Figure 4.3 and Figure 4.4 shows the joint 

path for when the end-effector must follow a straight line. The straight-line trajectory is 5 

meters in length at a height of 0.7 meters from the base mounting of the arm. The orientation 

of the end-effector is kept at a neutral orientation where it is facing a side of the base, 

specifically where the roll angle is -90° and the others orientation angles are zero.  
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Figure 4.2. Cartesian Coordinates for Straight-Line End-Effector Trajectory 

 

 

Figure 4.3. Mobile Manipulator Base Path for a Straight-Line End-Effector Trajectory 
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Figure 4.4. Manipulator Joint Path for a Straight-Line End-Effector Trajectory 

 

Figure 4.5, Figure 4.6, and Figure 4.7 shows the desired end-effector trajectory of a 

sinusoidal, mobile manipulator base path, and manipulator joint path respectively. The weights 

of matrix 𝐴 are kept the same as the straight-line path.  
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Figure 4.5. Cartesian Coordinates for Increasing Sinusoidal End-Effector Trajectory 

 

 

Figure 4.6. Mobile Manipulator Base Path for a Sinusoidal End-Effector Trajectory 
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Figure 4.7. Manipulator Joint Path for a Sinusoidal End-Effector Trajectory 

 

Figure 4.8, Figure 4.9, and Figure 4.10 shows the desired end-effector trajectory of an 

increasing sinusoidal, mobile manipulator base path, and manipulator joint path respectively. 
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Figure 4.8. Cartesian Coordinates for Increasing Sinusoidal End-Effector Trajectory 

 

 

Figure 4.9. Mobile Manipulator Base Path for an Increasing Sinusoidal End-Effector Trajectory 
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Figure 4.10. Manipulator Joint Path for an Increasing Sinusoidal End-Effector Trajectory 

 

4.3.3. Discussion 
The graphs show the path developed by the proposed algorithm. Observing the results 

of the algorithm for the straight-line path, we can see that the determined weights have the 

desired effects of influencing the 𝑦- and 𝛾- direction to a small range. The straight-line path was 

used to determine the weights as the effects of the weights are much clearer when different 

weights are compared. Looking at the path generated for the sinusoidal paths, the joint paths 

for the manipulator can be seen to have sinusoidal paths as well. Simulation of these paths 

showed that these paths successfully maintained the end-effector to its desired trajectory and 

was evaluated qualitatively. There are small disconnects in the trajectory due as the mobile 

base and arm joints are not timed to reach the end-effector point at the same time. 
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It is important to note that the algorithm used is greedy and does not optimize the 

weighted distance over the entire path but only from point to point. The weight matrix 𝐴 used 

in experimentation was a diagonal matrix. The diagonal matrix penalizes the distance of only 

one degree-of-freedom. Off-diagonal weights would penalize the use of any pair of degrees-of-

freedoms. Further experimentation would need to be done to understand if the use of off-

diagonal weights would produce more desirable results. 

The time to produce these paths from start to finish is relatively high when compared to 

other path planners readily available. Planning performed from similar works takes generally 2 

minutes while the proposed method currently takes about 4-6 minutes. This is mainly due to 

the lack of optimization done in the coding of the algorithm. Currently, there are many checks 

within the code that require additional computational costs as well as tasks that can be 

dynamically programmed for better use of available computational resources. There exists a 

much other things that can be removed/changed that would improve the efficiency of the code 

as well. The path planners readily available have had the opportunities to be peer reviewed and 

optimized by others. 

This algorithm has yet to be tested for environments that contains obstacles, but it is 

believed that the proposed method would be able to sufficiently generate a path as 

probabilistic path planning methods tend to have an easy time navigating through such 

environments. Probabilistic planners, such as this one, have a tendency to be jerky as the 

planner outputs point-to-point paths. To solve for this, many others have processed the given 

path through a 2nd algorithm [20] that would smooth the path. There are many techniques that 
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can accomplish this, such as Dubin’s Curves, splines, and clothoids [29]. Smoothing of the path 

was not done due to time constraints. 

4.3.4. Conclusion 
The algorithm developed has shown to create a path for each degree-of-freedom of a 

mobile manipulator for a given end-effector path. Simulation of the paths have shown the 

success of the paths generated. Use of a weighted distance for path searching has successfully 

shown that the joint paths can be influenced to a more desirable trajectory. More work needs 

to be done to implementation optimization, weight tuning/experimentation for non-diagonal 

matrices, and testing for environments with obstacles. Future works to better improve usability 

includes a smoothing algorithm so that the instant acceleration combined with the inertia of 

the systems of the joints and body, respectively, do not cause harm to itself and/or nearby 

users. 
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Chapter 5. Conclusion 
5.1. Brief Conclusion 

In this thesis, algorithms for control for intelligent robotic sanding and path planning for 

mobile manipulators were developed. The control algorithm successfully performed sanding 

while also outperforming current strategies. The path planning algorithm developed 

successfully generated paths for all the degrees-of-freedom for a mobile manipulator whose 

end-effector path was pre-determined. The combination of these work provides the first steps 

to realizing a fully autonomous, industry-ready, robotic sanding system that will assist humans 

performing this work and removing them from the issues, liabilities, and costs associated with 

it. 

5.2. Suggestion for Future Work 
The need of future work can pertain to all levels of work presented in this thesis. This 

section will present ideas for future work that can be built off the work shown. The ideas for 

future work will be separated into three categories: future work for 1) intelligent control for 

sanding, 2) path planning for mobile manipulators for sanding, and 3) the combination of the 

priors. 

Two main limitations of the controls work are the abilities to ensure sanding over a 

curved surface and lack of a model to estimate surface roughness during sanding. Material 

removal rate of sanding operations depend mainly on the pressure exerted by the tool and an 

undesired pressure due to complex contact geometry can cause unwanted and unrepairable 

cutting, thus a need for a more refined approach is needed for curved surfaces. The controller 

presented depends on trends observed on experimental sanding data. A need for a model that 

can map specific roughness values from the vibratory force response would enable the control 
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system to have precision and to reach a desired roughness value. There exist cases in which a 

low roughness value can be too low as roughness such as in adhesion tasks where a certain 

level roughness is needed. 

The path planning algorithm has yet to be performance optimized, in a programmable 

sense, which currently limits it usage. Within the program used to perform the algorithm, there 

still exists many redundancies and checks to assist with debugging that no longer needs to be 

used, which increases run time. Investigations on the outputs of the algorithm when the weight 

matrix is non-diagonal should be performed to see if more desirable results can be obtained. 

The non-diagonal elements would penalize coupled movement if implemented. The addition of 

obstacles to see how the algorithm performs should also be investigated. 

Lastly, to realize fully autonomous sanding, a combination of intelligent control and path 

planning of the mobile manipulator must be done. As of now, the control algorithm is only 

developed of a still manipulator and the path planner does not incorporate the idea of 

maintaining a force to a given surface.  
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