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Abstract 

 

In this thesis, we examine the design, development and implementation of a mobile base for our social 

robot – Robotubby. Robotubby is a social robot envisioned to be a companion to children capable of 

social interaction and participating in meaningful edutainment tasks. The development of Robotubby 

involves other researchers investigating other areas of social robotics thus the mobile platform must be 

compatible and easy to integrate together. 

Physically, Tele-tubby is a wheel-based mobile humanoid with movable torso, two robot arms and an 

expressive face in order to display gestures and facial expressions that potentially convey emotions and 

better communication. As a child companion, the size of the robot plays a critical role both for safety and 

approachability. Given the indoor environment of homes, the mobile platform requires good 

maneuverability to traverse its environment.   

One key feature of Robotubby is the ability to conduct tele-presence which refers to a set of technologies 

allowing users to feel present or have an effect of presence at the particular event which are typically 

physically distanced from the user. A consideration of network technologies is necessary for the 

development of the mobile platform and the means of control for users.   

A Powered-Castor wheel (PCW) design for the mobile platform is selected for the merits of Omni-

directional travel as indoor environments such as homes are typically space-constrained. Compared to 

other solutions such as Omni-directional wheels, PCW maintains perpetual contact with the ground for 

smooth floors, providing smoother motion and less operation noise. Controlling of a PCW platform based 

on prior works provide the foundation for developing omni-directional control via a joystick with handle 

twist either locally or over the network. In experimentation, the mobile platform was able to perform the 

task of moving around on a level ground with relative ease except for some jitters due to the nature of the 

motor controller feedback.   
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Chapter 1                                                          

Introduction 

 

Social robotics is increasingly relevant in today’s world as more societies are maturing faster, reaching 

the graying population paradigm in a few short decades. Researches in the multi-disciplinary fields of 

social robotics have developed significantly over the past few years [1] with one of the goals of 

addressing the above real-world issues. In creating the “social” into more commonly known robots in 

industrialized settings, many researchers have undertaken the task of understanding and creating effective 

social interaction with robots also known as Human Robot Interaction (HRI). Examples of social robotic 

task include personal assistant, companion robot and handicap aid as seen in Figure 1-1. 

 

 

Figure 1-1: Role of Social Robots in today’s society, as companion to elderly, children and 

assistant people to overcome various handicap [2] 

 

To understand the phenomenon of Social Robots and the field of HRI, we can refer to mankind’s history for 

artificial beings development, robots medieval by today’s standards but still capable of complex motion 

by clockwork engines. In the famous play by Karel Capek, the term robots was first coined in the title 

“Rossum’s Universal Robots” (R.U.R) depicting moving mechanical machines as slave workers. The 

theme of robots continue to evolve with robots increasingly seem human despite not having human or 

humanoid form.  

Physically, the design of the mobile base focuses on form and function that would make Robotubby a 

likable social robot with good usability. The environment Robotubby operates in is almost exclusively 
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indoors and has to traverse the dynamic grounds that filled with furniture, ornaments and even children’s 

toys. The mobile platform thus has to be able to maneuver well around such environments in order to 

perform task such as navigate around to locate the child at home. Examples of different locomotion in 

robots are shown in Figure 1-2. 

Locomotion allows social robots to navigate their surroundings and perform their assigned service to 

people. In the design of locomotive mechanisms [3,4], wheeled systems are most robust can observed in 

all modern land transports. Nevertheless, such designs on an indoor social robot must fulfill certain 

criteria like getting out of tight spots easily and navigating uneven terrain such as children’s toys strew all 

over the floor. This thesis presents a caster-wheel platform design for a social robot that can navigate a 

home environment seamlessly and able to perform other task.  

 

 

Figure 1-2: Various modes of locomation for social robots 

    

Social-ness and sociability is a man-made concept we typically attribute to matter we come into contact 

with. In this respect, social robots can be applied to machines we interact with like computers, printers 

and even autonomous vacuum cleaners. Designing HRI into everyday machines we interact with can 

improve the wellbeing of people using these machines. Many experiments have been conducted with how 

humans react to robots or even machines and researchers test how to make the interaction experience 

more pleasant.  

Designing the sociability of the mobile platform with respect to physical is mostly on the appearance and 

more importantly appeal such as the robots in Figure 1-3 with child-like features and smooth coverings. 

This particular aspect will not be covered as external design will be covered as the whole robot. 

Designing Robotubby’s sociability will be more of software with respect to motor control. 

 



3 

 

 

Figure 1-3: HRI in Social Robot Design, form and function [2] 

 

Social robotics provide the integral bridge between the virtual information world and the physical world 

we live in thus allowing the provision of practical help to people in-need. Figure 1-4 shows examples of 

social robots performing various task of service for people in different scenarios. An active branch of 

robotics research is involved in building social robots are being developed to empower human caretakers, 

taking over mundane task so they can focus more on caring. The hardware aspect explores mechanical 

designs especially on ergonomics and rehabilitation purpose. Software aspect explores intelligent control 

that are able to adapt to specific users and remote operation, which for the purpose of social robotics, tele-

presence.  

 

 

Figure 1-4: Examples of Tele-robotics, task in communication, education and assistance 

 

Tele-presence is increasingly gaining acceptance among robotics researchers and commercial entities. 

The term tele-presence was coined in a 1980 article by Marvin Minsky, who outlined his vision for an 

adapted version of the older concept of tele-operation that focused on giving the remote participation a 

feeling of actually being present [5]. The key difference of local control and long distance remote control 

lies in time delay and data integrity when it has to travel over long distance. Resolving this issue of tele-

presence requires working with current networking technologies and performing control of the robot over 

the network. 
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With various attributes and potential task of social robots, mobility is an important feature that makes 

robots more service-orientated towards people by going to them. Of course, the motion can be 

autonomous with onboard or environment sensors or tele-operated which is similar to tele-presence.   

 

The thesis presents the work done in creating the mobile base for Tele-tubby and the integration into the 

robot. A literature review of the relevant topics is conducted in Chapter 2. The design and implementation 

is covered in Chapter 3. The review and experimentation is covered in Chapter 4. Lastly, Chapter 5 

summaries the project contribution and future works.  
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Chapter 2                                                            

LITERATURE REVIEW 

 

The basic expectation of a mobile social robot is to be capable of maneuvering around the environment, 

following trajectories based on algorithms of path-planning and obstacle avoidance depending on 

implementation. Typical requirements of mobile robots include being easily operated via remote control. 

Depending on configuration of the mobility actuator/s, some remote controls are intuitive while some 

require mathematical models to reduce the complexity of control to such the human operator can handle. 

Other consideration for mobility optimization includes the efficiency of the system, generating smoother 

motion profiles and fault-tolerance [6,7].  

 

2.1 Robot Architecture  

 

Robots are typically task-specific and architecture is designed to match the expectations of the task [8]. 

For social robots, the architecture typically involves human interaction in vast degree and close 

interaction such as the behavioral based architecture in Figure 2-1. As such, many efforts are directed at 

higher levels towards meaningful communication with humans. Nevertheless, the creation of a successful 

social robot depends on all aspects of the architecture regardless of its layer of development during 

implementation. The mobile base plays a role in the architecture when the specification of the social robot 

such as Robotubby is required to navigate around the environment and locate a person.  
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2.2 Review of mobile Robots 

 

The prevalence of automation and mobile robotic platform has seen a rise of demand for high mobility 

platforms. While high mobility platforms are in demand, commercial systems have to balance many other 

factors such as price and turn-around time. Commercial systems typically go the way of differential drive 

systems which are capable of changing its orientation by pivoting at the center of the differential wheel 

pair. Extending on the concept, cars are almost exclusively differential drive on the front wheels thus 

requiring a minimum turning radius to achieve the orientation change.  
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Figure 2-1: Example of social robot architecture for execution and robot behavioral layer 
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2.2.1 Holonomic actuation: 

 

Holonomicity in robotics refer to the relationship between controllable and total degrees of freedom for a 

given robot, for this case the ground mobility. The robot is said to be holonomic if the controllable 

degrees of freedom is equal to or greater than the total degrees of freedom. A robot is considered non-

holonomic if the total number of controllable degrees of freedom is less than the total number of degrees 

of freedom in its task space. Conversely, a robot with more controllable degrees of freedom than its total 

degrees of freedom is considered redundant. 

Most cars operating on the roads today are an example of a non-holonomic vehicle. Cars are designed to 

travel in 3 degrees of freedom namely the X and Y axis of the horizontal plane and Ɵ which represents 

the change of orientation as in the vehicle’s heading. The car has only two controllable degrees of 

freedom which are accelerating or braking in the direction of travel and changing the orientation of 

vehicle via the angle of the steering wheel. Assuming no skidding or sliding, there are no other allowable 

paths in the phase space. As such, the non-holonomicity of most cars makes tasks like parallel parking 

difficult and rotation on the spot impossible.  

 

2.2.2 Differential drive system: 

 

Cars are the most common wheeled system and the design is based on differential drive for 2 of the 

wheels (mostly front 2) to provide change of direction. In robots, a similar differential drive mechanism is 

employed but most typically using 1 idler wheel instead. Nevertheless, all differential drive systems 

require a minimum turn radius, making it difficult for the robot to navigate home environments. If robots 

are equipped with castors much like office chairs, getting out of a tight spot would be easy.  

Skid steering mobile platforms with form factor similar to cars. They have 2 driven wheels at the opposite 

sides of the vehicle where different rotational speeds allow it to turn with 0 turning radius. The motion 

profile of the skid steering is shown in Figure 2-2. 
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Figure 2-2: Differential Drive Modeling for Navigation 

 

For these mobile bases, it is not possible to specify the desired orientation, θ, and position, X and Y as 

shown in Figure 2-3, in a single maneuver due to the fact that the translational and rotational motions are 

coupled. 

 

Figure 2-3: coupling of orientation and Position 

To achieve such mobility, it is desired to design a mobile platform with full dexterity capable of achieving 

omni-directional control, i.e. the mobile robotic platform must be capable of independent translating and 

rotating motion. The main advantages of such an omni-directional system are: 

i. Increase in mobility and 

ii. No kinematic motion constraint. 

The merit of the omni-directional mobile platform [4,5,9] is that it is possible to perform simultaneous 

rotation and translation. The increase in mobility is vital if the mobile bases are to be used in constrained 

environments such as narrow corridors in factories and buildings. Similarly, a system with no kinematic 

motion constraint will play a pivotal role in the development of motion planning and navigation algorithm 

whereby movement can be carried out easily. 
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2.2.3 Holonomic wheels: 

 

Holonomic wheels are wheels with 2 or more degrees of freedom and commonly known as omni-

directional wheels [4]. There are 2 main types of holonomic wheels, ones with peripheral rollers such as 

the Mecanum Wheels and specialized wheels such as a ball wheel mechanism. Mecanum wheels and 

those similar to it have small peripheral rollers attached to main driving wheel that gives the 2
nd

 degree of 

freedom perpendicular to the main. 

These wheels do not have kinematic constraints and fulfill the requirements stated above. However, there 

are significant limitations to each of the designs as follows: 

i. Complexity in implementation 

a. Driving the main wheel in Mecanum wheel and similar design is straight-forward but the 

peripheral rollers require complex driving mechanism which are often left passive. 

b. Ball wheels require significantly more complex driving mechanism that still suffers from 

slippage given no direct means of actuating. Furthermore, like ball-wheeled computer 

mouse, the mechanisms are easily clogged by dust and dirt requiring more maintenance. 

ii. Mecanum wheels, shown in Figure 2-4, also suffer from vibration especially in the main 

driving wheel as it has discreet numbers of rollers resulting in discontinuous contact with the 

ground. 

 

 

Figure 2-4: Mecanum wheels in different forms and number of rollers 
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2.2.4 Powered Castor Wheel: 

 

With castors, robots can avoid the issue of singularity as the design allow for on the spot rotation and 

instant change of direction in terms of control. The additional benefit of castors are smooth locomotion 

while travelling on undulating terrain as it is always in contact with the ground compared to an omni-

directional wheel which is a source of vibration. For example, the images captured by camera sensors 

mounted on the robot are not stable when the robot is moving. Furthermore the contact point with the 

ground is known thus exact control can be achieved [7,9].  

The mechanism for Powered Castor Wheel typically consists of 2 motors driving the system, one for 

steering and the other for driving as shown in Figure 2-5. 

 

  

Caster wheel offset 

Figure 2-5: Caster Wheel and Operation Model 
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2.3 Review of kinematic Models 

 

2.3.1 Robotics modelling and control: 

 

The goal of kinematic analysis is to calculate the position, velocity and acceleration of all the linkages 

without consideration of the forces causing the motion. Specifically for RoboTubby, posture kinematic 

model can be found in [9,10,11,12,13] which also provides analysis based on other state space model like 

configuration kinematic model, configuration dynamical model and posture dynamical model. Robot 

kinematics are mainly of the following two types: forward kinematics and inverse kinematics. In forward 

kinematics, the length of each link and the angle of each joint is given and we have to calculate the 

position of any point in the work volume of the robot. In inverse kinematics, the length of each link and 

position of the point in work volume is given and we have to calculate the angle of each joint. Robot 

kinematics can be divided in serial manipulator kinematics, parallel manipulator kinematics, mobile robot 

kinematics and humanoid kinematics. 

The forward position kinematics (FPK) solves the following problem: "Given the joint positions, what is 

the corresponding end effector's pose?” The same can be generalized for all forward kinematics which 

can be solved via Geometric or algebraic approach. Other than Cartesian coordinates, robot kinematics 

can also be represented in Denavit-Hartenberg parameters.  

The inverse position kinematics (IPK) solves the following problem: "Given the actual end effector pose, 

what are the corresponding joint positions?" the key challenge for the generic inverse kinematics is that 

solutions are typically not unique if it exists at all. Similar to forward kinematics, solving the problem can 

be done by either geometric or algebraic method.  
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2.3.2 Forward Kinematics of single castor wheel 

 

A single PCW can be modeled as a serial linked manipulator with one prismatic joint and two revolute 

joints. In this study, two different approaches of i) Inspection and ii) Transformation are used. The 

prismatic joint is obtained by relating the angular displacement of the wheel, ρ, to linear displacement, x. 

The linear velocity is also related by the same expression. 

ρrx =  

ρ&& rx =  

where:   x = linear displacement, ρ = angular displacement , r = radius of wheel  

x& = linear velocity, ρ& = angular velocity of wheel 

The kinematics of the serial link manipulator can be modeled as a two dimensional planar robot as 

illustrated in Figures 2-6, 2-7 and 2-8.  

 

 

 

σ&

ρ&

br

h

φ&

σ&
ρ&r

φ&

h

b

 (2.1) 

 (2.2) 

Figure 2-6: Joint Schematics showing relationship between various links 
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O: Original frame located at link 1. 

 

E: End effector frame. 

 

v1: Velocity resultant of rotation of 

Link 1. 

 

v2: Velocity resultant of movement 

of Link 2. XO 
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 v3 

Link 1 

O: Original frame located at link 1. 

 

E: End effector frame. 
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between the wheel and the floor. 

 

Link 2: Prismatic joint obtained by XO 
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Link 3 

φ  
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h 

Figure 2-7: Modeling of the caster wheel as a 2 dimensional planar manipulator 

Figure 2-8: Resultant velocities of different links 
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The equations governing the position of the end-effector E with reference to frame O is: 

)cos()cos( φσσρ ++= hrx
E

O
 

)sin()sin( φσσρ ++= hry
E

O
 

                                                               φσθ +=
E

O
 

 

Differentiating Eq 2.3, the velocities of the end-effector is achieved as such: 

)]sin([)]cos([)]sin()sin([ φσφσρφσσρσ +−+++−−= hrhrx
E

O &&&&
 

                )]cos([)]sin([)]cos()cos([ φσφσρφσσρσ +++++= hrhry
E

O &&&&  

                 φσθ &&& +=
E

O
 

 

From Eq 2.4 and setting rρ to b, the physical offset of the wheel, the Jacobian matrix,
E

O
J , relating joint 

velocities to Cartesian velocities is derived. 

QJX E

O

E

O && =   

 Setting rρ = b: 
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Eq 2.5 is a function of σ, ρ andφ . However, in the real world, σ is a passive joint and no odometry data 

can be obtained. To achieve a system that is a function of only ρ and φ , the expression of the Jacobian 

matrix must be obtained with respect to Frame E, the end-effector frame. 

 (2.3) 

 (2.4) 

 (2.5) 
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The velocities in the end-effector frame can be determined using two different methods which will 

essentially yield the same results. The first method is inspection method using the schematic diagram as 

shown in Figure 8. The three velocities are first resolved in the end-effector frame using simple 

trigonometry: 

 

σρ &rv =1  

ρ&rv =2  

)(3 φσ && += hv  

 

 

 Setting rρ = b: 

 )]cos([)]sin([)cos()sin( 21 φρφσφφ rbvvxE

E &&& +=+=   

 ][)]sin([])cos([)sin()cos( 321 hrhbvvvyE

E φφρφσφφ &&&& +−++=+−=  

 φσθ &&& +=E

E
 

 

  

(2.6) 
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Another method to obtain the Jacobian matrix in the end-effector frame will be to do transformation to the 

initial Jacobian in Frame O. In this case, the Jacobian is pre-multiplied with the rotational matrix showing 

Frame 0 in Frame E. This is done as such: 

 

         where: 

 

 

Both Eq 2.6 and 2.7 will result in the same Jacobian matrix and hence verified the validity of the 

equation. The final expression in the end-effector frame is: 
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As can been seen in Eq 2.8 the Jacobian matrix is independent of σ cannot be determined. 

 

Having obtained the relationship between joint velocities and end-effector Cartesian coordinates is the 

first part of the formulation. In order to obtain the relationship of the joint velocities and the mobile base 

Cartesian velocities, it is then required to input the physical dimension in to kinematics equation and to 

orientate the end-effector frame of each individual wheel, Frame E, into the base frame, Frame B shown 

in Figures 2-9 and 2-10. 

E
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Figure 2-9: Orientation of base frame, B 

 

 

 

The values of v1, v2 and v3 are the same as before. Using the inspection method, it is then possible to 

obtain the equations with respect to the base frame if we know the position of the PCW with respect to the 

base. Setting rρ = b and β’ = β - 180°:  

 

O: Original frame located at link 1. 

 

E: End effector frame. 

 

B: Base frame. 

 

v1: Velocity resultant of rotation of 

Link 1. 
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Figure 2-10: Position of base frame, B, with regards to end-effector frame 
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 ))sin(())cos(())sin(( 321 βφβφβ −++−++−= vvvxE
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Similarly, the same results could be obtained by a rotation of the Jacobian matrix in frame E to Frame B 

using the following: 
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The final equation from 2.9 and 2.10 are equivalent, hence verifying its validity. 
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The Jacobian is always invertible, unless the offset b = 0. This shows the importance of having a non-zero 

offset. 
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2.3.3 Inverse Kinematics of single castor wheel 

 

To obtain the desired joint velocities from a given base Cartesian velocities, the inverse kinematics of Eq 

2.11 is used. Since the Jacobian matrix is a square matrix, the inverse of 
E

B J  can be obtained, whereby 

1−

E

B
J  is determined to be as follows: 
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As stated, σ cannot be measured physically. However the inverse kinematic equation can be made 

independent of σ. The inverse kinematics is determined with respect to the steer and drive velocities: 
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2.4 Kinematics of a multi-caster wheels system 

2.4.1 Inverse kinematics of multi-caster wheels 

 

The multi-caster wheels system is constrained by the following: 
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Where N is the n-th caster wheel 

As such, the inverse kinematics of the multi-caster wheels system can be achieved by the following: 
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whereby βi and φ i are the wheel position and the steering angle, N is the n-th set of caster wheel 

 

The above equation is used to determine the various PCW joint velocities when the Cartesian velocities 

are given. This is an instantaneous model that has its reference frame identical to the Base Frame. 

Detailed description of the hardware implementations will be covered in the subsequent chapters. 

 

 

  (2.14) 

  (2.15) 
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2.4.2 Forward kinematics of multi-castor wheels 

 

The Forward Kinematics of the system computes the base position (x, y) and orientation (θ) from the 

number of rotations of the steering and driving axes of each wheel, hence providing odometry for the 

base.  

 

2.4.2.1 Model 1 

 

The forward kinematics of the system is derived from the inverse kinematics shown in Equation 2.15 by 

computing the left pseudo-inverse of the augmented Jacobian matrix. The governing equation is then: 
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This equation leads to a X& solution that minimises the difference between the measured 

velocities and the desired velocities of the mobile base using the least-squares method.  It should 

be noted that aug

B J  is full rank and the pseudo-inverse always exists. 
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2.4.2.2 Model 2 

 

In the second model, the governing inverse kinematics equation is separated into the mobile base 

PCW’s physical parameters, b and r, and the non-constant variable, φ . 
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βN and φ N are the wheel position and the steering angle, N is the n-th set of caster wheel 

 

 

This equation leads to a X& solution that minimises the difference between the measured 

velocities and the desired velocities of the contact points using the least-squares method. It 

should be noted that aug

B H  is full rank and the pseudo-inverse always exists. 
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Chapter 3                                                                         

Design and Implementations 

 

The main motivation for this project is the realization of a wheeled mobile robotic platform that is capable 

of achieving the desired omni-directional capabilities through the use of the PCW mechanisms. The final 

objectives of the project are: 

 

i. Assemble a mobile robotic platform using the PCW mechanisms, 

ii. Complete the kinematics control algorithm and 

iii. Development of user interface for commanding the mobile robotic platform including the 

network system. 

 

Subsequently, this mobile platform will be controlled by the intelligence system which is part of the 

social robot RoboTubby. The data abstraction for the mobile robot will cater for pose-based and velocity-

based control.  

 

 

3.1 Mechanical design 

 

The mechanical design of the castor structure is to design the driving mechanisms of the castors for 

rotation and translational motion as shown in Figure 3-1.  
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Figure 3-1: Caster Linkage Modeling 

 

Several limitations are inherent in real-world physical systems like the finite turns of the castor steering 

mechanism given the multiple cables used. In most cases, a close to 360 degrees circle is sufficient for the 

steering, achieving the motion capabilities of the powered castor wheel design. 

Skate scooter wheels such as those shown in Figure 3-2 are selected as wheels for the customized 

powered castor as its meets the size (100mm diameter), loading and general availability in the market. 

The wheels are also smooth, making it suitable for indoor environments reducing the risk of floor 

damage. These skate scooter wheels are capable of carrying even adults in the original skate scooter 

design and thus should have no issue for RoboTubby. 

 

Figure 3-2: Skate Scooter Wheels with customised wheel hub 

As for the castor frame, a standard industrial castor wheel frame was selected such that it is large enough 

for the offset to be the radius of the chosen wheel. Nevertheless, several complications arose from 

implementation of this PCW design in terms of drive and steer alignment given that standard industrial 

castors do not have stringent specifications.   

 A Robotis Servo (RX-28) is selected to be the driving motor since it is capable of continuous rotation. 

Being an intelligent servo, it is capable of relaying its operation information such as speed and orientation 

during its operation. When used as a servo motor, it has building PID control to achieve its target position 
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in user defined speed. Nevertheless, there are limitations to using Robotis Servo as position information is 

only for 300 degrees of operation.  Figures 3-3 and 3-4 shows the modules to make the PCW with drive 

motor. 

 

Figure 3-3: Robotis RX-28 servo and Standard Industrial castor wheel frame 

 

 

Figure 3-4: Wheel driving unit of Powered Castor Wheel 

 

Developing the steer mechanism is more complicated than the drive mechanism given the standard castor 

wheels do not have good alignment. One immediate future work is to fully fabricate the castor wheel 

instead of using standard parts to reduce misalignment which will case more noise, more wear and tear 

and requiring bigger motors to drive the system. Figure 3-5 shows the completed module with 2 pairs of 

PCW with steer and drive motors.  

 

Figure 3-5: Powered Castor Wheels for RoboTubby 

 



26 

 

 

Table of Key Mechanical parameters: 

Description Value Remark 

Wheel radius 100 mm  

Wheel offset 50  mm Horizontal distance from steer motor shaft center to wheel center 

Platform radius 125 mm From center of platform to steer motor shaft 

 

 

Prior to software, the main computer systems that will power the current iteration of Robotubby is as 

follows: 

Equipment  Purpose Remark  

X86 touch screen 

industrial PC 

House main operating software 

including all high-level 

functions 

The current PC is Intel Atom based which is 

relatively low power solution that runs a 

Windows OS for rapid development 

USB Dynamixel 

controller  

Provides hardware interface to 

connect to the motors which 

require RS-485 protocol or TTL  

All the platform motors operate on RS-485 

protocol 

Atmel-based 

embedded 

controller   

Perform other low-level 

functions such as gather sonar 

data for obstacle avoidance  

Future versions include controlling the mobile 

platform, freeing the CPU to perform high level 

actions 

 

Other features of the current iteration are as follows: 

Equipment  Description  Remark  

Battery pack Provide direct 12V/24V supply 

to all systems. 

For signal controllers and the industrial PC, 

regulators are necessary to ensure signal 

integrity and reduce risk of processor failures 

Web camera  Captured images for high level 

processing  
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3.2 Software system: 

 

Microsoft CSharp (C#) was selected as the main running program of RoboTubby and as such will be used 

for programming of the PCW mobile base. The basis of the winform design is multithreading and the 

winform acts as the Graphical User Interface (GUI) capturing user input and providing updates of 

asynchronous events generated by algorithms. The general idea is presented in Figure 3-6.  

 

 

Figure 3-6：：：：Multithreading in Winform 

The current implementation of the GUI is to test the mobility both locally and over the network. Figure 3-

7 shows the current implementation. 

 

Figure 3-7: Current GUI for functional testing 
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Function Feature Remark 

Velocity testing Enter desired values  

Trajectory testing Enter desired values  

Tele-operation Joystick operation Virtual and physical joystick differ in 

rotational is separate for virtual 

 

The flowchart of the UI implementation is shown in Figure 3-8. 

 

 

 

 

 

Calibration 

Module 

Input 

Selection 

Joystick Trajectory 

Planner 

Velocity 

Input 

Vehicle 

Velocity 

Control 

Initialized Global Frame 

Figure 3-8: flowchart of operation 
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3.2.1 Global Coordinate Frame 

 

The Global Coordinate Frame is initialized after the Calibration module and its origin is defined to be 

coincidental with the Base Frame at its starting position as shown in Figure 3-9. As the inverse kinematics 

of the mobile base is based on an instantaneous model, a Global Frame is important to allow the mobile 

base to translate and rotate simultaneously. 

 

 

Equations 3.1 and 3.2 show the mathematical relationship between the global frame and the Base frame. 

These equations are used in the Velocity Control Module and for odometry feedback. 

   































 −

=
















Base

Base

Base

Global

Global

Global

Y

X

Y

X

θ

θθ

θθ

θ &

&

&

&

&

&

100

0)cos()sin(

0)sin()cos(

             (3.1) 

 

   

































−=
















Global

Global

Global

Base

Base

Base

Y

X

Y

X

θ

θθ

θθ

θ &

&

&

&

&

&

100

0)cos()sin(

0)sin()cos(

   (3.2) 

Robot Initial 

Frame 

YGlobal 

XGlobal 

θGlobal 

XBase YBase 

Figure 3-9: Relationship between Global Frame and Base Frame 
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. 

3.2.2 Velocity Input Mode 

 

Velocity Input mode is the simplest input mode for the mobile base. It basically takes in the three Global 

Frame Velocities and the time duration for the mobile base to move in the specific velocities. It then 

sends the velocities to the Velocity Control Module using a step velocity input. 

 

Though simple, this mode provides a comprehensive method for initial testing and verification of the 

system. This control method is also well-suited for use with the joystick for both local and network 

control. 

 

3.2.3 Trajectory Planner 

 

The above two methods allows the user to move the mobile base by specifying the velocities of the 

mobile base. While these methods allow control of the base, the user is not able to determine an accurate 

position for the movement of the mobile base. Determining accurate position is vital for autonomous 

functioning of social robots. 

A trajectory is the path followed by the manipulator, plus the time profile along the path. Trajectories can 

be planned either in joint space (directly specifying the time evolution of the joint angles) or in Cartesian 

space (specifying the position and orientation of the end frame). Issues in trajectory planning include 

attaining a specific target from an initial starting point, avoiding obstacles, and staying within manipulator 

capabilities. 

The Trajectory Planner function allows the user to determine the final position and orientation of the 

mobile base with regards to the Global Frame and the time duration required to accomplish the task. The 

Trajectory Planner utilizes the Cubic Polynomial system to achieve a smooth velocity profile that is fed to 

the Vehicle Velocity Control Module. Equations 3.3 to 3.5 show the formulation of the Cubic Polynomial 

System. 
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As there are four unknown results, there must be at least four separate results to obtain the required 

solutions. The four equations arise from the constraints on the system. The first two constraints take into 

account the initial and final values of the system while the last two constraints are required for the 

function to be continuous in velocity. Hence the following is obtained: 
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The equations linking the coefficients to the constraints are as follows: 
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Using the above, it is then possible to determine the coefficients: 
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With Eq 3.8, the position function obtained is smooth with respect to time while the velocity function is a 

parabola. The acceleration term has a linear profile.  

 

3.2.4 Vehicle Velocity Control Module 

 

The Vehicle Velocity Control Module is the most important module in the control algorithm. It takes in 

three values, namely the translational velocity, x&  and y& , and the rotational velocity, θ& . These values can 

be defined in either the Global Frame of reference or in the Base Frame Cartesian Coordinates. 

After the velocities are input, a Proportional-Integral Velocity feedback controller is applied to 

compensate for errors in the process. Such a feedback loop is especially crucial when a Trajectory Planner 

is used to obtain the desired velocities. 

 When using the Global Frame Coordinates, Equation 3.2 is utilized to transform the Global velocities to 

the Base Frame velocities as the kinematics modeling is an instantaneous model at the mobile base own 

frame. After obtaining the Cartesian velocities, the Inverse Kinematics obtained in Chapter 2 is applied to 

determine the four PCW joint velocities, Q&  (Eq (3.9)). To determine the odometry data, the Forward 

Kinematics is applied. 
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3.2.5 PD Controller 

 

Figure 3-10: PD control for servo system 

 

The transfer function of the PD controller in Fig 3-10 is  

sKK
sE

sU
dp +=

)(

)(
    (3.10) 

• Kp  = Proportional gain 

• Kd  = Derivative gain 

 

The closed-loop transfer function of the system is 
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The characteristic equation is  

   pmdm
2

m KKs)KK1(s +++τ      (3.12) 

The natural frequency is 
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and the effective damping ratio is  
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The steady state error ess (ramp) is equal  

   

mpV

ss
KKK

rampe
11

)( ==      (3.15) 

 

A PD-controller is used to improve the transient response of a closed-loop system. The overshoot is 

reduced by changing the damping ratio and the rise time is improved. It has no additional effect on the 

steady state error as compared to proportional controller. 

 

3.2.6 PID Controller  

 

Figure 3-11: PID control for servo system 

 

The transfer function of the PID controller in Fig 3-11 is  

   sK
s

K
K

)s(E

)s(U
d

i
p ++=      (3.20) 

• Kp  = Proportional gain 

• Ki  = Integral gain 

• Kd  = Derivative gain 
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The transfer function of the closed loop system is  
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The natural frequency is 
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and the effective damping ratio is  

)KK(KK2

KK1

mdmim

pm
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and the steady state ramp error is 

   0)( =rampess                     (3.24) 

 

A PID controller is used to improve the response of a closed-loop system by increasing the type of the 

system to two such that the steady state step and ramp errors are both zero. The overshoot is reduced by 

changing the damping ratio by increasing KD and the rise time can be improved by changing KP. 

 

3.2.7 PI Control Loop 

 

A PI Feedback Control is chosen for the Velocity Control Module. It is governed by the following 

formula: 

  )_()( ErrorIntegralKiErrorKpU +=   (3.25) 

 where:  
ActualDesired XXError && −=  

  ∑ ×= )_(_ TimeSamplingErrorErrorIntegral
 

aloutputSignU =  
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The PI controller is chosen to achieve accurate position control of the system especially when a trajectory 

planner is used for the system since the velocity errors will result in an accumulation of position errors. 

However, because of the nature of the governing equations, the main command inputs and feedback are in 

velocities instead of positions. The Integral Error term aims to correct the positional errors in the system 

since position is obtained through the integration of velocities.  

 

3.2.8 Tuning 

 

To achieve desired characteristic of the controller, it is vital that the controller constant are tuned 

accurately. The software algorithm for the controllers is as follows: 

The PD controller used is of the form: 

 

  Voltage Out = Kp (error) + Kd (error – error_previous) / sampling time  (3.26) 

 

The PID equation used is of the form: 

 

  Voltage Out = Kp(error) +        (3.27) 

                                    Ki(sum of (error x sampling time) +  

                                    Kd(error - error_previous) / sampling time 

 

where: error = Desired Position – Current Position 

            sampling time = time duration of each control loop 

            Kp, Ki and Kd = controller constants that must be tuned 
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There are three main methods to tune the constants of the PD or PID controllers as shown below. 

 

Table 3.1: Different methods of tuning controller constant 

Analytical Based on theory and accurate measurements of the physical 

parameters of the apparatus, derive a transfer function that describes 

the response of the system to changes in its input values. Chose 

parameters using standard techniques from control theory. 

 

Empirical Using bench-test results for the overall system, apply general-purpose 

procedures such as the Zeigler-Nichols method which compute 

parameters based on observed system behavior. 

 

Trial and Error Starting with an "initial guess", observe the behavior of the system 

and tweak the parameters until a stable solution is found. 

 

 

The Ziegler-Nichols Tuning method is used as a guideline for determining the controller constants as it 

provides a basis for initial testing without elaborate experimentation to determine the exact motor 

constants. 

 

Table 3.2: Ziegler-Nichols Tuning Guide 

Type of Controller Kp Ti Td 

P 0.5 x Kcr - - 

PI 0.45 x Kcr Pcr/1.2 - 

PID 0.6 x Kcr 0.5 x Pcr 0.125 x Pcr 
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Kcr and Pcr are obtained experimentally. Kcr is the critical gain where the shaft exhibits sustained 

oscillations. Pcr is the period of the oscillations. For the PID controller, Kp = Kp, Ki = Kp / Ti and 

Kd = Kp x Td. The following graphs show the experimental results of the individual motors when 

in critical state. 

 

PID control 

In earlier designs, it is necessary to consider the DC motor dynamics and perform the PID to regulate the 

speed in the case of the inner most PID control loop. In the current design, the dynamixel motors are 

supposed to perform that role which it did but only in positional control, not continuous turn for the drive 

motors. Consequently, a simple PID loop shown in Figure 3-12, is considered for the dynamixel servo 

motors which receive input of power and through the speed feedback, control the desired velocity.  

 

 

  

Desired Q / Q&  

Read Encoder: 

Obtain current Q / Q&  

Error = Qdesired – Qcurrent 

PD/PID Equation: 

Obtain Voltage Output 

Send Power to Motor 

Controller 

Figure 3-12: Motor Control loop 
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3.3 Network control and implementation 

 

One fundamental purpose of social robots is tele-operation and for the case of Robotubby, parents can 

tele-operate our social robot and communicate with the child bridging physical distance. From 

implementations of video conferencing and remote surveillance, several potential issues with such an 

implementation can be observed, namely latency and when robots are concerned safety issue.  

Prior to addressing latency and safety issues, implementation of global network systems requires knowing 

how the internet works and connections be made. Figure 3-13 shows the outline of the internet system -

especially how computers are connected and can interact with each other.  

 

Figure 3-13: Basic Understanding of Internet Operation 
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3.3.1 Integration with Robotubby 

 

Socket communication is one of the means for computers to connect to each other and pass information. 

The most common 2 protocols used are Transmission Control Protocol (TCP/IP) and User Datagram 

Protocol (UDP). The key tradeoffs of these 2 protocols are between reliability and speed. Other variants 

include Real-Time Protocol mostly used for video-conferencing. Figure 3-14 shows the GUI from the 

remote site.  

 

Figure 3-14: Trial implementation of Networked control 

 

In order to solve the trap subnet where the parent’s computer cannot connect to the robot, a server with a 

fixed IP is implemented to route data over the entire internet. The server may perform other functions 

such as verify user data to validate the connection and data transferred.  
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Chapter 4                                                          

Review of Implementations 

 

Despite many prior efforts in research of social robots have been open for public and institutional 

learning, design and development of a social robot requires several iterations. At the current development, 

the mobile platform is the 2
nd

 iteration of the PCW design but first iteration using current controllers 

which are also used in the head and arm modules. The dynamixel controllers are modular bringing the 

benefit of easy replacement. However, controlling of the specific model, RX-28, is rather cumbersome 

given little documentation especially in sensor feedback.  

 

4.1.1 Hardware design and development  

 

In the design of the Powered Castor Wheel module, using standard of the shelf castors as the foundation 

for modification was not a wise choice given the lack of stringent standards for mechanical tolerance. The 

current implementation of the module is sufficiently small for Robotubby but is too cumbersome and 

heavy for proper motion. One of the earliest design specifications for the robot to cross small ledges 

commonly found in homes and office or cables lying on the ground was not met given the complexity of 

driving a wheel not on a fixed plane.  

The improvement of the hardware is direct coupling of the drive motor to the wheel which improves the 

efficiency of the motor and a smaller motor can be used. However the immediate drawback is the wheels 

cannot rotate continuously in the steer direction. Caution must then be taken in the initialization of the 

base given so that commands to drive the robot will not cause the connection cables to twist around the 

PCW and break. By observation, proper control of the PCWs can alleviate the limitations of such a design 

by setting a maximum rotation of slightly above a complete 360 degrees rotation and reverse the steer if 

necessary.  
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4.1.2 Experimental data: Servo 

 

The Dynamixel servomotors were selected due to its compactness and relative ease of programming with 

the supplied library which is available for many languages. Fundamentally, these hobbyist robotic 

servomotors are “smart” - it contains its own PID implementation and communication with it is via serial. 

However, being hobbyist-grade servomotors, the data feedbacks are prone to errors despite setting 

different delays between read and write. Using Matlab to perform the tests, it can be observed the 

misinformation occurs at 2 main areas, namely very high values when the servomotors are moving and 

high values when motors are stationary. The most likely reason is the dynamixel servomotor did not 

perform integrity check prior to sending out the data and errors can occur when the internal 

microprocessor is updating the current status and a read out request was performed. The example of error 

readings is shown in Figure 4-1 with no delay in writing commands and reading feedback. The servo 

motor commands trace a sine wave of 0.5 Hz 

 

Figure 4-1: Sine wave setpoint for the motor to trace without delay 
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The high values of the servo motor signals (the valid data range is 10bits) are easy to filter as they are 

irrational for the servo motor. The main problem is when the motor speed reaches 0 and the data feedback 

records a high value which is a valid value. The most likely reason is the servo uses the same range for 

speed control on both directions and rapid swings of the servo may cause it to register an overflow value 

to the other direction. Figure 4-2 shows the Servomotor tracing the sine curve with bit masking (0x3FF). 

 

Figure 4-2: Sine wave setpoint for motor to trace with delay of 0.1ms 
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The impulse response of the servomotor is shown in Figure 4-3 and Figures 4-4 and 4-5 shows the 

Servomotor tracing the square wave input and the zoomed in view. Only an educated guess of the rise 

time is possible at current implementation given the systems used are not real-time. The rise is relatively 

linear and considered optimal. 

 

 

Figure 4-3: RX28 servo response to maximum speed impulse 
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Figure 4-4: Rx 28 Servomotor Square wave input 

 

 

Figure 4-5: Zoomed in view of Square wave input 
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4.1.3 Experimental data: robot 

 

The platform can be controlled by velocity control with little slippage. In the current design, the steering 

wheels have a dead band of 60 degrees can the current software will rotate the mobile platform in the 

reverse direction. A mechanical stopper also exists in each powered castor wheel, preventing the steering 

from performing a full turn which will result in damage to the wiring. Figure 4-6 shows the orientation 

and reference of the actual robot to the base frame and each PCW frame resolved to base frame.  

 

 

 

Figure 4-6: Current design of PCW platform 
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The motion of the steer mechanism can move from 0 degrees to 180 degrees with respect to the base. 

When the resultant angle of the steering is beyond this range, the angle sent to the steering servo is 

resolved via addition by 180 degrees for less than 0 degrees or subtraction by 180 degrees for greater than 

180 degrees. 

 

The first experiment was to perform translation motion on the platform. The usage of a servo motor 

provided good steering performance with no significant change in orientation. However, given the 

limitation of the servo motor steering angle detection, the platform experienced sharp charges in steering 

angles and drive direction when the direction switches more than 180
o
. There is no significant slippage 

noticed as well.   

 

Translation in X and Y direction via velocity control is performed and the robot platform was able to 

follow in the path relatively well. The distance travelled is only indicative as the timer in the Winform is 

not real-time. The Figure 4-7 shows the graphs of translation command (1
st
 and 2

nd
 graph) values with 0 

rotation (3rd graph) given to the robot and the resultant left rho, left phi, fight rho and right phi values in 

the last 4 graphs. The robot was given a positive Y translation then a negative X translation followed by 

positive X translation and lastly negative X and Y translation much like an inverted right angle triangle 

path.  

A video of the robot translation can be downloaded here:   

http://www.4shared.com/video/XjF_GOb9/TranslationPCW.html 
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Figure 4-7: Omni-directional drive translation motion 
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Figure 4-8 showed the commands and resultant graphs of an X direction translation while performing a 

negative (with respect to the base frame) orientation change. A video of the test can be found:  

http://www.4shared.com/video/_0bzLfyo/OrientationPCW.html 

 

 

Figure 4-8: Omni-directional rotational and translational motion 
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The PCW platform was not able to perform a proper omni-directional orientation change drive as there 

was significant slippage when rotation was performed. However, the servo motors did perform its task 

from the last four graphs in Figure 4-8. The likely cause is the use of scooter wheels which although they 

performed well in translation motion failed to perform orientation. When each PCW was not aligned or 

when both drive velocities were different, slippage was significant.  

 

 

The video of experiments using velocity control can be obtained from: 

Video 1: http://www.4shared.com/video/VRbIvWF6/IMG_0380.html  

Video 2: http://www.4shared.com/video/tHH3ulfQ/IMG_0381.html  

Video 3: http://www.4shared.com/video/0tXWeDdg/IMG_0383.html 

Video 4: http://www.4shared.com/video/IMhzQDTp/PCWTrippingOver.html (early result with no steer 

limitation)  
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Chapter 5                                                    

Conclusions 

Using servomotors such as the RX-28 servos from Dynamixel makes controlling the servo simpler via 

serial commands. The servos have build-in controllers that can regulate their own speed, turn to a fixed 

position and most importantly feedback the data to the computer. Such a design facilitated development 

and integration for Robotubby. However, the key issues with using these Servomotors are the rates of 

communication available. At high communication baud rates, frequent erroneous readings occur and 

when the motor is stationary, more filtering is necessary. Applying the daisy chained design with these 

servomotors, higher baud rates will not work as the delay propagation becomes more significant. Another 

issue is with the current selection of wheels which introduced significant slippage during rotational test. 

In conclusion, a mobile platform suitable for Robotubby was developed. The control system for the 

platform was implemented in software with necessary features for easy integration into Robotubby 

architecture. Velocity control was tested in the mobile platform and the kinematics was tested to achieve 

the desired omni-directional holonomic capabilities. The mobile platform constructed is suitable in size 

and function of Robotubby which is designed to interact with children and can maneuver around the 

house. At current implementation, the cost of the platform is also reduced with the use of off-the-shelf 

hobbyist servomotor. These servo motors can be daisy-chained for signal communication and power 

delivery making the system platform more compact. In addition, the parts of the mobile platform is also 

easy replaceable as every portion is modular.  

 

5.1 Future works 

 

The control software was developed in C# in order to facilitate communication with other modules of 

Robotubby such as vision, speech and networking task. However, the recommendation is to develop a 

generic PCW microcontroller as a standalone micro-processing unit such that better real-time control can 

be realized. Separating the mobile base controller from the main computer improves reliability as the 

main computer failure or task scheduling will not result is a runaway platform.  
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Physically, the weight of the platform can be reduced further with alternate material choice. Another 

wheel type should be selected or a suspension system should be designed to provide better contact with 

the ground especially during rotation. With the addition of a cover on the platform will make it more 

stable and less likely to tip over. Better wire management like wire looms can prevent the wires from 

getting caught in the wheels. 

Other improvement includes low level collision avoidance systems such as contact and range sonar 

sensors. With the implementation onto a micro-controller, sensor data can be easily acquired for 

processing and integrating into the mobile platform. Sensors and the applications of other localizing 

systems and/or methods of resolving orientation was compensate better against slippage. 
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Annex A: Dynamixel Servo Control  

 
The Instruction Packet is the packet sent by the main controller to the Dynamixel units to send commands. The 
structure of the Instruction Packet is as the following. 
 
Instruction Packet  OXFF 0XFF ID LENGTH INSTRUCTION PARAMETER1 …PARAMETER N CHECK SUM 

The meanings of each packet byte definition are as the following. 
 
0XFF 0XFF (Header)  The two 0XFF bytes indicate the start of an incoming packet. 
 
ID    The unique ID of a Dynamixel unit. There are 254 available ID values, ranging from 

0X00 to 0XFD. 
 

Broadcasting ID   
ID 0XFE is the Broadcasting ID which indicates all of the connected Dynamixel units. 
Packets sent with this ID apply to all Dynamixel units on the network. Thus packets sent 
with a broadcasting ID will not return any status packets. 

 
LENGTH   The length of the packet where its value is “Number of parameters (N) + 2” 
 
INSTRUCTION   The instruction for the Dynamixel actuator to perform. 

    
 
PARAMETER0…N  Used if there is additional information needed to be sent other than the instruction itself. 
 
CHECK SUM   The computation method for the ‘Check Sum’ is as the following. 

Check Sum = ~ (ID + Length + Instruction + Parameter1 + ... Parameter N) 
If the calculated value is larger than 255, the lower byte is defined as the checksum value. 
~ represents the NOT logic operation. 

 

For most cases in the control of PCW robot, the instructions are mainly write register (0x03) and the 

parameters data form are as follows: identify initial register address for the specific data to be altered then 

input necessary data to be modified including subsequent register address data that require modification. 
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Address table:  
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Valid data range: 
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The Status Packet is the packet returned by the Dynamixel units to the main controllers. The structure of 

the Status Packet is as the follows: 

 

OxFF 0xFF ID LENGTH ERROR PARAMETER1 PARAMETER2…PARAMETER N 

CHECK SUM  

Each byte composing the packet means as below.  

0XFF 0XFF   This signal notifies the beginning of the packet.  

ID    It is the ID of RX-28 which transfers Status Packet.  

LENGTH  It is the length of Status Packet, the value of which is“the number of Parameters 

(N) + 2”.  

ERROR  It displays the error status occurred during the operatio of RX-28. The meaning 

of each bit is described in the below table. 

                         

For example, when Status Packet is returned as below  

0xFF 0xFF 0x01 0x02 0x24 0xD8  

It means that the error of 0x24 occurs from RX-28 whose ID is 01. Since 0x24 is 

00100100 as binary, Bit5 and Bit2 become 1. In order words, Overload and 

Overheating Errors have occurred.  
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PARAMETER0…N  It returns data except ERROR. For the usage of parameters, refer to “3-5 How to 

Use Packet".  

CHECK SUM  It is used to check if packet is damaged during communication. The below 

formula defines Check Sum. This formula is constructed in the same way as the 

Check Sum of Instruction Packet.  

Check Sum = ~ ( ID + Length + Error + Parameter1 + … Parameter N ) 

 

 

E.g.:  
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Important functions implemented: 
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Annex B: Robot Convention and Reference 

 

Figure 0-1: Layout of base frame 

 

The dynamixel IDs are as follows: 

Left wheel Function ID 

 Steer  3 

 Drive  1 

Right wheel   

 Steer 5 

 Drive  2 
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Annex C: Using the Graphical User Interface 

 

The GUI requires the input of parameters from the target hardware to initialize the motion control. 

Controlling the robot can be realized by entering target values of the velocity or end-point (trajectory 

control) or via the software joystick. 

 

1
Multithreading with GUI and control task in winform 

 

                                                   
1
 http://msdn.microsoft.com/en-us/library/ms951089.aspx  


