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Abstract 
 
With the increase of robotic technology utilised throughout industry, the need for skilled 
labour in this area has increased also. As a result, education dealing with robotics has 
grown at both the high-school and tertiary educational level. Despite the range of 
pedagogical robots currently on the market, there seems to be a low variety of these 
systems specifically related to the types of robotic manipulator arms popular for industrial 
applications. Furthermore, a fixed-arm system is limited to only serve as an educational 
supplement for that specific configuration and therefore cannot demonstrate more than 
one of the numerous industrial-type robotic arms.  
 
The Shell-Core structured robotic manipulator concept has been proposed to improve the 
quality and variety of available pedagogical robotic arm systems on the market. This is 
achieved by the reconfigurable nature of the concept, which incorporates shell and core 
structural units to make the construction of at least 5 mainstream industrial arms 
possible. The platform will be suitable, but not limited to use within the educational 
robotics industry at high-school and higher educational levels and may appeal to 
hobbyists. 
 
Later dubbed SMILE (Smart Manipulator with Interchangeable Links and Effectors), the 
system utilises core units to provide either rotational or linear actuation in a single plane. 
A variety of shell units are then implemented as the body of the robotic arm, serving as 
appropriate offsets to achieve the required configuration. A prototype consisting of a 
limited number of ‘building blocks’ was developed for proof-of-concept, found capable of 
achieving several of the proposed configurations.  
 
The outcome of this research is encouraging, with a Massey patent search confirming the 
unique features of the proposed concept. The prototype system is an economic, easy to 
implement, plug and play, and multiple - configuration robotic manipulator, suitable for 
various applications. 
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1.1 Background 
Robotic manipulators have been an ever-growing aspect of industry since the robotic-
industrial relationship was first documented in 1937, when the earliest known industrial 
robot was completed by ‘Bill’ Grifith P. Taylor, published in Meccano Magazine (Meccano 
Ltd, 1938, p.172). The first robotic patents were applied for in 1954 by George Devol, who 
later co-founded Unimation with Joseph F. Engelberger, installing GM’s first spot-welding 
robots in 1969 (IFR Germany, 2012). Unimation later licensed their technology to 
Kawasaki Heavy Industries and GKN, resulting in what would later be referred to as the 
Japanese ‘robot boom’, peaking in 1984.  
 
In 2006, the Japanese government estimated its robotic industry to be worth about $US 
5.2 billion, further increasing to $US 26 billion in 2010. According to Tabuchi 2008, this 
figure is expected to rise to $US 70 billion by 2025. This translates to over 370,000 
operational industrial robots in 2005, with the Japanese Trade Ministry calling for 1 
million industrial robots to be installed throughout the country be 2025.  
 
In an article by Kowles-Cutler et al. (2014), it is concluded that 35 per cent of today’s jobs 
in the UK and 30 per cent in London are at high risk of becoming non-existent within the 
next two decades as a result of the impact of computers and robotics (fig. 1-1). 
 

 
Figure 1 - 1. London jobs at risk of computerisation. (Kowles-Cutler, et al., 2014). Copyright 2014 by Deloitte.  

The article states that London jobs with a pay rate of at least £100,000 per annum are 
more than eight times likely to survive automation after a period of two decades, when 
compared to jobs earning £30,000 or less (Kowles-Cutler et al., 2014). Frey and Osborne 
have also identified a change in the UK’s workforce over the last 15 years, as workers have 
shifted from low skill, routine jobs to higher-skill, non-routine jobs.  
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Although over 800,000 jobs have been lost over this period, approximately 3.5 million 
have been created as a direct result of automation and computerisation (Kowles-Cutler, at 
al., 2014), with new jobs annually paying on average £10,000 more than their predecessor, 
boosting the net economy by approximately £140 billion. As a result, the skillsets 
prioritised by London business employers have shifted (fig. 1-2). 
 

 
Figure 1 - 2. Employer desired skill-sets. (Kowles-Cutler, et al., 2014). Copyright 2014 by Deloitte.  

As a result of the influx of robotics and automation in industry, the presence of robotics-
related schooling has significantly increased at secondary and tertiary educational 
institutes around New Zealand, with Massey University first offering a Mechatronics 
Engineering degree in 1999. This has provided a stable platform for pedagogical robotic 
products at the high-school level, most popularly Vex Robotics. Vex introduces students to 
robot-like design aspects and implementation and encourages the type of generalised 
critical thinking required for robotic problem solving, however this does not expose the 
user to industrial-type manipulator arms. 
 
Although a fixed-arm robotic system can be very useful serving as an education 
supplement, the scholastic value of such a system is limited to the robotic theory relating 
to the specific manipulator arm and therefore cannot physically demonstrate more than 
one of the varying types of arms currently popular for industrial use. This gained insight 
seemed to suggest a potential market gap and lead to the development of the 
reconfigurable robotic arm concept. 
 
The Shell-Core Structured Robotic Manipulator Arm concept aims to incorporate 
modularity to the extent that all mainstream manipulator arms may be constructed with 
the system through the use of two types of actuators, linear and rotational.  
 
 
 

1.2 Research Topic 
Robotic manipulators have different configurations, shown in Figure 1-3. Each has its own 
unique features. The aim of this research is to develop a future-focused educational 
robotic manipulator system that incorporates modern design concepts and methodologies 
capable of supporting all mainstream robotic manipulator construction and learning. Such 
a robotic platform aims to be suitable not only to educational organisations and hobbyists 
but may also be a considered for non-high-precision applications. 
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1.3 Scope of Research 
The scope of this research extends to the development of a prototype for the purpose of 
investigating the viability and methodologies surrounding the related physical 
implementation aspects of a robotic manipulator system that is flexible enough for mainly 
robotic manipulator pedagogical purposes.  
 

 Investigate the current pedagogical robotic manipulator market and understand 
the limitations and drawbacks for future robotic education. Study the 
configurations offered by the current educational robotic industry. Research the 
available control methodologies used by educational robotic manipulator systems.  

 Propose a robotic system that could better meet the current demand on robotic 
learning. Although fixed manipulator arms can help teach underlying robotic 
theory, they are inherently limited to only expose the user to that specific type of 
robot and therefore cannot physically demonstrate the multiple types of arms 
currently popular for industrial use. The proposed outcome of this research may 
be very useful in serving as a supplement for robotics education. 

 Design an initial system platform capable of achieving different robotic 
manipulator configurations, flexible enough to accommodate for varying effectors. 

 Design and implement an end-effector gripper for the proposed system. 
 Develop a robust control basis for the proposed robotic system, which may allow 

for future advanced control of multiple elements acting in unison. 
 Develop a physical prototype of the proposed robotic system for proof-of-concept, 

capable of achieving at least 2 configurations. 
 
The initial concept includes two types of actuators, prismatic and revolute, with each 
providing either linear or rotational motion respectively. Structural units will also be 
included to inter-connect these actuators, providing the offsets needed to produce the 
required configurations, eg: 90° bend, straight off-set connection, flipped straight off-set 
connection. Varying end-effectors may be included depending on application, eg: electro-
magnetic, 2-fingered gripper, 3-fingered gripper, drawing utensil attachment.  Passive 
actuators may also be considered. 
 

Cartesian SCARA Cylindrical Spherical 
(Polar) 

Articulated 

3 linear 1 linear 
2 rotational 

2 linear 
1 rotational 

1 linear 
2 rotational 

3+ rotational 

Figure 1- 3. Basic manipulator arms and the actuators needed to achieve configuration. (Meier, 2016). 

Due to the nature of inter-connecting, modular robotics, it is preferable that each actuator 
will include its own, on-board control electronics as well as pass along both data and 
power to the next actuator in the queue. Each type of structural element has a unique ID 
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correlating to its specific dimensions, which are passed along to the control unit that will 
automatically adjust its control methodology to suit the unique configuration. 
 
 
 

1.4 Organisation of Dissertation 
This dissertation contains nine chapters and one appendix. Each of the following passages 
briefly describes the contents of each chapter or appendix in this thesis. 
 
Chapter 1 provides brief context and outlines the introduction and scope of research. 
 
Chapter 2 presents and studies relevant products currently popular for use in a robotics 
related educational field. This chapter also includes applicable control methodologies, 
examining the way in which common control problems have been solved in the past. 
 
Chapter 3 details the Shell-Core reconfigurable manipulator concept at the core of this 
thesis. 
 
Chapter 4 focuses on Core-type components, covering their design, componentry and 
programming implementation. 
 
Chapter 5 covers the 2-fingered gripper design, componentry used and programming 
control methodologies. 
 
Chapter 6 describes Shell-type structural design considerations. 
 
Chapter 7 covers the implemented system communication protocols and provides design 
and componentry details relating to the control box and circuit-boards. 
 
Chapter 8 provides details regarding the final produced prototype in terms of the physical 
outcome and control results. 
 
Chapter 9 discusses the novelty of the proposed concept, control difficulties and prototype 
advantages and disadvantages. This chapter also discusses the viability for future 
development of the prototype and concept. 
 
Appendix A is an accumulation of prototype pictures. 
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2.1 Background 
The nature of this project may be described as a combination of new product development 
and the evaluation of the viability and practical implementation requirements of a 
reconfigurable, modular robotic manipulator for pedagogical purposes. As such, market 
research is crucial and key in determining novelty of the proposed concept. Since it is 
intended that this concept will eventuate into a product, the purpose of the literature 
review in this context is to assess not only design aspects of products on the market, but 
their accompanying documentation and consumer related support as well. 
 
Fine manipulator control is very important for robotic applications, therefore a large focus 
has been put on examining the way in which relevant control problems have been solved 
by others. Future control additions have also briefly been touched upon, to assure the final 
prototype system is capable of supporting further advanced control. 
 
It is not the explicit intent of this literature review to assess or critique material, but rather 
to present any content relevant to research in a way that will make it useable in producing 
the final system and any associated methodologies. 
 
 
 
 
 
 
 
  



Chapter 2 - Literature Review   9 
 

 

2.2 Market Research - Industrial Robotic Systems 
2.2.1 SCORBOT-ER 9PRO 
 

 
Figure 2 - 1. Scorbot-ER 9Pro picture. (Intelitek, 2008). 

Intelitek is a privately owned company originating from Derry, New Hampshire. Founded 
in 1982, the company has since spread worldwide, with customers in North America, 
South America, Europe, Asia, the Middle East and Australia. With a strong concentration 
on pedagogical technology, Intelitek has immersed itself in fields that include engineering, 
robotics, advanced manufacture, automation, agriculture and STEM, providing systems 
which cater to CAD / CAM, robotics and machine vision learning. 
 
In 2002, Intelitek provided a $350,000 USD grant to Gilbert High School, Arizona, installing 
a state-of-the-art robotics lab in the school’s former wood work shop. Intelitek is also 
heavily involved in VEX, sponsoring the world championship in 2011. Despite the strong 
educational aspect to the company, some of the available products meet industry 
standards and thus, are used for such purposes. The Scorbot-ER 9Pro is one of those 
robots. This system offers advanced path control, speed and accuracy, resulting in major 
industrial uses including CNC machining, CNC routing and most popularly, laser engraving. 
At a cost of approximately $20,000 USD, this system sits at the high end of the price 
spectrum for educational robots. However, as far as industrial robotics is concerned, this 
system is extremely cost-effective. 
 
All Scorbot manipulator arms function through the use of the Intelitek USB-PRO controller, 
enabling multi-tasking, real time control and synchronisation of up to 8 axes. 16 digital IO 
and 4 analogue IO are included (Intelitek, 2008, p.13). While the Scorbot-ER 9PRO 
integrates with industry-standard robotic control software, Intelitek includes proprietary 
software with each purchase. SCORBASE is a graphically orientated control and simulation 
software package that allows arm manipulation through the use of 3D control 
methodologies.  
 
This 5 DOF manipulator arm incorporates the use of optical switches and an encoder index 
pulse on each axis, enabling for a smooth and accurate homing calibration. Positional 
feedback is provided by the same incremental optical encoders used for homing. 
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Weight 54.4 kg 
Speed 1.9 ms-1 

Operating radius 691 mm 
Payload (Full acceleration) 2 kg 

Payload (Reduced acceleration) 5 kg 
Repeatability ± 0.05 mm 

Positional feedback Optical encoders 
Table 2 - 1. Scorbot specifications. (Intelitek, 2008, p.13). 

Scorbase 
Scorbase is a proprietary software package which works in conjunction with the Intelitek 
USB-PRO controller through the USB interface to control the connected robotic 
manipulator arm. It should be noted that the control methodology implemented is not 
graphically orientated. A pseudo-spreadsheet command-line is used to determine 
movement instructions with each cell containing values relating to arm manipulation.  
 

 
Figure 2 - 2. Scorbase graphical user interface. (Intelitek, 2009). 

Several graphical representations are made available by Scorbase. The manipulator arm is 
constructed in a 3D environment to simulate movement online or offline, providing the 
user with a visual aid. Charts are also provided. Scorbase charts can be configured to 
display encoder counts, positional error and PWM value at controller output. Positional 
error is calculated as the difference between required axis position and the actual axis 
position (Intelitek, 2009, p.29) obtained through encoder counts. 
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Figure 2 - 3. Scorbase positional feedback. (Intelitek, 2009). 

The programming package allows for two homing features. ‘Search Home’ is the procedure 
for homing, which moves all axes to home position and initialises encoder counts. The ‘Go 
Home’ command simply moves all axes back to home position; however the encoder count 
remains unchanged. Peripherals and individual axes may be homed separately. Scorbase 
supports two coordinate systems, Cartesian (X,Y,Z) and joint angle positions (Intelitek, 
2009, p.40). 
 

     
Figure 2 - 4. Scorbot coordinate system overviews. (Intelitek, 2009). 

The ‘Robot Movement’ command dialogue box (fig. 2 - 4) allows for real-time movement of 
the manipulator arm by the user, both joint angle and Cartesian coordinates are 
adjustable. It should be noted that there is no mention of any singularity / collision control 
throughout the user manual accompanying Scorbase. All 20 input and output pins on the 
USB-PRO controller are also programmable through the use of the spreadsheet style 
programming language. 
 
USB-PRO Controller 
The USB-PRO controller is at the core of all Scorbot systems, providing both power and 
advanced control to the manipular arms, while enabling human interaction through the 
GUI interface. The correct version of Scorbase is required to allow PC-to-controller 
communication (Intelitek, 2008, p.13). This is somewhat specific, as both the controller 
and software accompany the manipulator arm version closely. 
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Figure 2 - 5. USB-Pro controller input and output diagram. (Intelitek, 2008). 

Servo axis drivers 8 
Path control Joint, linear, circular 

Speed control 10 speed settings 
Power usage 1000 W 

Weight 7.5 kg 
Digital IO 16 

Analogue IO 4 
Table 2 - 2. USB-Pro specifications. (Intelitek, 2008, p.13-14). 

 

 
Figure 2 - 6. USB-Pro available control loops. (Intelitek, 2008).  

This controller supports both open-loop and closed-loop control (Intelitek, 2008, p.45). In 
open-loop control mode, the system does not check whether or not the actual output 
(position or velocity) has reached the desired output. Since no feedback exists, the system 
is unable to correct output errors. Closed-loop control mode manipulates the system 
based on measured feedback. Comparing the desired output with the actual output, it is 
able to correct any errors. 
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Figure 2 - 7. PID control overview. (Intelitek, 2008). 

A control loop is used to determine fine motor control and provide smoother manipulator 
arm movement. The entire control cycle takes roughly 10ms (Intelitek, 2008, p.49). A 
pulse width modulation (PWM) signal is produced as the output signal, with encoder 
positions as the input. Proportional, integral, differential (PID) control is used, with all 
values configurable by the user. 
 

 
Figure 2 - 8. Typical velocity curves. (Intelitek, 2008). 

Due to the nature of motor hardware, acceleration limitations are imposed on the system. 
This leads to the introduction of velocity profiles that aim to control motor velocity in a 
way which maximises acceleration. All curves are pre-calculated in the controller right 
before actuation depending on positional, velocity and acceleration requirements set by 
the user. Both path and point-to-point arm movement is implemented by the controller. 
Path control is composed of thousands of separate positions, depending on resolution 
(Intelitek, 2008, p.50). 
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Design Aspects 
 

   
Figure 2 - 9. Scorbot joint definitions. (Intelitek, 2008).   

The Scorbot-ER 9PRO is a vertically articulated robot. The base actuator (fig. 2 - 9) allows 
for rotational movement up to 270° (Intelitek, 2008, p.13). The range of this joint is quite 
important as it is a large factor in determining the total workspace. The shoulder joint (fig. 
2 - 9) is capable of 145° of actuation. This joint, in conjunction with the elbow joint 
increases total reach of the arm. This also allows the arm to manipulate to an area 
underneath the robot (fig. 2 - 10), which may be beneficial in certain industrial scenarios. 
 

Axis Range Effective Speed Maximum speed 
1 - Base rotation 270° 80°/sec 140°/sec 

2 - Shoulder rotation 145° 69°/sec 123°/sec 
3 - Elbow rotation 210° 77°/sec 140°/sec 

4 - Wrist pitch 196° 103°/sec 166°/sec 
5 - Wrist roll 737° 175°/sec 300°/sec 

Table 2 - 3. Scorbot joint actuation specifications. (Intelitek, 2008, p.13). 

   
Figure 2 - 10. Scorbot workspace. (Intelitek, 2008). 

Workspace is quite important as it determines the effective usefulness of a robotic 
manipulator arm. Generally, it is useful to have a large workable area directly in front of 
the robot which is not hindered by singularity or arm collision limitations. 
 
Intelitek have gone to great lengths to ensure that the installation of their product is fairly 
straightforward. They have introduced a ‘robot safety range’ of 1m (fig. 2 - 10), allowing 
enough free space for the robot to move, with an added safety margin (Intelitek, 1996, 
p.19). At the edge of this boundary it is recommended that a guard rail is installed, or at 
minimum some form of robot workspace indicator generally in the form of a rope 
(Intelitek, 1996, p.20). At the base of the robot are three mounting locations, each 
consisting of M9 threaded holes. The diameter of the base is 330mm, providing ample 
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surface area to cater to the constantly changing momentum of the robot. Allowing three 
bolts for fastening also helps to distribute the load of the robot. 
 

   
Figure 2 - 11. Scorbot mounting diagram. (Intelitek, 2008). 

A mounting bolt for the cable clamp is also provided (fig. 2 - 11). This is useful to secure 
the robot cable which leads to the controller. Connectivity of the manipulator arm to the 
controller is relatively simple. One D37 connector, one D50 connector and a ground cable 
lead from the robot and connect with the controller. Each connector is unique. Once the 
robot has been linked and the controller has been interfaced correctly with a PC, via USB 
and Scorbase, it is a simple matter performing a ‘Hardware Check’ (Intelitek, 2008, p.20). 
If there are no errors in hardware, the robot may be operated as usual after homing. The 
gripper mount consists of six M4 mounting bolts, integrated with an 88mm diameter 
flange. Both power (24V) and pneumatic sockets are located at the top of the ‘forearm’ link 
(fig. 2 - 10). 
 
There are three main elements to the Scorbot-ER 9PRO drive system (fig. 2 - 12). These 
include a permanent magnet DC motor, harmonic drive gear and timing belt and pulleys 
(Intelitek, 2008, p.29). Each robotic manipulator arm contains five of these drive systems, 
however they may vary individually to suit their specific actuation requirements. 
 

  
Figure 2 - 12. Motor and motor location diagram. (Intelitek, 2008). 

 
Each DC motor is fitted with its own optical encoder (fig. 2 - 12). This encoder is used to 
provide rotational feedback to the controller, which in turn can be used to determine 
position.  
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 Motor Axes 1,2,3 Motor Axes 4,5 
Peak rated torque 143 oz-in (10.3 kg-cm) 27.8 oz-in (2.00 kg-cm) 

Rated torque 32 oz-in (2.30 kg-cm) 12.5 oz-in (0.90 kg-cm) 
Maximum operating speed 4000 rpm 4500 rpm 

Weight 1.29 kg 0.28 kg 
Table 2 - 4. Scorbot motor axes properties. (Intelitek, 2008, p.32). 

The harmonic drive gear consists of a circular spline, wave generator, flexspline and 
dynamic spline (Intelitek, 2008, p.33). The flexspline (fig. 2 - 13) has two more teeth than 
the circular spline, which only mesh once the wave generator forces these to interlock. 
This means that for one complete clockwise rotation of the wave generator, the flexspline 
moves anti-clockwise by two teeth. The dynamic spline couples directly with the 
flexspline.  
 

 
Figure 2 - 13. Harmonic drive exploded view. (Intelitek, 2008). 

 
For every revolution of input shaft, output shaft will rotate by ቀ ଶே௙ቁ of a revolution from 

harmonic gear drive (Intelitek, 2008, p.34). 
 

ுܰ஽  =  1൬ 2݂ܰ ൰ =  ܰ2݂  

 ்ܰ =  ܣݕ݈݈݁ݑܲܤݕ݈݈݁ݑܲ 

 ௔ܰ௫௜௦ =  ்ܰ  × ுܰ஽ 
 ுܰ஽ = Harmonic gear ratio ݂ܰ = Number teeth flexspline ்ܰ  = Belt drive ratio ௔ܰ௫௜௦ = Overall effective gear ratio of axis 

 

 ்ܰ  ுܰ஽ ௔ܰ௫௜௦ 
Axis 1 1.33 : 1 160 : 1 213.33 : 1 
Axis 2 1.52 : 1 160 : 1 243.8 : 1 
Axis 3 1.33 : 1 160 : 1 213.33 : 1 
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Axis 4 1.8 : 1 100 : 1 180 : 1 
Axis 5  100 : 1 100 : 1 

Table 2 - 5. Scorbot axes gear ratios. (Intelitek, 2008, p.35). 

The rotational movement of each axis is measured by an optical encoder. Each DC motor is 
of such design that the drive shaft extends past the motor itself, allowing for the encoder 
disk to couple directly onto the shaft at one end without hindering rotation at the other 
end (fig. 2 - 14). Each encoder uses a single light emitting diode (LED). Opposite the LED is 
a light detecting integrated circuit containing photodetectors and componentry to produce 
a digital signal. A perforated, rotating disc (fig. 2 - 14) is located between the emitter and 
detector circuit. As the disc rotates, the beam of light from the LED is broken, which can be 
detected and thus, create a digital signal (fig. 2 - 4) which is dependent on rotational 
movement of the motor. Each encoder has 512 slots generating 2048 counts per 
revolution, allowing for a final resolution of 0.000825° (Intelitek, 2008, p.39).  
 
 

   
Figure 2 - 14. Encoder signal output, encoder slot, encoder to motor mounting. (Intelitek, 2008). 

Axes 1-4 each contain two limit switches (fig. 2 - 15). Axis 5 does not, which means that it 
may rotate indefinitely, but is bounded by software control. Limit switches are located at 
the end of arm travel (fig. 2 - 15) in both directions, right before the hard stops. This 
allows for maximum actuation of the arm. 
 

 
Figure 2 - 15. Scorbot actuator cam design cross-section. (Intelitek, 2008). 

As seen in Figure 2 - 15, a cam design is used which consists of a circular rotating disc with 
an offset to allow for positional feedback and hardware limits. The mechanical limits are 
over-designed. This has been done to accommodate for motor actuation even once the 
hard stops have been reached, preventing permanent damage to the axis. An auto ‘COFF’ 
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software protocol is also in effect (Intelitek, 2008, p.41), which is based on encoder 
counting, cutting power once a collision has been detected. An optical home switch (fig. 2 - 
15) has been implemented in each axis to identify a fixed reference, allowing for a 
consistent home position. 
 
 
 
2.2.2 Kawasaki Industrial Robotics 
Because of the size and scope of Kawasaki, there is very little information regarding 
internal componentry or design of their robotic manipulators. Understandably, this seems 
to be classified, as these key design principles are at the core of Kawasaki’s success. User 
manuals or any documentation of that nature also appear to be unavailable. Taking note of 
these limitations, this segment will only briefly touch on three main industry robotic types 
utilised by Kawasaki, a leader in robotics technology. 
 
YS002N 

   
Figure 2 - 16. YS002N robot, robot workspace, robot dimensions. (Kawasaki, 2015). 

Payload 2 kg 
Horizontal reach 600 mm 

Vertical reach 150 mm 
Repeatability ± 0.1 mm 

Maximum linear speed 3,3000 mms-1 

Power consumption 1000 W 
Table 2 - 6. YS002N specifications. (Kawasaki, 2015, p.3) 

The YS002N is a delta robot. This design makes use of parallelograms to construct a robot 
with three translational degrees of freedom. A rotating actuator is fitted to the end-
effector. According to Bonev (2001), the first delta robot was patented in 1987 by 
Raymond Clavel. 
 
This design tends to be popular among rapid sorting and pick and place applications and 
has spread throughout assembly and material handling industrial areas. This manipulator 
has a rather limited workspace (fig. 2 - 16) relative to some of the other types of robot 
available, but what this robot lacks in workable area it makes up for in speed. The haste at 
which this robot completes tasks is unmatched, mainly due to the unsurpassed 
acceleration of the configuration. 
 
Each delta robot requires an E94 controller for power and control (Kawasaki, 2015, p.9). 
The controller is accompanied by a ‘Tech pendant’ which acts as a human interface and 
allows direct user control. End-effector attachments come in a large variety, depending on 
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application. Pneumatics and power are available for gripper use. Kawasaki installs, 
configures, troubleshoots and maintains all of their products. Usually a factory with a 
significant number of Kawasaki robots will have at least one Kawasaki technician on-site 
full-time. 
 
RS005N 

  
Figure 2 - 17. RS005N robotic arm and workspace. (Kawasaki, 2015). 

Payload 5 kg 
Horizontal reach 705 mm 

Vertical reach 1,118 mm 
Repeatability ± 0.2 mm 

Maximum linear speed 9,1000 mms-1 

Power consumption 1,500 W 
Table 2 - 7. RS005N specifications. (Kawasaki, 2015, p.3). 

The Kawasaki RS005N is a medium payload industrial robot. Applications include 
assembly, machine tending, material handling, material removal, sealing and dispensing. 
As with many other 6 DOF robotic manipulator arms, the workspace overlaps with an area 
underneath the arm (fig. 2 - 18), providing extra utility in certain situations. 
 
The E0X controller accompanies this robot (Kawasaki, 2015, p.9), including the Teach 
Pendant. It should be noted that due to the modular design of this manipulator arm, the 
cabling is limited, simplifying maintenance and diagnostics. Kawasaki has created a Mean 
Time To Repair (MTTR) rating, which compares the time taken to repair each of their 
products (Kawasaki, 2015, p.9). The controller comes pre-programmed with numerous 
programming functions. Functions may be combined to fit the particular application and if 
the user requires a wider range of capabilities, each controller supports the Kawasaki AS 
programming language. 
 
Three external axes may be added onto the RS005N manipulator arm. The controller is 
also expandable and has the capabilities of handling up to nine axes, not including end-
effector peripherals (Kawasaki, 2015, p.9). 
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CP500L 

  
Figure 2 - 18. CP500L robotic arm and workspace. (Kawasaki, 2015). 

Payload 500 kg 
Axes 4-5 

Repeatability ± 0.5 mm 
Power consumption 12,000 W 

Weight 1,650 kg 
Table 2 - 8. CP500L specifications. (Kawasaki, 2015, p.9) 

Kawasaki’s CP500L is a robust robotic arm developed mainly for palletising applications. 
With a payload of 500kg, this arm is ideal for heavy lifting and stacking. Safety is a big 
concern when manipulator arms of this magnitude are involved, hence Kawasaki have 
developed a ‘Safety function’ which cuts power to the robot in the event of human 
interaction or motion detection in the ‘Safety fence’ area (Kawasaki, 2015, p.6). 
 
The E03 is required for control of this manipulator arm. ‘K-ROSET’ is the software package 
used with this system and includes several pre-programming palletising patterns (fig. 2 - 
19). The layout of the surrounding environment may also be configured in software, 
enabling auto collision-avoidance and control. Depending on end-effector, Kawasaki caters 
to a large range of packing applications. 
 

 
Figure 2 - 19. Kawasaki palletising patterns. (Kawasaki, 2015).  

 
A Laser slit-scan camera (LSC) is generally used in conjunction with the arm in de-
palletising applications (Kawasaki, 2015, p.5). 
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2.3 Market Research - Service Robotics 
2.3.1 Kinova JACO  

  
Figure 2 - 20. Kinova Jaco picture. (Kinova Robotics, 2009). 

Founded in 2006, Kinova Robotics is a Canadian based company specialising in the 
production and implementation of service and assistive robotics. Their first major release 
came in 2010, with the launch of JACO, a six degree of freedom (DOF) robotic manipulator 
arm. Although the JACO arm has shown success in both industrial and assistive 
applications, it has been heavily marketed to help the wheelchair bound, physically 
impaired, with the original intended use to enhance the independence of the user. 
 
The manipulator arm comes with a choice of two end-effectors, 2 fingered, or 3 fingered, 
depending on operation requirements. This product has put great emphasis on the needs 
of the user, tailoring each unit specifically. This system acts as an add-on, integrating 
directly with an electric wheelchair and drawing power from the same battery. This 
introduces unique design challenges, resulting in a light-weight arm, with relatively low 
power consumption. 
 

Weight 5.2 kg 
Payload 1.6 kg 
Reach 900 mm 

Power consumption 25 W, 5W standby 
Construction Carbon fiber 
Linear speed 200 mms-1 

Table 2 - 9. Kinova Jaco arm specifications. (Kinova Robotics, 2014, p.4). 

While focussing on ‘activities for daily living’, the JACO system is unique in its ability to 
provide an interface personalised for the user. Control can include, but is not limited to: 
hand-interfaced joystick, foot-interfaced joystick, mouth actuated (sip and puff), head 
array (Kinova Robotics, 2015, p.2). 
 
Helping those with (Kinova Robotics, 2015, p.4): 
 Cerebral palsy (CP) 
 Spinal muscular atrophy (SMA) 
 Spinal cord injury (SCI) 
 Amyotrophic Lateral Sclerosis (ALS) 
 Multiple Sclerosis (MS) 
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Intended use covers tasks such as eating, drinking, using a microwave and general 
household responsibilities which may be difficult for those suffering with compromising 
disabilities. The arm is generally mounted to the side of a wheelchair seat frame. 
 
Customer Support 
Kinova Robotics offers a range of comprehensive support to their customers. It is fairly 
obvious to note that this should be an integral part of the product, due to the nature of 
their intended clients. According to the JACO Assistive Robotic Arm e-brochure made 
available by Kinova Robotics (2015), a free pre-installation home or on-site evaluation is 
provided on request. This seems to be ideal for opening the initial client-company 
relations. Because of the tailoring nature of the JACO system, this is also a necessity.  
 

 
Figure 2 - 21. Kinocare logo. (Kinova Robotics, 2015). 

Kinocare ‘BASIC’ is a supporting package included in the purchase of any of Kinova’s 
service robotic products. The coverage ranges depending on the selected bundle, with 
‘PLUS’ and ‘PREMIUM’ upgrades available. Kinocare ‘BASIC’ includes minimum technical 
support, with a 24-hour contact reply time guaranteed by Kinova. This package also comes 
with a 2-year limited warranty, which warrants that each new product shall be free from 
defects in material and workmanship, as well as operate correctly as described by the User 
Manual for a continuous period of 24 months. This does not include damage caused to the 
system by the user. 
 
The Kinocare ‘PLUS’ features an extended 3-year limited warranty, with the same terms as 
prescribed by the ‘BASIC’ package. The 24-hour contact response time is also included. A 
repair discount of 15% is applied to the invoice of any repairs done by Kinova on the 
product which includes the Kinocare ‘PLUS’ coverage.  
 
Most extensive, Kinocare ‘PREMIUM’ is the maximum coverage available. The limited 
warranty is extended by 2 years, providing the user with a total of 4 years of security. The 
repair discount is increased to 25% and one ‘Complete tune up and maintenance’ contract 
is added to the package. This includes product inspection and diagnoses, as well as 
software or hardware updates. Damaged or defective parts are also replaced, not 
excluding aesthetic faults.   
 
Pricing: 
 Kinocare ‘BASIC’: Free with product purchase 
 Kinocare ‘PLUS’: $3000 
 Kinocare ‘Premium’: $7500 
 
The Kinovo website includes a ‘Knowledge Centre’ section. The resources in this section 
are somewhat limited to a handful of videos, including ‘How I do it’, ‘Home/Retracted 
position’ and ‘Drinking mode’. These videos are instructional, informing the viewer of 
basic robot control and features. The videos are dated January 2015, so this section has 
been stagnant for some time. 
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Kinova Jacosoft 
Kinova Jacosoft is software designed specifically for use with the JACO or MICO systems. 
The purpose of this software ranges from general information to diagnosis, depending on 
the licence type acquired by the user (tab. 2 - 10): 
 

 
Table 2 - 10. Kinova Jacosoft available packages. (Kinova Robotics, 2015). 

Jacosoft allows the user to position the robot in specific configurations, which may be 
saved, loaded, imported and exported (Kinova Robotics, 2014, p.8). The software also 
includes angular and Cartesian control methodologies. Once the required trajectory and 
positional settings have been configured as desired by the user, this information may be 
exported to the control unit, for quick use. Jacosoft also allows the default ‘Retracted’ 
position as well as trajectory settings to be altered. 
 
Other settings may also be changed. These include joystick sensitivity, arm linear speed, 
drinking mode, spasm filter and mapping info. Mapping info allows the controller’s 
outputs to be customised, depending on input. 
 

 
Figure 2 - 22. Jacosoft NoGo and Slow zone diagram. (Kinova Robotics, 2015). 

One unique aspect to Jacosoft and the JACO system is the ‘NoGo Zone’ (Kinova Robotics, 
2014, p.26). This is a user-defined zone (fig. 2 - 22) which the robot will take into account 
when executing a movement command. The intention is to provide a safe zone for the 
operator, which the robotic arm may not enter. There is also a grace zone, slowing robot 
activity at the border of the ‘Slow Zone’.  
 
 The ‘Roboticist Central’ tab in Jacosoft includes options such as ‘Set PID filter’, ‘Set PID’, 
‘Set zero position’, ‘Set actuator address’ and ‘Force control’ (Kinova Robotics, 2014, p.32). 
These options allow for finer control and are recommended for advanced users. 
 
Finally, Jacosoft includes a ‘Diagnosis’ tab. This tab shows firmware information, as well as 
any information regarding faults or inaccuracies detected by the actuators within the arm. 
An ‘appendix’ is added at the end of the Jacosoft User Manual. This includes a 
comprehensive ‘Step-by-step’ example referring to ‘Control Mapping’. 
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Actuators 
Interestingly, Kinova Robotics have made available some of their internal hardware for 
purchase. In particular, there is an entire product range devoted to the sales of Kinova 
actuators (Kinova Robotics, 2014). There are three main models, including: K-58, K-75 and 
K-75+. The main differences between these models are their size, however the + model 
provides an increase in other properties relative to the lower models. 
 
Although access to internal workings and electronics are limited, a significant amount of 
technical specifications are provided. 
 

 K-58 K-75 K-75+ 
Nominal Torque 3.6 Nm 9.2 Nm 12 Nm 
Nominal Speed 15 rpm 7 rpm 9.4 rpm 

Positional sensor 
resolution 0.068° 0.055° 0.047° 

Torque sensor 
precision ± 0.4 Nm ± 0.4 Nm ± 0.4 Nm 

Weight 357 g 587 g 570 g 

Picture 

   
Table 2 - 11. Kinova actuator specifications. (Kinova Robotics, 2015). 

Each actuator consists of two halves which rotate relative to one another. One half as in 
figure 29 must be stationary, to allow the other half to provide rotational actuation. The K-
58 mounting screws are designed to house M3 bolts, while the K-75 and K-75+ models 
require M4. Each unit includes an integrated torque sensor and encoders to provide 
positional accuracy. It should be noted that brushless DC motors are used to provide 
rotational input. 
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Design Aspects 
The design constraints imposed by the nature of the product has resulted in a light-weight 
arm with low power consumption. The way in which Kinova have reduced overall weight 
is by reducing the total material used. Their design comprises of hollow structures, which 
provide enough strength for the manipulator arm, while not over-designed significantly. 
The use of carbon fibre further reduces arm weight. The final weight of the 6 DOF JACO 
model is 5.4kg, excluding the end-effector (Kinova Robotics, 2014, p.4). 
 
Power usage is a priority. The unique actuators manufactured by Kinova do not 
incorporate the use of stepper motors. Instead brushless DC motors are used in 
conjunction with the Kinovo ratio 136 Harmonic Drive. It is unclear due to lack of 
information, but this may influence power consumption. 
 

 
Figure 2 - 23. 6 DOF JACO dimensions. (Kinova Robotics, 2015). 

The 6-DOF manipulator arm has several actuated joints (fig 2 - 23). A rotating joint is used 
at the base of the robot, allowing movement for majority of the arm. Two additional joints 
are used, separated significantly to improve working space. Interestingly, to allow for finer 
end-effector control, two joints are used, each offset by 60° relative to arm 2. A final 
rotating actuator is used at the base of the end-effector. It should be noted that all joints 
required for actuation of the JACO manipulator arm are rotationally actuated. This design 
permits robot interaction at floor level, enabling the user to work with objects on the floor.  
 
JACO includes a somewhat modular design. Each arm segment is separate from one 
another, with actuation devices not integrated with the arm. Actuators are attached to the 
arm through the use of 8 fastening screws (fig 2 - 24). This simplifies the system 
significantly and allows for relatively uncomplicated repairs. This does mean however that 
all parts must be manufactured to a certain precision, as to avoid misalignment. 
 

 
Figure 2 - 24. JACO actuator dimensions. (Kinova Robotics, 2015). 
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End-effector grippers are under actuated and include temperature sensors, as well as 
rotational encoders. With an opening range of 175mm and a gripping force of 40N (Kinova 
Robotics, 2015, p.2), the 3-fingered grippers are able to accommodate majority of tasks. 
The gripper includes rounded contact surfaces for better grip as this increases the 
effective friction area. A plastic insert at the centre of the gripper increases its ability to 
handle circular objects.  
 

 
Figure 2 - 25. Kinova JACO 2-fingered gripper, 3-fingered gripper. (Kinova Robotics, 2015). 
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2.3.2 Bestic 

 
Figure 2 - 26. Bestic picture. (Bestic AB, 2015). 

Bestic AB specialises in assistive eating devices. Founded in 2004, the Swedish company 
developed Bestic over seven years with the help from Swedish organisations and sectors 
such as the Swedish Institute of Assistive Technology, Robotdalen and Promobilia. The 
company has spread to include customers in Denmark, Finland, Noway, Holland, English, 
Spain, France and the USA. 
 
Launched is 2011, Bestic is a simple manipulator arm, designed solely for aiding those 
who may have trouble eating from diminished arm or hand functionality. The ‘one button - 
one press - one bite’ interface allows the user to control the arm with comfort. Noting that 
this manipulator is also battery operated and fits inside a Bestic backpack, enabling the 
user to eat on their own terms and on their own time. The system includes the Bestic 
manipulator arm, a spoon end-effector attachment and the application specific plate. The 
utensils provided by Bestic are dishwasher friendly. 
 
This 4 DOF robot is controllable through either a simple one-button interface or the more 
advanced five-button Picasso MINI controller. The one-button interface is adapted to the 
user, depending on individual requirements. Although the five-button control device 
allows for functionality, it may not always be suited for the user. 
 
Bestic is a robust robot from necessity and consequently makes use of this to include 
several features. It is recommended that the user handle the robotic arm at the lower end 
of the middle link. The arm is also water-resistant. 
 

Height 340 mm 
Width 220 mm 
Depth 200 mm 

Weight 2.3 kg 
Operating time 4 hours 

Table 2 - 12. Bestic specifications. (Bestic AB, 2015). 
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Design Aspects 
 

 
Figure 2 - 27. Bestic diagram. (Bestic AB, 2015). 

As a result of the unique design constraints enforced on the Bestic manipulator arm by its 
target audience, the end-effector design is required to be simplistic and easily detachable 
(Bestic AB, 2015, p.13). The spoon attachment incorporates the use of a living hinge and 
slot configuration (fig. 2 - 27). 
 
Through the use of elastic deformation, the spoon attachment is able to bend around the 
outer limits of its allotted slots to snap into position (fig. 2 - 28). The deformation is 
reversible and does not permanently damage the attachment. Inside the homing slot, there 
is a smaller slit (fig. 2 - 28) which provides rotational actuation to the end-effector.   
 

 
Figure 2 - 28. Bestic spoon attachment diagram. (Bestic AB, 2015). 

In an effort to reduce complexity of the system, Bestic have provided their own specific 
plate. This has been done to both standardise the system and provide a consistent 
operating environment for the robotic manipulator arm. Bestic’s circular base design 
enables positional control of the plate, once the plate has been pushed up against the base 
(fig. 2 - 29), its position will always be constant. This allows for pre-programed positions 
and command chains to be established. A non-stick mat is included. 
 

 
Figure 2 - 29. Bestic plate workspace diagram. (Bestic AB, 2015). 
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Bestic supports and provides two main types of control devices (Bestic AB, 2015, p.20). 
The one-button interface (fig. 2 - 30) is essentially one large button which provides a 
single one-step command to the arm. Each press of this button corresponds to one eating 
cycle. The arm will swing down, allowing the end-effector to gather food, the food will then 
be transported upward to the user for consumption after a scrape cycle. The scrape cycle 
brushes the spoon end-effector past the brim of the plate, as to remove any debris from 
the bottom of the attachment before passing it along to the user. Prior to the scrape cycle, 
the spoon is gently swayed from side to side, eliminating any food which would tend to fall 
off mid transference. 
 

  
Figure 2 - 30. Bestic Picasso MINI. (Bestic AB, 2015). 

Bestic also offers a more advanced control device, the Bestic Picasso MINI (fig. 2 - 30). This 
is a USB operated pad, with five unique control buttons. The robotic arm may be 
manipulated in a Cartesian-like fashion, with the middle button changing which cycle the 
arm is in. In the case of the Picasso MINI, the arm has several more cycles than the one-
button operation and may be set-up depending on user preference. The default setting 
allows XY movement of the end effector, once the middle button is pressed, the scrape and 
feed function and executed. 
 
Bestic includes a limited display (fig. 2 - 31). This provides the user with the state of the 
battery power and several other unique pieces of information. This is also how the menu is 
accessed. The menu is navigated through the use of the Picasso MINI controller. Individual 
profiles are included in the settings, enabling the user to configure end-effector feeding 
height and XY position. Control options are also changeable, which sees the user pick the 
1-click or 2-click option. The 1-click option runs through the entire scrape-feed cycle, 
while the 2-click option splits this into two. 
 

 
Figure 2 - 31. Bestic control display diagram. (Bestic AB, 2015). 

Two control modes are pre-programmed into Bestic (Bestic AB, 2015, p.18-19). Single 
two-step mode and single one-step mode (fig. 2 - 32). These configurations determine the 
movement of the end-effector over numerous cycles. 
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Figure 2 - 32. Bestic control step mode diagrams. (Bestic AB, 2015). 
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2.4 Market Research - Educational Robotics 
2.4.1 Mecademic DexTAR 
 

 
Figure 2 - 33. Mecademic DexTAR picture. (Mecademic, 2015). 

Mecademic is an industrial automation company specialising in the design and 
manufacture of high-accuracy desktop robotic arms for research and educational 
purposes. Founded in 2013, they have released two major products, including: 
 Meca500 
 DexTAR 
 
DexTAR (Dextrous Twin Arm Robot) is a 3-DOF pick and place robot developed solely for 
pedagogical purposes. Essentially a five-bar mechanism, this parallel robot operates with 
two passive joints. This does however, complicate the inverse kinematics of the system 
significantly. The robot comes with two standard end effectors, an electromagnet for 
simple pick and place of Ø11mm ferromagnetic balls and a pen tool, which allows the user 
to make illustrations on a paper medium with the correct trajectory plan. The product is 
accompanied by its own 3D simulation and offline programming software, which allows 
the user to simulate the outcome of or send custom programs to DexTAR, which are then 
executed using the integrated touch screen. The robot is precision-machined aluminium, 
driven by two 90W Maxon servo motors and one stepper motor which allows for linear 
actuation of the Z axis, this however does not permit for orientation control of the end-
effector about the vertical-axis. All four links are of equal length (90mm, axis to axis). 
 

Footprint 435 x 420 mm 
Weight 10.2 kg 

XY workspace Larger than circular area of diameter 
242mm 

Axes 1 & 2 encoder resolution 0.011° 
Axes 1 & 2 max speed 720°s-1 

XY max linear speed 300 mms-1 

Z axis stroke 19 mm 
Z axis resolution 0.025 mm 
Z axis max speed 120 mm 

Position repeatability ± 0.025 mm 
Power usage 24 V, 9.17 A 
Touch screen 480 x 320 ppx (16M colours) 

Communication USB 2.0 port 
Table 2 - 13. Mecademic DexTAR specifications. (Mecademic, 2014, p.2) 
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Internal Software 
At every start-up of DexTAR, the system needs to be homed, which is done through the 
integrated touch-screen interface (fig. 2 - 34). To prevent damage to the robot, the angle 
between the distal links must be within 30° and 150° (Mecademic, 2015, p.4). While a 
program is executed, there is a yellow indicating LED which flashes at 60Hz to alert the 
user of robot movement. The program can be paused and resumed at any time through the 
on-board interface. If any motor control errors occur such as misalignment due to friction 
from belt control or collisions, the robot will cut power to the motors and go into an error 
mode, which requires a restart and re-home.  
 
The robot can be jogged manually through the touch-screen interface, which also allows 
manual deactivation of both motors. It should be noted that when the robot is jogged 
through a type-2 singularity the controller cannot compensate and will produce a control 
error, requiring the system to be reset and the arms to be moved to a safe position 
manually (Mecademic, 2015, p.8). 
 

   

 
Figure 2 - 34. Mecademic DexTAR control screenshots. (Mecademic, 2015). 

Assembly modes 
Due to the unique design of the robot, there are, theoretically, eight working 
configurations (fig. 2 - 35) which determine the behaviour of the end effector relative to 
the two arms. These have been labelled as ‘working modes’.  
 
Generally, for any given base motor angles, there are two solutions as to end-effector 
position. The software has categorized these as ‘assembly modes’ (fig. 2 - 35), for which 
there is a positive and negative assembly mode for all four working modes. To switch from 
positive to negative assembly modes, the system must pass through a type-2 singularity. 
DexTAR does not include a sensor or mechanism for detecting which assembly mode it is 
currently in. 
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Figure 2 - 35. Various DexTAR assembly mode diagrams. (Mecademic, 2015). 

End-Effectors 
DexTAR is shipped with the electromagnetic tool pre-installed. The base end-effector 
consists of a screw mechanism, so the head accessory can be exchanged as necessary. 
There is a 24V, 1A socket which supplies power to the tool (Mecademic, 2014, p.2).  
 
The drawing attachment is designed to be used with standard D1 ballpoint pen refills. It is 
required that the robot is without power to switch tools, followed by the Z-axis’ linear 
actuator manually returned to its upper extreme position. The installation of the pen tool 
also requires the acrylic base plate to be temporarily removed. It should be noted that it is 
recommended to use a tool to wedge the acrylic plate to a point where it can be manually 
handled, due to the four neodymium magnets keeping it in place (Mecademic, 2015, p.9). 
Two standard acrylic bases are included, one with laser-cut holes to house the 
ferromagnetic balls and the other a solid base for the pen tool. A standard A4 sheet does 
not cover DexTAR’s complete workspace, however, Mecademic does supply their own 
laser-cut drawing sheets. 
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Figure 2 - 36. DexTAR magnetic attachment, pen attachment. (Mecademic, 2015). 

   
 
 
Desktop Software 
The DexTAR simulation and offline programming software package (fig. 2 - 37) is designed 
specifically for use with the DexTAR system and can be downloaded from the Mecademic 
website for free. The robot is programmed offline using Mecaprol, Mecademic’s 
proprietary robotic programming language, which does not support on-line features such 
as drive-through or lead-through methods. Once code has been written, it is then compiled 
and sent to the robot through the DexTAR Sim graphical user interface. This software 
currently only supports Windows. 
 

 
Figure 2 - 37. DexTAR simulation software overview. (Mecademic, 2015). 

Using the DexTAR Sim graphical interface (fig 2 - 38), the user can simulate the movement 
of the real robot based on the trajectory planned in the software. End-effector trajectory 
and control with the pen tool can be manually achieved through the ‘trace’ function which 
allows the user to control the robot without Mecaprol. The software also allows for the 
addition of ‘code snippets’ to be added as part of the code to be uploaded. Pick & place 
command runs can be constructed visually and added to the code automatically. 
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Figure 2 - 38. DexTAR Sim interface screenshot. (Mecademic, 2015). 

To add to the educational aspect of the product, DexTAR Sim comes with a jogging menu. 
This allows the axis-by-axis jogging of individual arms in the cartesian workspace. 
 

 
Figure 2 - 39. DexTAR Sim jogging menu screenshot. (Mecademic, 2015). 

 
Mecaprol is a compiled language, similar to G-code (Mecademic, 2015, p.19), a common 
language used for programming CNC machine tools. The language consists of generally 
naming a function, followed by setting the parameters of that function, from ‘Output OFF;’ 
it is clear to see that the code is setting the ‘OUTPUT’ functions’ parameter to ‘OFF’. It is 
also necessary to end each line with ‘;’ to let the compiler know that it is the end of that 
line, similarly ‘START’ and ‘STOP’ are necessary.  
 

 
Figure 2 - 40. Mecaprol G-code screenshot. (Mecademic, 2015). 
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Kinematics 
The kinematics of this robot ignore the Z-axis completely and treats the system as 
Cartesian. The Z-axis is handled separately, as it is a simple linear actuator for pick and 
place only, kinematics are redundant.  
 
Inverse Kinematics (Mecademic, 2015, p.31). 
 

 
Figure 2 - 41. DexTAR Inverse kinematic mathematical definitions. (Mecademic, 2015). ܱݕݔ: Reference frame base coordinates (BCS) ଵܱ: Axis of revolution joint 1, arm 1 ܱଶ: Axis of revolution joint 2, arm 2 ܣଵ: Passive revolute joint 1 from arm 1 ܣଶ: Passive revolute joint 2 from arm 2 ܥ Tool centre position (TCP) ߠଵ: Active joint angle 1, with respect to BCS ߠଶ: Active joint angle 2, with respect to BCS 

  ଶܣଶܪ ℎଶ: Length segment ܥଶܪ ଶ andܪଶ: Length segments ܱଶ݋ and ܱଶ ܥ ଶ: Midway point betweenܪ 
 
From Figure 2 - 41: ݎைమ஺మ = ைమுమݎ  + ுమ஺మݎ   
ைమுమݎ  =  12 ൫ݎை஼ − ைைమ൯ݎ  =  12 ቀቂݕݔቃ − ቂ݀ 2⁄0 ቃቁ =  12 ൤ݔ −  ݀ ݕ⁄2 ൨ 

 
It should be noted that there are two possible positions for point ܣଶ depending on the 
orientation of vector ݎுమ஺మ , which can be manipulated by rotating vector ݎைమுమ 90° 
clockwise or 90° anti-clockwise. In the anti-clockwise position, the vector is normalized. 
Multiplying this resultant vector by the length of the ܪଶܣଶ (ℎଶ) segment produces: 
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ுమ஺మݎ = ଶߜ−  ℎଶ݋ଶ ைమுమݎܧ = ଶߜ−  ℎଶ݋ଶ ቂ0 −11 0 ቃ  ைమுమݎ

 
Where ܧ is the matrix that rotates vectors 90° anti-clockwise. Resulting in: ℎଶ =  ට݈ଶ −  ଶଶ݋ 

ଶߜ :ଶ is the branch index of arm 2 withߜ  =  + 1 if ܣଶ is on the right side of vector ݎைమ஼ ߜଶ =  − 1 if ܣଶ is on the left side of vector ݎைమ஼  
 

Therefore for arm 2: 
ଶߠ  = 2݊ܽݐܽ ൭ݕ + ଶߜ  ඥ݈ଶ − ଶ݋ଶଶ݋  (݀ 2 − ⁄ݔ ), ݔ − ݀ 2⁄ + ଶߜ ඥ݈ଶ ଶ݋ଶଶ݋ −  ൱ ݕ

 
Similarly for arm 1: ߠଵ = 2݊ܽݐܽ ൭ݕ − ଵߜ  ඥ݈ଶ − ଵ݋ଵଶ݋  (݀ 2 + ⁄ݔ ), ݔ + ݀ 2⁄ + ଵߜ ඥ݈ଶ ଵ݋ଵଶ݋ −  ൱ ݕ

ଵߜ :ଵ is the branch index of arm 1 withߜ  =  + 1 if ܣଵ is on the right side of vector ݎைభ஼ ߜଵ =  − 1 if ܣଵ is on the left side of vector ݎைభ஼ 
 
The set {݊݃݅ݏ(ߜଵ), ,++ :defines the working modes {(ଶߜ)݊݃݅ݏ +−, −+, − −. 
 
Exceptions and singularities: ݋ଶ  ≥ ݈  Outside working space ݋ଶ = 0  Type 1 singularity ݋ଶ = ݈  Arm fully stretched 
 
All singularities are handled by the software and are not permitted for the robot to follow 
as there are mechanical constraints. 
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Direct Kinematics (Mecademic, 2015, p.34). 
 

 
Figure 2 - 42. DexTAR Direct kinematics mathematical definitions. (Mecademic, 2015). ܱݕݔ: Reference frame base coordinates (BCS) ଵܱ: Axis of revolution joint 1, arm 1 ܱଶ: Axis of revolution joint 2, arm 2 ܣଵ: Passive revolute joint 1 from arm 1 ܣଶ: Passive revolute joint 2 from arm 2 ܥ Tool centre position (TCP) ߠଵ: Active joint angle 1, with respect to BCS ߠଶ: Active joint angle 2, with respect to BCS 

 ܥ and ܪ  ு஼: Vector connecting pointsݎ ܪ ଵ andܣ  ஺భு: Vector connecting pointsݎ ଶܣܪ ଵ andܣܪ Length of segments :ܽ ܥܪ ଶ ℎ: Length of segmentܣ ଵ andܣ Midway point between :ܪ 
 
From Figure 2 - 42: ݎை஼ = ைைమݎ  + + ைమ஺మݎ  ஺మுݎ  = ு஼ݎ +  ை஺మݎ   + ஺మுݎ  ு஼ݎ +   
 
Where: ݎ஺భு =  12 ൫ݎை஺భ − ை஺భݎ ை஺మ൯ݎ  =  ൤−݀ 2 + ଵߠ݊݅ݏ݈⁄ଵߠݏ݋݈ܿ ൨ ݎை஺మ =  ൤݀ 2 + ⁄ଶߠݏ݋݈ܿ ଶߠ݊݅ݏ݈ ൨ 

 
It should be noted that there are generally two possible positions for point ܥ depending on 
the orientation of vector ݎு஼ , which can be manipulated by rotating vector ݎ஺మு 90° 
clockwise or 90° anti-clockwise. In the anti-clockwise position, the vector is normalized. 
Multiplying this resultant vector by the length of the ܥܪ (ℎ) segment produces: 
ு஼ݎ  = ߛ−  ℎܽ ቂ0 −11 0 ቃ  ஺మுݎ

Where: ℎ =  ඥ݈ଶ −  ܽଶ 
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ߛ :is the assembly mode index with ߛ =  + 1 if ܥ is on right side of vector ݎ஺మ஺భ ߛ  =  − 1 if ܥ is on left side of vector ݎ஺మ஺భ  
 

Therefore: ݔ =  12 (−݀ + ଵߠݏ݋݈ܿ + (ଶߠݏ݋݈ܿ +  12 ߛ √݈ଶ − ܽଶܽ ଵߠ݊݅ݏ݈) −  (ଶߠ݊݅ݏ݈

ݕ  =  12 ଵߠ݊݅ݏ݈) − (ଶߠ݊݅ݏ݈ +  12 ߛ √݈ଶ − ܽଶܽ (݀ − ଵߠݏ݋݈ܿ +  (ଶߠݏ݋݈ܿ

 
Exceptions: ܽ = 0  Type 2 singularity ܽ > ݈  No mechanical solution ܽ = ݈  Type 2 singularity 
 
 
Design Aspects 
The 5-bar parallel robot design adopted by DexTAR has several unique aspects which are 
accompanied by mechanical and implementation advantages. 

 

  
Figure 2 - 43. SCARA motor locations, DexTAR motor locations. (Mecademic). 

Requiring only two motors to provide the Cartesian co-ordinates for DexTAR (fig. 2 - 43) is 
quite common among robots, however the placement of these motors provide simplicity in 
implementation. Since both motors needed to provide angular actuation of the arms sit at 
the base of the design, there is no need for complex bearing systems or transmission of 
this actuation through some medium such as belts, drive shaft, gear system, etc. This can 
come into significant effect for the SCARA design, as both arms require individual 
actuation (fig. 2 - 43), which can only be achieved through motor placement at the base of 
the subsequent arm or angular transmission of a motor through some medium, to allow 
that motor to be placed at the base. This is eliminated by the 5-bar arrangement. The three 
passive joints incorporated in this configuration are also relatively easy to implement 
compared to conventional robots which require actuation at another point on the arm. 
This does mean however, that there is no orientation control of the end-effector about the 
vertical axis. 
 

Motor 1 Motor 2 Motor Motor 
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The tool screw-in design is very useful. Mecademic have taken advantage of the lack of 
end-effector orientation control to utilise the simplicity accompanied by the pick and place 
method. Since the end-effector heads available consist of a drawing tool and an 
electromagnetic tool, orientation is of no consequence. This does limit the usefulness of 
the end-effector to applications which do not require orientation since this system cannot 
efficiently place asymmetrical objects for example. However, this also allows for the tool 
head to be screwed directly into the end-effector without taking orientation into account, 
simplifying the mechanism significantly. 

 

    
Figure 2 - 44. DexTAR singularity positions. (Mecademic, 2015). 

The 5-bar configuration implemented by Mecademic has been refined to utilise as much of 
the working space available. The links have been designed to be ‘multi-level’. From the 
Cartesian perspective, this allows links to overlap one another freely (fig. 2 - 44) without 
resulting in collision. The Z-axis motor is also of such height, that it does not collide with 
the two main actuating arms when overlapping. Both actuating arms have also been 
placed to maximise efficiency. This can be observed when both arms are normalized with 
the body of DexTAR, as seen in (fig. 2 - 44). These design features contribute significantly 
to the end-effector mobility throughout the workspace, although collisions and 
singularities must still be considered when the robot is in specific configurations (fig. 2 - 
44). 
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2.4.2 Mover6 

 
Figure 2 - 45. Mover6 picture. (Commonplace Robotics). 

Commonplace Robotics (CPR) is a German-based company, specialising in the 
development, manufacture and distribution of robotic arms. Their aim is to provide the 
consumer with cost-effective equipment for pedagogical research and industrial 
applications. Two main production lines are available, including Mover and Worker, which 
focus on higher education/research or industrial applications respectively. 
 
Throughout the CPR educational range, the Mover6 robotic manipulator arm is top-of-the-
line. With the improved 2016 version recently released, the product generally sells for 
$5,599 USD. All CPR manipulator arms are based on the same mechanical principles, with 
similar configurations and hardware. 
 
Mover6 communicates via USB, through the use of CPRs proprietary software CPRog. 
Robot Operating System (ROS) packages have been adapted to allow for direct control of 
the arm. The system supports the controller area network (CAN Bus) protocol.  
 

Weight 3.5 kg 
Payload 200 g 
Reach 600 mm 

Power consumption 30 W 
Joint 1-3 velocity 45°s-1 

Joint 4-6 velocity 60°s-1 
Repeatability ± 1.0mm (no load) 

Table 2 - 14. Mover6 specifications. (Commonplace Robotics, 2016). 

This product is only available for purchase from the CPR website or Robotshop.com. Each 
Mover6 unit is sold as a set, which includes several other accessories required to function. 
 
Starter Set: 
 Robotic manipulator arm 
 Stand 
 Two-fingered gripper 
 PSU (12V, 5A) 
 USB to CAN adapter 
 CPRog Software (Installation CD) 
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Software 
CProg is the proprietary software accompanying the Mover6 system. Prior to installation, 
the PCAN-USB driver must be installed to allow for communication with the arm 
controller at the base of the robot (Commonplace Robotics, 2014, p.12). This is included 
on the installation CD. It should be noted that all relating software is available for 
download at no charge from the CPR website. 
 

 
Figure 2 - 46. CProg GUI screenshot. (Commonplace Robotics, 2014). 

The CProg programming environment allows for complete robot control through a 
graphically based interface. Both online and offline work is supported. The robot may be 
‘jogged’ manually through the use of the joystick button, seen in the top left hand corner of 
figure 52. The ‘override’ button allows for robot speed control, ranging from 0-100%. A 
Logitech joy-pad is also available which interfaces directly with CProg, enabling real-time 
control (Commonplace Robotics, 2014, p.20). 
 

 
Figure 2 - 47. CProg XYZ coordinate control. (Commonplace Robotics, 2014). 

CProg also allows for direct XYZ coordinate and gripper control (fig. 2 - 47). It should be 
noted that software limits have been enforced to avoid arm and obstacle collision. These 
may however be manually overridden.  
 
Alternatively, the user may drag-and-drop the robotic arm in the 3D environment, 
followed by use of the refresh button to communicate the new position to the robot. 
 

  
Figure 2 - 48. Mover6 end-effector coordinate control screenshot. (Commonplace Robotics, 2014). 
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CProg includes a graphical-command-chain style of programming called ‘GraphEdit’ which 
enables the user to string together a set of instructions for the robot to execute in order. 
 

 
Figure 2 - 49. CProg graphical command chain. (Commonplace Robotics, 2014). 

Linear 

This command moves the robot from 
the current location directly to the 

target. 
  

Joint 
Interpolates the axis from current 

position to target position with respect 
to joint coordinates.  

Wait Basic wait command. 
 

DigitalOut 

Sets digital output of the gripper or 
current end-effector. This is a binary 
command, allowing only ‘open’ and 

‘closed’ states of the gripper.  

Loop Basic loop command.  
Table 2 - 15. Graphical command chain button definitions. (Commonplace Robotics, 2014). 

A ‘record’ feature is also available, which allows for location recording depicted by the 
user through the 3D interface. While ‘record’ is active, any actions made by the user in the 
3D environment are recorded and may be communicated to the robot. These commands 
may also be saved, loaded and replayed as necessary.  
 
More advanced than the graphical programming method, CProg includes a ‘TextEdit’ 
editor (fig. 2 - 50), allowing for more precise control of the arm. This spread-sheet style 
programming language works in conjunction with the ‘record’ feature. Once a command 
string has been recorded, it may be edited using ‘TextEdit’. Individual values may also be 
altered or entered directly into a blank document. Windows default copy and paste 
commands are also supported. 
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Figure 2 - 50. CProg TextEdit window. (Commonplace Robotics, 2014). 

Robot Operating System (ROS) enables direct communication with Mover6 via the CAN 
protocol (Commonplace Robotics, 2014, p.31). This allows for robotic commands to be 
sent directly to the controller. Kinematics are handled by the controller, so it is only 
necessary to send coordinates and speed, which may be done only once set-up has been 
completed to calibrate the system and set acceleration and velocity values. 
 
Command examples: 
 
To robot 

‘Dir 95.0 14.1 -30.0 0.0 0.0 0.0 open 8\n’ 
‘Pos 234.0 123.1 987.3 0.0 90.0 0.0 8\n’ 

 
From Robot 

‘Done \n’ 
 
Once the robot has communicated ‘Done \n’, it will begin to execute the given commands. 
These commands include: XYZ position, gripper state, velocity value and acceleration 
value, all followed by an 8 and Newline character to denote end of line. 
 
 
Design Aspects 

 
Figure 2 - 51. Mover6 operational picture. (Commonplace Robotics, 2014). 

The Mover6 system incorporates the use of a link which operates through extension. This 
is a unique attribute among all educational robotics at this level. A flexible cabling sleeve is 
used to allow wiring through the metallic structure of the arm (fig. 2 - 51). It is unclear 
how this actuation is achieved, but it is added that absolute encoders are used. 
 
Excluding the extension arm, all other links are actuated through the use of servo motors 
(Commonplace Robotics, 2014, p.8). Stepper motors are not used. This simplifies the 
manufacture and design of the manipulator arm immensely. Most servo motors operate 
via pulse width modulation (PWM), with certain duty cycles corresponding to distinct 
angular locations.  
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The end-effector mount is of such design to enable the attachment of any number of 
customised gripers. A mounting flange is supplied, with 4 x M3 fastening locations (fig. 2 - 
52). A 6-pin connector is also available for use; supplying 12V 0.5A and two digital input 
output pins. 
 

 
Figure 2 - 52. Mover6 mounting diagram. (Commonplace Robotics, 2014). 
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2.5 Market Research - Modular Robotics 
2.5.1 Cublets 

 
Figure 2 - 53. Cublets system picture. (Modrobotics). 

Officially founded in 2009, Modrobotics is a Colorado, US based company focused on the 
design and manufacture of robotic toy construction systems for kids and education. 
Initially roBlocks, the Cublets system was publically announced in August of 2010 after 3 
years of development. 
 
Cublets are building blocks which make use of electronic components to provide a robotic 
aspect to the system. Magnets are used to create a ‘snap’ feature, which attract blocks to 
one another, simplifying construction significantly. Blocks communicate with their 
neighbour and pass along electrical power and data. There is a wide range of blocks which 
offer varying functions and unique roles. Behaviour of a collection of blocks is dependent 
on the configuration, type of block and placement. 
 
Focused on ages 4+ the system is initially very simplistic, but complexity is amplified as 
the number of blocks interconnected is increased. There are three main types of Cublet; 
sense cubes, think cubes and action cubes. Sense cubes acquire information on their 
surroundings or from the user, while think cubes use this information to make decisions 
based on their default settings or user-assigned values. Action cubes provide physical 
outputs, including movement, light and sound. 
 
 
Drive 

The drive Cublet contains a 
single motor, interconnected 
through a gear system to the 
roller wheels providing 
horizontal movement. 

Although varying speed, this Cublet 
accommodates for movement in a single 
direction only. 
 

Rotate 
This Cublet allows for single 
face rotation. 
 

Speaker 
This block contains an 
amplifier and speaker 
arrangement. It should be 
noted that it is a tweeter 
speaker and does not support 

complex audio. 
 

Flashlight 
An LED is used to emit light. 
The light source can vary its 
output intensity. 
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Bar Graph 
This is an array of LED strips 
which act as a bar graph, 
displaying information 
provided to it by its neighbor 
blocks. 

 

Knob 
A simple potentiometer 
block, which gains a value 
from the user depending on 
the orientation of the knob. 

Brightness 
Through the use of an 
analogue photocell, this block 
detects the amount of light 
hitting the sensor and 
converts this into useful data. 

 

Distance 
Based on infrared, this blocks 
detects distances of objects 
relative it itself. It is claimed 
to be accurate between 10 
and 80cm. 

Temperature 
Containing a thermistor, this 
block is able to detect 
temperature. With a claimed 
range of around 0 to 35°C 

Inverse 
This block inverts the data it 
receives and passes it along. 
Specifically, it will take a 
weighted average of its 
inputs and output a value of 

one minus that average. 
 

Minimum 
This block will accept any 
amount of data input, but 
only output that which is the 
lowest. 
 

 

Maximum 
Accepting any amount of 
inputs, this block only 
outputs the highest of those 
received. 

Battery 
This Cublet provides 
electrical energy for the 
collection of blocks which are 
interconnected with it. 
Contains a rechargeable 

battery with a micro USB socket. 
 

Passive 
This block is simply a 
building component. It 
passes on data and power. 

Blocker 
The blocker Cublet blocks the 
transmission of data, 
however it does pass on 
power. 

Bluetooth Cublet 
The Bluetooth Cublet is the 
newest addition among the 
Cublets. This allows for 
firmware updates of those 
blocks it is interconnected 

with, as well as provide information to the 
user concerning block values. It also 
enables the user for direct block value 
manipulation, which allows for remote 
control capabilities. 
 

Table 2 - 16. Cublet type definitions. (Modrobotics, 2012). 
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Cublets Education 
The Modrobotics website offers a large range of pedagogical resources, claiming that the 
curricula on offer delivers 40+ hours of learning time (Modrobotics). The credibility of this 
claim is grossly supported by the numerous and comprehensive lesson plans available for 
free from the ‘Education’ section on the website. 
 
Lesson Plans on offer: 
 Robot creatures and their behaviour 
 Robots and sensing 
 Characteristics and categories with Cublets 
 Cublets and cause and effect 
 Easy Cublets robotics 
 Robotics with Cublets 
 Class Unit: Engineering and design principles 
 Class Unit: Computational thinking 
 
Cublet Activities on offer: 
 Cublets Challenge Part 1 – 4 
 10 Cool things to do with Cublets! 
 10 More cool things to do with Cublets! 
 
Upon further investigation of the lesson plans (Modrobotics), it is clear to see that a 
significant amount of resources have gone into the development of these educational 
activities. The planners are produced from an educator’s point of view, allotting time for 
each segment. Not only do these plans provide the educational resource to be conveyed to 
the student, they also include strategies on how to transfer this information in an engaging 
manner, stressing student involvement, all in the context of the Cublets system.  
 
At the end of each segment there is a ‘Suggested age variations/progression’ section. This 
section aims to cater to varying difficulty based on age and includes ‘4 years old to 8 years 
old’, ‘8 years old to 11 years old’ and ’11 years old and up’ with the more difficult subjects 
like ‘Engineering and design principles’ recommended for ‘12+’. Under each heading, there 
are varying difficulty suggestions, which warp the current activities to increase or 
decrease difficulty to appeal to the varying ages. All lesson plans conform to current STEM 
(Science, Technology, Engineering and Mathematics) education. Some of the more 
advanced planners also include a Q&A section. 
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Cublets Studio 
Cublets Studio is a proprietary programming environment developed solely for use with 
the Cublets System. The software currently supports Mac OS X and Windows. Based on 
Arduino, the language is very similar to C, but contains its own syntax and API references 
(Modrobotics). 
 

 
Figure 2 - 54. Cublets studio screenshot. (Modrobotics). 

The software communicates with the Cublet system through the Bluetooth Cublet. The 
addition of this Cublet allows for full control of the interconnected Cublets, with individual 
block control. 
 
Additions to Arduino (Modrobotics): 
 get_block_value() 
 set_block_value() 
 inverse() 
  
 block_type 
 block_value 
 neighbour_data 
 
 act() 
 loop() 
 sense() 
 
Including these additions to the Arduino language which Cublets Studio have made, there 
are numerous more, which deal with individual Cublet type addresses, such as 
‘BAR_GRAPH_CUBLET’ and ‘PASSIVE_CUBLET’ which communicate data to those types 
specifically. The software also enables the user to see current block values and change 
default values. It should also be noted that the new firmware ‘OS4’ for Cublets are updated 
through the Bluetooth Cublet. 
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Cublets Mobile App 
Working in conjunction with the Cublet Studio software, Modrobotics have released a 
mobile app. Although this app is not as comprehensive and does not deliver as much 
control over the Cublets system as Cublets Studio, it does offer a more simplistic 
dimension to robot interaction and understanding. The app is more visually focused, and 
provides a more graphical representation of Cublet data and configuration. Individual 
block values can be manipulated through the Bluetooth block as per usual, however a 
slider is provided to increase ease of use on mobile devices. It is also possible to read 
current block values through the application. 
 

  

 
 

   
Figure 2 - 55. Various Cublets mobile app screenshots, Cublets logo. (Modrobotics, 2014). 

The ‘Culbets’ mobile application is available on both Apple and Android devices. It should 
be added that this app is downloadable at no cost. 
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Design aspects 
Unfortunately there is limited to no information regarding the internal workings or design 
of Cublets supplied by Modrobotics. Luckily, there have been third party reviews of the 
product, which investigate the internals (Robot Test Kitchen, 2014). 
 

 
Figure 2 - 56. Drive cube. (Robot Test Kitchen, 2014).  

 
Figure 2 - 57. Rotate cube. (Robot Test Kitchen, 2014). 

 
Figure 2 - 58 Passive cube. (Robot Test Kitchen, 2014). 

From Figures 2 - 56 through to 2 - 58, we are able to ascertain some of the unique design 
decisions made by Modrobotics to produce such a successful product. It is clear that 
plastic injection moulding would be a good option for producing the outer cube covering. 
Although plastic is used for the shell of the blocks, it should be noted that there is a single 
metallic insert, as seen in the left cube in Figure 2 - 56 or 2 - 57. This allows for the holding 
screw to fasten itself in threaded metal, rather than plastic. This is a great design choice as 
it somewhat prevents over-tightening as well as provides a smoother screw insert.      
 
The slide-in design allows for two separate halves of the cube to complement one another. 
Once the electronic circuitry has been fastened to the plastic, the two halves simply slide 
together, with one construction screw securing the cube. The electronics accommodate 
the slide-in design through the use of a socket system, as seen in Figure 2 - 56 and 2 - 57. 
When the two halves are attached, the contacts of one circuit board connect to the other 
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via the multi-socket (fig. 2 - 56). Although this is not the case for the ‘passive’ Cublet, 
where a manual connector has been used and there appears to be no socket (fig. 2 - 58). 
 
Cublets incorporate ‘plug and play’ capabilities. While the system is in operation, another 
Cublet may be added without any need to disconnect power, nor does the addition of an 
extra cube disrupt current data communications. This leads to the assumption that a 
microcontroller is used to allow this feature. The communications throughout the 
interconnected Cublets must also either be addressed or share a common line, with sense 
Cublets producing an output, while action Cublets simply wait for an input. 
 

 
Figure 2 - 59. Passive cube contact diagram. (Modrobotics). 

The electronics utilised in the Cublets system seem fairly uncomplicated to manufacture. 
From the ‘How are Cublets Made?’ instructional video provided on their website, they 
inform the viewer that surface mount technology (SMT) is used to produce the circuit 
boards used for their product. Componentry is fitted to their designated position on a 
flexible printed circuit board (PCB), followed by the addition of liquid solder. Once 
complete, the board is run through a kiln, to allow the solder to solidify. This process is 
automated. 
 
Cublets are able to snap together in any orientation. The magnet connection points used 
interconnect (fig. 2 - 59). This allows for a strong link between Cublets, as the magnets will 
attract one block to another, but due to the plastic interconnecting style of the design, the 
links will prevent rotational movement. Along with data transmission, Cublets share 
power to their neighbours regardless of orientation. Although uncertain, it would seem 
logical that the middle pin seen in Figure 2 - 59 is the ground pin, with the cathode 
connected to either two of the four surrounding contacts or through a magnet contact 
point (which would assume not all magnet points are magnetic). Another assumption can 
be made which states that the middle pin is the data pin, with the four surrounding 
contacts arranged in an alternating anode-cathode series. 
 
The Bluetooth module block presents several noteworthy features. Once connected to 
power, each Bluetooth block exhibits its own unique colour sequence. A block which 
flashes red-green-blue will appear with name ‘Cublet-RGB’ to a corresponding Bluetooth 
device. Similarly a block which flashes Cyan-Magenta-Yellow appears as ‘Cublet-CMY’. 
Once powered, blocks intercommunicate with one another to establish separate Bluetooth 
addresses. Two-way communication is also permitted by the system. This concept, 
although simple, provides a unique and excellent solution to the problem of multiple 
transmission devices interconnected to the same agglomeration of blocks. 
 

Middle 

Surrounding contacts 

Magnet  
connection 
points 
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Modrobotics have implemented LEGO adaptability to the Cublets system. The consumer 
may purchase adaptors that allow for Cublet to LEGO interconnect ability. This is a great 
marketing strategy as LEGO is a very popular and well established company, exposing 
Cublets to mainstream construction toys. 
 
 
 

2.6 Market Research - Price Comparison 
Industrial  
Intelitek Scorbot-ER 9 PRO - $20,000 
Intelitek Motoman MH5 - $45,000 
 
Service  
Kinova JACO 6 DOF - $29,950 
Kinova Jaco 4 DOF - $22,950 
3-Fingered Gripper - $4,950 
2-Fingered Gripper - $3,500 
 
Bestic 36 Month Rental - $110 / month ($3,960) 
Bestic 24 Month Rental - $158 / month ($3,792) 
Bestic 12 Month Rental - $303 / month ($3,636) 
 
Educational 
Mecademic DexTAR - $4999 
 
CPR Mover6 - $5699.05 
CPR Mover4 - $3868.42 
 
Modular 
Cublets Twelve-Kit - $329.95 
Cublets Educator Pack - $1,138.00 
Engineering Expansion Pack - $299.95 
Computational Thinking Expansion Pack - $235.95 
Life Science Expansion Pack - $220.95  
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2.7 Control Methodologies 
2.7.1 PID Control 
As claimed by Minorsky (1992), ‘three-term’ controllers, later known as Proportional 
Integral Derivative (PID) controllers (fig. 2 - 60) were first analysed and discussed by 
Russian American engineer Nicolas Minorsky in 1922 for the purpose of automatic ship 
steering, but it was not until 1939 when the Taylor Instrument Companies released its re-
designed version of the ‘Fulscope’ pneumatic controller, implementing ‘pre-act’ for the 
first time, that PID controller popularity grew in mainstream industry (Bennet, 1993). 
 

 
Figure 2 - 60. PID control loop diagram. 

With the increasing number of field-adjustable devices in use, the problem of loop tuning 
arose. Bennet (1993) states this was first recognised as a weakness by the Taylor 
Instrument Companies, which carried out extensive investigations in an effort to produce 
a repeatable method for finding optimal gain settings, resulting in two separate papers 
published in 1942 and 1943 by J.G Ziegler and N.B Nichols. This provided the classical 
method of PID loop tuning, based on the open-loop response of the system. 
ݐݑ݌ݐݑܱ  = (ݐ)௣݁ܭ  ௜ܭ + න ݐ݀(ݐ)݁ + ௗܭ  ݐ݀݀ (ݐ)݁ (ݐ)݁ = ܵܲ −  error value (set point - process (ݐ)ܸܲ

variable) ܭ௣ proportional gain ܭ௜ integral gain ܭௗ derivative gain ݐ time or instantaneous time 
Figure 2 - 61. PID algorithm ideal form. 

ݐݑ݌ݐݑܱ  = ௣ܭ  ൭݁(ݐ) + 1ܶ௜ න ݐ݀(ݐ)݁ −  ௗܶ ݐ݀݀  ൱(ݐ)ܸܲ

(ݐ)݁ = ܵܲ −  error value (set point - process (ݐ)ܸܲ
variable) ܭ௣ proportional gain ௜ܶ integral time ௗܶ derivative time ݐ time or instantaneous time ܸܲ(ݐ) change in process variable 

Figure 2 - 62. PID algorithm standard form. 



Chapter 2 - Literature Review   55 
 

 

Despite the slightly increased mathematical complexity of the standard form (fig. 2 - 62), it 
is most commonly used in industry as it tends to be more robust when compared to the 
ideal form (fig. 2 - 61). This is mainly due to the elimination of the derivative spike with set 
point change, as this term is based on the change in process variable, rather than 
calculated error. 
 
Ziegler and Nichols’ tuning scheme provides a methodological approach to PID loop tuning 
(Zielger & Nichols, 1942). Although the heuristic nature of the method does not guarantee 
optimal loop settings, Microstar Laboratories have determined it will provide sufficient 
immediate loop control, which may later be refined depending on system response 
requirements. It should be noted that Ziegler-Nichols tuning rules assume that the output 
response is a first order system with dead time of the following transfer function (Åström 
& Hägglund, 1995): 
(ݏ)ݕ  = ݏ߬)௉݁ି௅௦ܭ  + 1) 

 time constant ݏ ௉ process gain ݁ି௅௦ dead timeܭ output response (ݏ)ݕ 
Figure 2 - 63. First order transfer function with dead time. (Åström & Hägglund, 1995).  

To find the gain values for the standard PID algorithm using this method, both the integral 
and derivative terms must be turned off. ܭ௣ is then slowly increased from zero until the 
system reaches stable and consistent oscillations. At this point, the gain is labelled 
‘ultimate gain’ (ܭ௨) and the period of oscillation is measured ( ௨ܶ). Once these two system 
properties have been attained, the Ziegler-Nichols tuning table (tab. 2 - 17) is used to 
determine proportional gain and integral and derivative time depending on controller 
type. 
 

Ziegler-Nichols gain settings 
Control Type ࢊࢀ ࢏ࢀ ࢖ࡷ 

P 0.5ܭ௨ - - 
PI 0.45ܭ௨ ௨ܶ/1.2 - 
PD 0.8ܭ௨ - ௨ܶ/8 

Classic PID 0.6ܭ௨ ௨ܶ/2 ௨ܶ/8 
Pessen Integral Rule 0.7ܭ௨ ௨ܶ/2.5 3 ௨ܶ/20 

Some overshoot 0.33ܭ௨ ௨ܶ/2 ௨ܶ/3 
No overshoot 0.2ܭ௨ ௨ܶ/2 ௨ܶ/3 

Table 2 - 17. Ziegler-Nichols gain settings. (Microstar Laboratories). 

Although the Ziegler-Nichols method does provide immediate results, Åström & Hägglund 
(1995) states that it has been shown to often produce control that is too oscillatory and 
may cause a poor response time for systems with large dead time. Because of this, other 
avenues for PID loop tuning have been explored, including tuning parameters based on 
transient, steady state and frequency response. Manual tuning has also been determined 
to be viable depending on personnel experience. 
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Owing to the simple implementation and robust nature of PID controllers, they have been 
the most widely used controller in industry for the past fifty years (Seung-Min & Tae-Yong, 
1997). Partly as a result of the increase in number of automated systems with the 1980s 
‘robot boom’, a great deal of work has gone into PID loop tuning and PID-related control 
methodologies (Seung-Min & Tae-Yong, 1997). 
 
PID-based control has been used extensively for robotic manipulator position control (Abu 
Talib et al., 2013, Shauri et al. 2014, Intelitek, 2008) and mechatronics systems (Zhao et al., 
1992). 
 
A paper published by Abu Talib et al. (2013) has evaluated DC motor performance under 
varying loads for precise PID position control of a 2-DOF robotic finger. The system 
utilises 2 DC-micromotors for mechanical actuation and magnetic encoders for position 
acquisition, a motion controller and PC are used to control the finger. According to Abu 
Talib et al. (2013), the system was tuned using a trial and error method, based on the 
performance of the transient responses of the system in terms of maximum overshoot, rise 
time, settle time and peak time and the steady-state error. 
 
Abu Talib et al. (2013) transient response definitions: 
Maximum overshoot: Maximum amount system output overshoots beyond desired setting. 
Rise time: Time required for step response to rise from 10% to 90% (underdamped). 
Settling time: Time taken for the step response to settle within ±2% of desired output. 
Peak time: Time required for response to reach first peak of output.  
 
Initially, the responses of individual motors removed from the system were evaluated. 
From there, gain parameters were gradually increased manually (fig. 2 - 64). Abu Talib et 
al. (2013) used an error formula (fig. 2 - 64) in conjunction with the transient responses of 
the system as a basis for comparison in determining the optimal gain settings for the 
desired output performance. The implemented process tuned the motors for joint and 
joint 2 sequentially, starting with the motor closest to the base. 
(%)ݎ݋ݎݎܧ  =  ฬݐݑ݌ݐݑ݋ − ݀݁ݎ݅ݏ݁݀݀݁ݎ݅ݏ݁݀ ฬ  × 100 

 
 

 
Figure 2 - 64. Tuning table and error percentage calculation. (Abu Talib et al., 2013). 

Finally, the newly obtained PID values were validated for continuous motion for both 
motors running synchronously. Abu Talib et al. (2013) concluded that loads have a 
significant impact on the transient response parameters of a PID-controlled manipulator, 
which differ for individual joints. The influence of varying loads on a system may however 
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be mostly mitigated by obtaining appropriate PID gain settings, which can result in good 
performance.  
 
In an extension of the aforementioned paper, several previously described robotic fingers 
are used to construct a 7-DOF, 3 fingered grasping hand (Shauri et al. 2014). Using the 
same gain settings achieved in their previous paper, the configuration was shown to 
provide sufficient performance to enable it to accurately grip objects. 
 
On account of the control parameter uncertainties related to robotic arm manipulation, as 
well as the often non-linear responses of these systems, several advanced PID-based 
control methodologies have been investigated (Seung-Min & Tae-Yong, 1997, Zhao et 
al.,1992, Merabet & Gu, 2010). 
 
Seung-Min & Tae-Yong (1997) have determined that while a classical PID controller 
applied to a DC-motor driven system may provide good control, this can only be reliably 
achieved if all operating conditions are exactly known. In cases where these properties are 
not known or change, fixed PID control may not guarantee the desired output profile 
(Seung-Min & Tae-Yong, 1997). Once PID controllers have been tuned, performance may 
degrade over time as system dynamics change. Taking this into consideration, Seung-Min 
& Tae-Yong (1997) have proposed an adaptive PID learning algorithm, which consists of a 
set of learning rules for PID gain tuning, as well as taking into account an auxiliary input. 
The suggested control method aims to drive an uncertain DC motor system to the desired 
location asymptotically, by means of position and torque feedback inputs exclusively 
(Seung-Min & Tae-Yong, 1997). 
 
DC motor model as defined by Seung-Min & Tae-Yong (1997): 
௔݅ܮ  + ܴ݅௔ + ߠ௕ܭ = ߠ̈ܬ ௔ݒ  + ߠ̇ܤ + ߠ௖ܭ + ௟ܶ = ௔݅௔ܭ  =  ௔ܶ 
 unknown vicious-friction coefficient ܤ unknown rotor inertia ܬ ௖ unknown spring constantܭ ௕ unknown back-emf constantܭ ௔ unknown torque constantܭ unknown armature inductance ܴ unknown armature resistance ܮ rotor displacement ௔ܶ output torque ௟ܶ unknown load torque ߠ ௔ applied voltage ݅௔ armature currentݒ 

Figure 2 - 65. Dynamic model of DC motor. (Seung-Min & Tae-Yong,1997). 

 
This method begins by re-arranging the DC motor model: 
ߠ̈  + ܬ1  ൬ܤ + ௕ܴܭ௔ܭ ൰ ߠ̇ + ܬ௖ܭ ߠ + ܬ1 ௟ܶ = ܴܬ௔ܭ    ௔ݒ
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ߠ̈  + ߠ̇ܽ  + ߠܾ + ݂ =   ௔ݒ݀ 
 ܽ 

ܬ1 ൬ܤ + ௕ܴܭ௔ܭ ൰ ܾ 
ܬ௖ܭ  ݂ 

ܬ1 ௟ܶ ݀ 
ܴܬ௔ܭ  

Figure 2 - 66. Simplification by variable definition of dynamic DC motor model. (Seung-Min & Tae-Yong, 1997) 

From there, the learning controller is defined in terms of the applied motor voltage output 
and its two inputs, PID feed-back and the feed-forward learning input (Seung-Min & Tae-
Yong, 1997). 
௔ݒ  = ௙௕ݒ  +  ூݒ 
 ூ feed-forward learning inputݒ ௙௕ PID feed-back inputݒ ௔ applied motor voltageݒ 
Figure 2 - 67. Adaptive learning controller formula, applied motor voltage as output. (Seung-Min & Tae-Yong, 1997). 

Where: ݒ௙௕ = ௣݁ܭ  ூܭ + ∫ ݁ +        ஽݁̇ܭ
 ݁ error ݁ݑ݈ܽݒ (݁ = ௗߠ  −  actual angular position ߠ ௗ desired angular positionߠ (ߠ 

Figure 2 - 68. Feedback learning input component. (Seung-Min & Tae-Yong, 1997). 

 
This yields an error system of (from DC motor model and learning controller): 
 ݁̈ + ஽ܭ݀) + ܽ)݁̇ +  ൫݀ܭ௣ + ܾ൯݁ + ூܭ݀ න ݁ = ௗ̈ߠ  + ௗ̇ߠܽ + ௗߠܾ + ݂ − ̈݁ ூݒ݀  + ܽ଴݁̇ +  ܾ଴݁ + ܿ଴ න ݁ =  ௗܸ − ூݒ݀   

 ௗܸ ߠௗ̈ + ௗ̇ߠܽ + ௗߠܾ + ݂ ܽ଴ ݀ܭ஽ + ܽ ܾ଴ ݀ܭ௣ + ܾ ܿ଴ ݀ܭூ 
Figure 2 - 69. Error system definition. (Seung-Min & Tae-Yong, 1997). 

 
Assuming the target characteristic equation of the error is given by Figure 2 – 69, which 
assumes the existence of true PID gains (ܭ௉෪ ஽෪ܭ ,ூ෪ܭ , ) that satisfy matching conditions. 
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ଷݏ  +  ܽ଴෦ݏଶ +  ܾ଴෪ݏ +  ܿ଴෥ = 0 
 ܽ଴෦ = ஽෪ܭ݀ + ܽ ܾ଴෪ = ௣෪ܭ݀ + ܾ ܿ଴෥ =  ூ෪ܭ݀

Figure 2 - 70. Target characteristic equation and PID gain definitions. (Seung-Min & Tae-Yong, 1997). 

 
Using ൛ܽ଴෦, ܾ଴෪, ܿ଴෥ ൟ from the target characteristic equation, the error system can be written 
as: 
 ݁̈ +  ܽ଴෦݁̇ + ܾ଴෪݁ + ܿ଴෥ න ݁ =  ௗܸ − ூݒ݀  +  (ܽ଴෦ − ܽ଴)݁̇ +  ൫ܾ଴෪ − ܾ଴൯݁ + (ܿ଴෥ −  ܿ଴) න ݁ 

Figure 2 - 71. Error system from target characteristic equation. (Seung-Min & Tae-Yong, 1997). 

 
From definitions of {ܽ଴, ܾ଴, ܿ଴} and ൛ܽ଴෦, ܾ଴෪, ܿ଴෥ ൟ we obtain: 
 ݁̈ + ܽ଴෦݁̇ + ܾ଴෪݁ + ܿ଴෥ න ݁ = ஽෪෪ܭ݀ ݁̇ + ௉෪෪݁ܭ݀ + ூ෪෪ܭ݀ න ݁ + ூ෥෩ݒ݀  

஽෪෪ܭ  ஽෪ܭ   ௉෪෪ܭ ஽ܭ − ௉෪ܭ   ூ෪ܭ  ூ෪෪ܭ ௉ܭ − ூ෥෩ݒ ூܭ − ௗݒ   − ௗݒ ூ forݒ  =  ଵௗ ௗܸ 

Figure 2 - 72. Final error system. (Seung-Min & Tae-Yong, 1997). 

 
As stated by Seung-Min & Tae-Yong (1997), the target characteristic equation is driven by 
the PID gain error terms and learning error input. In this way, the learning rules will 
update the PID gains and learning input so that they converge to their ideal values ൛ܭ஽෪ , ,௉෪ܭ  .asymptotically, while maintaining stability in the error system {ௗݒ} ூ෪ൟ andܭ
 
Learning Rules: (ݐ)ܭ = ݐ)ܭ]ݎ݌ − ܶ)] + (ݐ)ூݒ (ݐ)ݕݔଵܣ = ݐ)ூݒ]ݎ݌ − ܶ)] +  (ݐ)ݕଶܣ
.]ݎ݌  ] projection into bounded set ܣଵ, ݐ ଶ positive learning gain matricesܣ − ܶ update interval 

Figure 2 - 73. Learning rules as defined by Seung-Min & Tae-Yong, 1997. 

 
Once the learning rules have been defined depending on the performance characteristics 
desired by the user, Seung-Min & Tae-Yong (1997) have shown through simulation and 
experimentation that the adaptive algorithm can provide both better set point 
convergence and disturbance rejection (fig. 2 - 74). To compare traditional PID with the 
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adaptive learning algorithm, the parameters of a DC motor were provided and the fixed 
PID gains were acquired through the target characteristic equation: (ݏ + 1)ଶ(ݏ + 100) =0. Constrains for the adaptive learning PID gains were implemented, and Seung-Min & 
Tae-Yong (1997) calculated the gain matrices by use of the SPR lemma function. 
Throughout the simulation, the motor parameters are known to the fixed-PID controller, 
while they are not known by the adaptive PID learning controller. The external torque 
disturbance applied throughout Figure 2 - 74 is 10(ݐߨ)݊݅ݏ. 
 

  
 

 
 

  
Figure 2 - 74. Various control responses. (Seung-Min & Tae-Yong, 1997). 
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Seung-Min & Tae-Yong (1997) claim that this algorithm may be easily implemented on a 
‘cheap microprocessor’ as the proposed learning rules do not require a great deal of 
processing power due to their simplicity once set-up.  
 
 
 
2.7.2 Cascade PID control 
Because of the inherent characteristics of robotic manipulator control, the system may not 
always respond linearly, depending on loads and position. The nature of classical PID only 
allows for good control if the system response is linear or approximately linear. As such, 
several other avenues of control have been explored to deal with non-linear systems 
(Åström & Hägglund, 1995, Novák & Perfilieva, 2001, Merabet & Gu, 2010).  
 
A cascade controller (fig. 2 - 75) comprises of two interacting PID loops, where the outer-
loop determines the set point of the inner-loop. Each loop has its own distinct input 
(Åström & Hägglund, 1995). This arrangement can provide improved dynamic and 
disturbance rejection performance compared to traditional PID.  
 
 

 
Figure 2 - 75. Cascade PID control loop diagram. 

The inner-loop usually handles a much faster changing parameter relative to the outer-
loop; in this way the inner-loop may control the disturbance before it can impact the 
outer-loop, which is where the improved control presents itself (Åström & Hägglund, 
1995). The outer-loop controls the main process . According to Åström & Hägglund (1995) 
the inner-loop must run at least 5-10 times faster than the outer-loop to avoid any 
interaction between the two. Åström & Hägglund (1995) also recommend using a 
proportional-only or PI controller for the inner-loop and tuning the inner-loop and outer-
loop sequentially, beginning with the former.  
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2.7.3 Fuzzy Logic Control 
Boolean logic as first introduced by George Boole in The Mathematical Analysis of Logic 
(Boole, 1847) is a mathematical concept in which a variable must be true or false 
exclusively, usually denoted 1 or 0 respectively. Fuzzy logic is based on this notion, except 
that it employs a degree of truth, which allows for a logical spectrum ranging from 1 to 0.  
 
A classic example of this is given by Novák & Perfilieva (2001), in which one examines a 
heap of wheat. Traditional logic will allow for either, a heap or not a heap. This does not 
take vagueness into account, as one grain of wheat does not make a heap, neither does 
two, three etc. hence, there are no heaps (Novák & Perfilieva, 2001). 
 
Through this type of logic, a membership function may be established. A membership 
function is a map which assigns non-numeric output linguistic value terms to express a 
numeric input fuzzy value on a set scale (Passino & Yurkovich, 1992). Figure 2 - 77 is an 
example of this in which the fuzzy input variable age is used to determine the output 
linguistic value, in this case, young, medium age or old. 
 
 

 
Figure 2 - 76. Fuzzy logic linguistic membership function. (Novák & Perfilieva, 2001). 

These principles are utilised in conjunction with an output fuzzy rule set to fashion a fuzzy 
logic controller (fig. 2 - 79), which is to say that the output will be dependent on the input 
in a specified way. Usually, the error and derivative of the error are used in this type of 
control if there is a single input (Cerecero-Natale et al., 2012, Passino & Yurkovich, 1992). 
There are several types of membership functions, most commonly, Gaussian and 
triangular.  

 
Figure 2 - 77. Gaussian membership function. 

 
Figure 2 - 78. Triangular membership function. 
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Figure 2 - 79. Fuzzy logic controller diagram. 

As stated by Passino & Yurkovich (1992), electronic fuzzy controllers usually consist of 5 
linguistic values, negLarge, negSmall, zero, posSmall and posLarge, which may be 
converted to negative, centre-negative, centre, centre-positive and positive as per Figure 2 – 
77 and 2 - 78 (Cerecero-Natale et al., 2012). Rule sets define the relationship between 
linguistic values and the controller output.  
 
Electronic controllers begin by fuzzifying all inputs values according to their 
corresponding membership function (Passino & Yurkovich, 1992), assigning linguistic 
value to the numeric input. Once all the inputs have been classified, the fuzzy rule set is 
executed to compute the applicable numeric outputs. From there, centroid de-fuzzification 
is applied using a max-min inference computation such as seen in Figure 2 - 80, providing 
a ‘crisp’ controller output. The maximum and minimum inference is based on OR (+) and 
AND (×) logic respectively, as prescribed in the fuzzy rule set. 
 
=(݌ݏ݅ݎܿ)ݐݑ݌ݐݑܱ  ଵݑ݉  × ଵݐݑ݌ݐݑ݋ ଶݑ݉ + × ଶݐݑ݌ݐݑ݋ ଷݑ݉ + × ଷݐݑ݌ݐݑ݋ + ⋯ + ௡ݑ݉ × ଵݑ௡݉ݐݑ݌ݐݑ݋ + ଶݑ݉ ଷݑ݉ + + ⋯ + ௡ݑ݉  

 
 rule set output ݐݑ݌ݐݑ݋ result from membership function ݑ݉ controller output (݌ݏ݅ݎܿ)ݐݑ݌ݐݑܱ 

Figure 2 - 80. Centroid de-fuzzification equation. (Passino & Yurkovich, 1992). 
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2.7.4 Fuzzy PID Control 
As explored by Cerecero-Natale et al. (2012), the past three decades have been prolific in 
the field of fuzzy logic controllers; not only has a great deal of work gone into these types 
of controller, but their applications have broadened and come to include PID fuzzy gain 
scheduling. Classical continuous gain scheduling is the notion of switching between PID 
control parameters, in an effort to more accurately control a system with a non-linear 
response. In essence, this establishes a non-linear controller through the splicing of a 
number of linear controllers (Naus, 2009).  
 
Traditional gain scheduling implementation as described by Naus, (2009) consists of four 
main steps. The first step involves deriving a number of linear approximations from a non-
linear system at constant operating points, characterised by measureable and changeable 
variables. From there, the second step calls for the construction of multiple controllers 
that satisfy performance and stability requirements for the previously acquired set of 
models at their respective operating points. Step three then implements continuous 
scheduling of the gain coefficients of the PID controller, corresponding to the previously 
found linear controllers, based on the current operating point of the system. The final step 
is simply performance assessment; the system is tested for local and global performance 
and robustness analytically. Criteria for good system behaviour may be established by the 
users’ desired control outcome.  
 
It should be noted that Naus, (2009) has identified a ‘chattering behaviour’ which may 
occur when implementing this type of control incorrectly. This refers to observed jerky 
performance as the controller switches between control regions, which may be a result of 
a large jump in coefficient size. Naus, (2009) states that this can be avoided through 
linearization of the schedule; additionally, increasing the number of regions will provide 
smoother control region transitions. 
 
The difficulty with this type of control arises when deciding on how to schedule the 
varying gains and to what degree. One approach is fuzzy logic. 
 
A paper published by Cerecero-Natale et al. (2012), has evaluated the use of fuzzy logic for 
gain scheduling on a PI controller for position control of a mechatronic system. 
Implementation and robustness of this type of control was assessed through both 
simulation and experimentation. A Two Input Two Output (TITO), 5 linguistic term (fig. 2 - 
81) fuzzy controller was used where error and error derivative serve as inputs and 
proportional gain (ܭ௣) and integral gain (ܭ௜) as outputs. Cerecero-Natale et al. (2012) 
defined the fuzzy rule set as per Figure 2 - 82, comprising of 25 AND logic operator rules. 
 
 

 
Figure 2 - 81. Membership function. (Cerecero-Natale et al., 2012). 
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Figure 2 - 82. Fuzzy rule set. (Cerecero-Natale et al., 2012). 

For convenience, error and error derivative were normalised by Cerecero-Natale et al. 
(2012) as follows: 
 ݁ =  ݁ −  ݁௠௜௡݁௠௔௫ − ݁௠௜௡ 

 ݁̇ =  ݁̇ −  ݁̇௠௜௡݁̇௠௔௫ − ݁̇௠௜௡ 

Figure 2 - 83. Error and error derivative equations. (Cerecero-Natale et al., 2012). 

 
The membership function plot (fig. 2 - 81) and fuzzy rule set (fig. 2 - 82) result in non-
linear control surfaces for outputs ܭ௣ (fig. 2 - 84) and output ܭ௜ (fig 2 - 84) after applying a 
centroid defuzzifier (fig 2 - 80). 
 

  
Figure 2 - 84. Resulting control surfaces. (Cerecero-Natale et al., 2012). 

This yields the following output response (fig. 2 - 85) and gain performance (fig 2 - 86). 
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Figure 2 - 85. Fuzzy PI control set-point response. (Cerecero-Natale et al., 2012).  

 
Figure 2 - 86. Proportional and integral gain responses. (Cerecero-Natale et al., 2012). 

Once all parameters needed for the proposed fuzzy logic PI controller were established, 
Cerecero-Natale et al. (2012) used a first order mathematical system for comparing the 
simulated behaviour of a traditional PI controller and the proposed controller (fig. 2 - 87). 
The Ziegler-Nichols method was used to determine fixed controller gains ܭ௣ and ܭ௜. 
 

 
Figure 2 - 87. FLC PI vs. Classical ZM PI set-point response. (Cerecero-Natale et al., 2012). 

Although this paper claims to have implemented this system on a light-weight, 8 bit PIC 
18F4550 microcontroller (Cerecero-Natale et al., 2012), no significant amount of 
experimental results are provided. Cerecero-Natale et al. (2012) concluded that the main 
point of response control improvement associated with the fuzzy logic gain scheduling PI 
controller is its ability to reach the desired set point in less time (fig. 2 - 87), while reliably 
avoiding overshoot. It is recommended that a Gaussian membership such as Figure 2 - 81 
is used, as this will provide smoother control in comparison to triangular memberships 
(fig. 2 - 78). 
 
In a similar paper produced by Zhao et al. (1992), fuzzy logic gain scheduling of PID 
controllers are described in a broader sense. Zhao et al. (1992) recommend using a 
discrete-time equivalent expression for the PID algorithm, referred to as the standard 
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form in the PID section 2.7.1 (fig. 2 - 62). For simulation, this paper has decided to use a 7-
term linguistic membership function, with error and error derivative as inputs, yielding 
two outputs, ܭ௣ and ܭௗ. ܭ௜ is calculated with reference to the derivative time constant (fig. 
2 - 88). 
 ௜ܶ = ߙ  ௗܶ 
௜ܭ  = ߙ)௣ܭ  ௗܶ) =  (ௗܭߙ)௣ଶܭ 

Figure 2 - 88. Integral term calculation. (Zhao et al., 1992). 

 
The fuzzy rule set comprises of 49 rules, similarly defined by Cerecero-Natale et al. (2012), 
producing similar membership function output plots. Inputs and outputs are also 
normalised in a similar fashion. Although full PID is used in this fuzzy gain scheduling 
scheme by Zhao et al. (1992), in this case simulation does not seem to suggest a significant 
improvement over traditional, Ziegler-Nichols tuned PID control (fig. 2 - 89) when dealing 
with a 3rd order process.  
 

 

 
Figure 2 - 89. Controller 3rd order response. (Zhao et al., 1992). 

Zhao et al. (1992) briefly touch on the concept of a ‘hybrid controller’. It suggests that in 
some situations it may be viable to use dynamic fuzzy controlled PID in tandem with 
traditional fixed gain PID. For large set point changes, fuzzy PID is employed to utilise its 
quick transient response, as error reduces and the system begins to settle, the controller is 
then switched to fixed gain PID. Zhao et al. (1992) states that sometimes set PID 
parameters may be excellent for good set point response, but lack in appropriate 
performance for load disturbance rejection. 
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2.7.5 Model Based Predictive Control 
The notion of Model based Predictive Control (MPC) is one that bases its control strategy 
on a known model of the output of the controlled system. By pre-emptively calculating the 
expected behaviour of a system, a controller is able to take appropriate control action 
based on that prediction (Åström & Hägglund, 1995). According to Merabet & Gu (2010), 
MPC is considered a very effective control method for non-linear processes and 
disturbances.  
 
As stated by Åström & Hägglund (1995), there are three main steps to implementing an 
MPC controller, once a model of the system has been specified. The first step simply 
acquires information about the system, including the measure of process inputs, outputs 
and disturbances. From there, the current output and predicted future state of the system 
is calculated through use of the output model. Step two then calculates the control changes 
necessary to minimise error between the desired and actual trajectories, subject to 
prescribed constraints. The final step simply executes this control action and restarts the 
process. 
 
There are several major advantages associated with MPC over traditional control 
methodologies according to Åström & Hägglund (1995): 

 Multivariable 
 Permits hard constraints 
 Is predictive 
 Deals with trajectories rather than single points 

 
In a paper published by Merabet & Gu (2010) in 2010, the fundamentals and 
implementation of a comprehensive MPC controller is evaluated for advanced non-linear 
robotic manipulator control.  
 
The use of MPC to control a rigid robotic arm is somewhat problematic when compared to 
applying the same methodology on other systems. The increased control difficulty arises 
from un-modelled dynamics such as variable payloads, friction torques, torque 
disturbances, parameter variations and measurement noise (Merabet & Gu, 2010). 
Merabet & Gu (2010) suggest that this may be further emphasised by inaccuracies present 
in the robot model.  
 
In order to implement MPC, first a mathematical model of the arm must be constructed 
with respect to angular joint positions. Merabet & Gu (2010) uses the Euler-Lagrange 
equation for a dynamic rigid robot manipulator of ݊-links as a base for further 
development: 
ݍ̈(ݍ)ܦ  + ,ݍ)ܥ ݍ̇(ݍ̇ + (ݍ)ܩ =  ݑ
Where: 
(ݐ)ݍ  ∈ ℜ௡ angular joint position vector (ݐ)ݑ ∈ ℜ௡ driving torque vector (control input) (ݍ)ܦ ∈ ℜ௡×௡, (ݍ)ܦ = ்(ݍ)ܦ > 0 link inertia matrix ݍ)ܥ, (ݍ)ܩ ℜ௡ Coriolis & centripetal torques vectorݍ̇(ݍ̇ ∈ ℜ௡ gravitational torques vector 

Figure 2 - 90. Mathematical model of manipulator arm. (Merabet & Gu, 2010). 
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When implementing an arm, there are practical uncertainties that must be considered and 
compensated for to achieve robust and accurate control.  These may include factors such 
as modelling errors, unknown loads and computational errors (Merabet & Gu, 2010). 
  
Uncertainty added to matrices: 
(ݍ)ܦ  = (ݍ)଴ܦ + ,ݍ)ܥ ܦ∆ (ݍ̇ = ,ݍ)଴ܥ (ݍ̇ + (ݍ)ܩ ܥ∆ = (ݍ)଴ܩ +  ܩ∆
 ∆(. ) system error 

Figure 2 - 91. Uncertainty definitions. (Merabet & Gu, 2010). 

Adding uncertainty and other unmodelled quantities to robot equation: 
(ݍ)଴ܦ)  + ݍ̈(ܦ∆ + ,ݍ)଴ܥ) (ݍ̇ + ݍ̇(ܥ∆ + (ݍ)଴ܩ + ܩ∆ + ௥ܨ = ݑ + ܾ 
(ݐ)௥ܨ  ∈ ℜ௡ friction vector ܾ(ݐ) ∈ ℜ௡ external disturbance vector 

Figure 2 - 92. Manipulator arm equation with added uncertainty. (Merabet & Gu, 2010). 

Simplification: ܦ଴(ݍ)̈ݍ + ,ݍ)଴ܥ ݍ̇(ݍ̇ + (ݍ)଴ܩ = ݑ + ƞ(̈ݍ, ,ݍ̇ ,ݍ ܾ) 
  ƞ (ݕݐ݊݅ܽݐݎ݁ܿ݊ݑ) −൛∆ݍ̈ܦ + ݍܥ∆ + ܩ∆ + ௥ܨ − ̇ܤ ൟ 

Figure 2 - 93. Uncertainty definition for simplification. (Merabet & Gu, 2010). 

Robust control law: 
(ݐ)ݑ  = ݕ)ଵܭ൛(ଵݔ)଴ܦ− − (௥ݕ + ݕ̇)ଶܭ − (௥̇ݕ − ,ଵݔ)ܥଵ൫ି(ଵݔ)଴ܦ ଶݔ(ଶݔ + ൯(ଵݔ)ܩ − ௥ൟݕ̈ − ƞ௘௦௧(ݐ) 
ଵ ቆܭ  103߬௥ଶቇ ∗ ଶ ൬ܭ ௡×௡ܫ 52߬௥൰ ∗  ௡×௡ܫ

Figure 2 - 94. Robust control law defined by Merabet & Gu (2010). 

This produces the final dynamic nonlinear mathematical model of a robotic arm as 
prescribed by Merabet & Gu (2010) in terms of the state vector ݔ: 
ݔ̇  = (ݔ)݂ + ݑ(ݔ)݃ +  ƞ(ݔ)݃
൤ (ݔ)݂  ,ଵݔ)଴ܥଵ൫ି(ଵݔ)଴ܦ−ଶݔ ଶݔ(ଶݔ + ൤ (ݔ)݃ ൯൨(ଵݔ)଴ܩ 0௡×௡ܦ଴(ݔଵ)ିଵ൨ 

Figure 2 - 95. Final dynamic nonlinear model of robotic manipulator. (Merabet & Gu, 2010). 

Finally, the controlled angular position output vector may be defined as follows: 
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ݕ  = ℎ(ݔ) =  ݔܥ
௡×௡ܫ] ݔܥ  0௡×௡] 

Figure 2 - 96. Output vector definition. (Merabet & Gu, 2010). 

According to Merabet & Gu (2010), the associated control law must be derived from an 
undisturbed system where uncertainties are excluded. When the appropriate model has 
been achieved, robust control law follows and is mathematically implemented by 
compensating for any error through estimation. 
 
Once a robust mathematical model of the manipulator arm to be controlled has been 
constructed in terms of measureable and controllable parameters, MPC may be employed. 
The supposed control system as defined by Merabet & Gu (2010), consists of an 
optimisation algorithm to solve for the future control trajectory through the use of the 
dynamic process model (fig. 2 - 95). It aims to do this through the minimisation of a cost 
function. 
 
General form of cost function: ℑ = ݂൫݁௬(ݐ + ߬), ,ݔ  ൯ݑ
 ݁௬(ݐ + ߬) predicted error ݐ)ݕ + ߬) ߬-step ahead prediction ߬ > 0 prediction time horizon 

Figure 2 - 97. General form cost function definition. (Merabet & Gu, 2010). 

Merabet & Gu (2010) then uses a mathematical tool based on Taylor series expansion 
carried out by Lie derivatives to develop the prediction model, by use of the process 
model. Yielding a final prediction model of: 
ݐ)ݕ  + ߬) =  (ݐ)ܻ(߬)ܶ
 

ܶ(߬) ⎣⎢⎢
⎡ ௡×௡߬ܫ ∗ ௡×௡ቆ߬ଶ2ܫ ቇ ∗ ⎥⎥⎦௡×௡ܫ

⎤
 

(ݐ)ܻ = ቎(ݐ)ݕ̈(ݐ)ݕ̇(ݐ)ݕ቏ ൥ ,ଵݔ)଴ܥଵ൫ି(ଵݔ)଴ܦ−ଵݔଵݔ ଶݔ(ଶݔ + ൯൩(ଵݔ)଴ܩ + ቎ 0௡×ଵ0௡×ଵܦ଴(ݔଵ)ିଵ(ݐ)ݑ቏ 

Figure 2 - 98. Final predictive model. (Merabet & Gu, 2010). 

Similarly, a reference trajectory analysis may be constructed as follows: 
ݐ)௥ݕ  + ߬) = ܶ(߬) ௥ܻ(ݐ) 
 ௥ܻ(ݐ) [ݕ௥ ௥ݕ̇  ்[௥ݕ̈

Figure 2 - 99. Reference trajectory analysis equation definition. (Merabet & Gu, 2010). 
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Allowing for the predicted error calculation required by the cost function: 
 ݁௬(ݐ + ߬) = ݐ)ݕ + ߬) − ݐ)௥ݕ + ߬) = (ݐ)ܻ)(߬)ܶ − ௥ܻ(ݐ)) 

Figure 2 - 100. Predicted error calculation. (Merabet & Gu, 2010). 

 
It is now possible to carry out optimal control law, through the minimisation of the cost 
function in relation to the control input (Merabet & Gu, 2010). At this point, the definition 
of the cost function is crucial. Merabet & Gu (2010) has provided two approaches: 
 
 ℑ = 12 න ݁௬(ݐ + ߬)்ܳ݁௬(ݐ + ߬)݀߬ఛೝ

଴ + 12 න ݐ)ݑ + ݐ)ݑ்ܴ(߬ + ߬)݀߬ఛೠ
଴  

Figure 2 - 101. Expanded general form of cost function. (Merabet & Gu, 2010). 

 ℑ = 12 න ൫ݐ)ݕ + ߬) − ݐ)௥ݕ + ߬)൯்൫ݐ)ݕ + ߬) − ݐ)௥ݕ + ߬)൯݀߬ఛೝ
଴  

Figure 2 - 102. Tracking error-based cost function. (Merabet & Gu, 2010). 

 
To evaluate the transient response and robustness of the suggested control, Merabet & Gu 
(2010) mathematically simulate the previously described system on a rigid robot 
manipulator of two links. The controller is of form fig. 2 - 103. 
 

 
Figure 2 - 103. Model based predictive control diagram. (Merabet & Gu, 2010). 

Model simulation was implemented with a sample time of 100ߤ seconds (Merabet & Gu, 
2010), with the manipulator initially stationary. An external disturbance was applied 
periodically. Merabet & Gu (2010) suggests robust control of the simulated manipulator 
has been achieved, providing the resultant angular positions and tracking errors for both 
controlled joints as evidence (fig. 2 - 104). As a side note, it is mentioned that the 
manipulator presents periodic steady state errors, brought on by external disturbances. It 
is also stated that this may be mitigated if this information was made available to the 
control law. Further control improvement may be implemented if load parameters are 
known (Merabet & Gu, 2010); in this case, it is regarded as part of the second link, with the 
system accommodating the load through a change in link properties such as mass, length, 
centre of mass and moment of inertia. 
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Figure 2 - 104. Controller joint set-point response diagrams. (Merabet & Gu, 2010). 

Merabet & Gu (2010) have concluded that this control system through investigation has 
proved able to provide robust control with respect to modelling errors, effective 
disturbance rejection and no parameter uncertainty induced steady state error. However, 
Merabet & Gu (2010) state that it is well known that a theoretical model of a systems 
behaviour may not always translate well into reality. The uncertainty compensator is one 
approach of dealing with this issue. Merabet & Gu (2010) suggest that a Fuzzy logic 
controller may be another viable alternative. 
 
 
 
2.7.6 Trajectory Planning 
Robotic arm industrial applications often require a high degree of fine motion control to 
achieve the required operations at the desired efficiency. Depending on the task, control of 
the end-effector may range from point-to-point movements to fine collision-avoiding path 
control with varying velocity profiles. Three useful classifications relating to robotic 
motion have been defined by Lehtla (2008): 
 
Path planning: Complete planned motion from point A to B, made up of trajectories and 
other operations 
Trajectory planning: Single continuous motion trajectory 
Path finding: If final planned path is variable, subject to information, the optimum path 
must be found 
 
In determining the final path of the robotic manipulator, generally obstacle and path 
constrains must be considered (Lehtla, 2008). Obstacle constrains are introduced when 
the planned motion of the manipulator passes through space which is currently occupied 
by something other than the arm. On the other hand, path constraints arise from any fixed 
motion requirements, which are generally associated with operation. 
 
Lehtla (2008) has noted that often there may be manipulator capability constraints 
imposed on determining a final path. Depending on the robotic system, it may sometimes 
be difficult to provide the end-effector with rotational action while the arm is in motion. 
Hardware degree of freedom may also affect the output. In this case, Lehtla (2008) has 
suggested it could be useful to consider other part rotating alternatives (fig. 2 - 105). 
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Figure 2 - 105. Various part collision avoidance methods. (Lehtla, 2008). Copyright 2008 by Tõnu Lehtla. 

A distinction between local and global collision avoidance (fig. 2 - 106) has been made by 
Lehtla (2008), adding further that collision detection is the single most important factor of 
path planning. Excluding active collision detection, a manipulator must work in a safe 
environment, specifically catered to isolate the system from external influences, 
alternatively, the manipulator may include off-line collision avoidance if information about 
the work space is known and does not change. Local collision avoidance is accommodated 
through the use of sensors. In comparison, global collision avoidance utilises prior 
knowledge of the environment to steer clear of obstacles. 
 

 
Figure 2 - 106. Local and global collision avoidance diagram. (Lehtla, 2008). Copyright 2008 by Tõnu Lehtla. 

The actual intended path for the manipulator to follow is subject to operation. It may be 
pre-determined according to the task, while only varying from the path to avoid collisions, 
or the manipulator may need to find an optimal path to navigate through obstacles (fig. 2 - 
107) (Lehtla, 2008). A planned path within close proximity to a potential collision must 
consider its load dimensions, while maintaining a safety margin. Lehtla (2008) gives an 
example in which image analysis was used in determining obstacle locations, followed by 
the Laplacian of Gaussian to determine the exit path of the end-effector (Lehtla, 2008).  
 

 
Figure 2 - 107. Object detection image analysis output. (Lehtla, 2008). Copyright 2008 by Tõnu Lehtla. 

Lehtla (2008) has suggested the construction of a dynamic path planning loop as shown in 
Figure 2 – 108, which may provide robust and reliable collision avoidance and path 
execution. The robustness of the proposed controller stems from its continually-updated 
consideration of environmental constraints and feedback from sensors. 
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Figure 2 - 108. Dynamic path planning loop diagram. (Lehtla, 2008). Copyright 2008 by Tõnu Lehtla. 

In determining a final path for a robotic manipulator, Lehtla (2008) states it is very 
important to consider position, velocity, acceleration and jerk for each robotic joint as the 
arm traverses through a planned path. Jerk is defined as the derivative of acceleration. 
Lehtla (2008) has mathematically defined each parameter by use of a polynomial function. 
 
(ݐ)ݏ  = ܿ଴ + ܿଵݐ + ܿଶݐଶ + ܿଷݐଷ (ݐ)ݒ = ݐ݀ݏ݀ = ܿଵ + 2ܿଶݐ + 3ܿଷݐଷ ܽ(ݐ) = ݐ݀ݒ݀ = 2ܿଶ + 6ܿଷ(ݐ)݆ ݐ = ݐ݀ܽ݀ = 6ܿଷ 

 ܿ଴, ܿଵ, ܿଶ, ܿଷ Defining motion 
characteristics 

Figure 2 - 109. Motion parameter definitions. (Lehtla, 2008). Copyright 2008 by Tõnu Lehtla. 

 
 
2.7.7 Kinematics 
Kinematics in the context of robotics is a branch of mathematical mechanics that describe 
a system of points relating to the chain of links and actuators that make up a robotic 
manipulator. Geometric relationships are employed in determining relative positions and 
velocities of robotic joints and actuators in space. As stated by Hydzik (2004) there are 
two types of actuations assumed: 
 
Revolute: Provides rotational actuation in a single plane. Generally denoted as ߠ௜ 
Prismatic: Provides linear actuation in a single plane. Generally denoted as ݀௜  
 
 

Revolute (ߠ௜) Prismatic (݀௜) 

  
Table 2 - 18. Revolute and Pismatic graphical representation. (Hydzik, 2004). 
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Inverse kinematic equations are concerned with end-effector location, realising chain 
mathematical relationships with respect to varying coordinate frames, that lead up to this 
point. This allows for specification of the end-effector and computes the associated joint 
angles needed to achieve this. In contrast, forward kinematics allows for the entry of joint 
angles and computes the configuration of the chain. 
 
Forward Kinematics 
In constructing forward kinematic relationships, a reference coordinate frame must first 
be defined. Hydzik (2004) has denoted this as ܱ଴ݔ଴ݕ଴ݖ଴, referred to as the inertial frame. 
Furthermore, Hydzik (2004) suggests attaching this frame to the base of the manipulator 
as per Figure 2 - 110. As can be seen in Figure 2 - 110, a unique reference frame for each 
joint is given by the notation

 ܱ ௡. 
 

 
Figure 2 - 110. Forward kinematic reference coordinate frame definitions for a cylindrical robot. (Hydzik, 2004). 

The convention for assigning coordinate frames begins with choosing the orientation of 
the  ݖ଴ axis, along the actuation line of the 1st link. According to Hydzik (2004), it follows 
that all ݖ(௜ିଵ) axes are defined along the actuation lines of ݅௧௛ links. Once the ݖ axis has 
been defined, next the ݔ axis is implemented so that two Denavit-Hartenberg conventions 
hold: 
 
DH1: The axis ݔ௜ାଵ is perpendicular to ݖ௜  
DH2: The axis ݔ௜ାଵ intersects the axis ݖ௜  
 
If both ݖ௜, ௜ݕ ,௜ vectors have been chosenݔ  is assigned by cross-product multiplication: 
పሬሬሬ⃗ݕ  = పሬሬ⃗ݖ × పሬሬሬ⃗ݔ  
 
Basic set of homogeneous transformations (Hydzik, 2004): 

 

௫,௔ݏ݊ܽݎܶ = ൦1 0 0 ܽ0 1 0 00 0 1 00 0 0 1൪  ܴݐ݋௫,ఈ = ൦1 0 0 00 ఈܥ −ܵఈ 00 ܵఈ ఈܥ 00 0 0 1൪ 
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௬,௕ݏ݊ܽݎܶ = ൦1 0 0 00 1 0 ܾ0 0 1 00 0 0 1൪  ܴݐ݋௬,ఉ = ൦ ఉܥ 0 ఉܵ 00 1 0 0− ఉܵ 0 ఉܥ 00 0 0 1൪ 

௭,௖ݏ݊ܽݎܶ = ൦1 0 0 00 1 0 00 0 1 ܿ0 0 0 1൪  ܴݐ݋௭,ఊ = ൦ܥఊ −ܵఊ 0 0ܵఊ ఊܥ 0 00 0 1 00 0 0 1൪ 

 
Homogeneous transformation associated with ܴݐ݋,  .ݏ݊ܽݎܶ
ܪ  = ൤ ݐ݋ܴ 0ଵ×ଷݏ݊ܽݎܶ 1 ൨ 

 
Denavit-Hartenberg Convention (single frame): 
௜ܣ  =  ௫,ఈ೔ݐ݋௫,௔೔ܴݏ݊ܽݎ௭,ௗ೔ܶݏ݊ܽݎ௭,ఏ೔ܶݐ݋ܴ
 

௜ܣ = ൦ߠܥ௜ ௜ߠܵ− 0 ௜ߠ0ܵ ௜ߠܥ 0 00 0 1 00 0 0 1൪ ൦1 0 0 00 1 0 00 0 1 ݀௜0 0 0 1 ൪ ൦1 0 0 ܽ௜0 1 0 00 0 1 00 0 0 1 ൪ ൦1 0 0 00 ௜ߙܥ ௜ߙܵ− 00 ௜ߙܵ ௜ߙܥ 00 0 0 1൪ 

 

௜ܣ = ൦ߠܥ௜ ௜ߙܥ௜ߠܵ− ௜ߙ௜ܵߠܵ ܽ௜ߠܥ௜ܵߠ௜ ௜ߙܥ௜ߠܥ ௜ߙ௜ܵߠܥ− ܽ௜ܵߠ௜0 ௜ߙܵ ௜ߙܥ ݀௜0 0 0 1 ൪ 

௜ link twist ݀௜ߙ ௜ joint angle (revolute action)ߠ   link offset (prismatic action) ܽ௜  link length ܵ ݏ ݎ݋ sine function ݎ݋ ܥ ܿ cosine function 
Figure 2 - 111. Denavit-Hartenberg Convention and associated definitions. (Hydzik, 2004). 

Given by Hydzik (2004), each homogeneous transformation ܣ௜  is of form: 
௜ܣ  = ൤ܴ௜௜ିଵ ௜ܱ௜ିଵ0 1 ൨ 

 
Matrix ௝ܴ௜ expresses the orientation of ௝ܱݔ௝ݕ௝ݖ௝ with respect to ௜ܱݔ௜ݕ௜ݖ௜: 
 ௝ܴ௜ = ܴ௜ାଵ௜ ⋯ ௝ܴ௝ିଵ 
 
The coordinate vectors ௝ܱ௜  are given by:  
 ௝ܱ௜ = ௝ܱିଵ௜ + ௝ܴିଵ௜ ௝ܱ௝ିଵ, 
 
Transformation matrix: 
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௝ܶ௜ = ௜ାଵܣ௜ܣ ⋯ ௝ܣ௝ିଵܣ = ൤ ௝ܴ௜ ௝ܱ௜0 1 ൨ 

 ܶ = ൤ .ݐ݋ܴ ݔ݅ݎݐܽܯ .ݏ݊ܽݎܶ .ݐܿ݁݌ݏݎ݁ܲݎ݋ݐܸܿ݁ ݏ݊ܽݎܶ  ൨ݎ݋ݐܿܽܨ ݈݃݊݅ܽܿܵ

 
At the completion of an inertial frame and relative coordinate frames attached to each 
respective joint (fig. 2 - 112), it is now possible to complete a homogeneous matrix for 
each coordinate frame. In keeping with the cylindrical manipulator example provided (fig. 
2 - 10), forward kinematics will be computed for this type of arm to express the 
mathematical process. 
 

 
Figure 2 - 112. Relative coordinate frame definitions. (Hydzik, 2004). 

Link ܽ௜ ௜ ݀௜ߙ   ௜ߠ 
1 
2 
3 

0 
0 
0 

0 
-90 
0 

݀ଵ ݀ଶ∗  ݀ଷ∗  

 ∗ଵߠ
0 
0 

* variable 
Link 1 -  ܣ௜ = ௭,ௗ೔ݏ݊ܽݎ௭,ఏ೔ܶݐ݋ܴ  
Link 2 - ܣ௜ =  ௫,ఈ೔ݐ݋௭,ௗ೔ܴݏ݊ܽݎܶ
Link 3 - ܣ௜ = ௭,ௗ೔ݏ݊ܽݎܶ  
 
Producing homogeneous transformations for each frame (Hydzik, 2004): 
 

ଵܣ = ൦ܿଵ ଵݏ− 0 ଵݏ0 ܿଵ 0 00 0 1 ݀ଵ0 0 0 1 ൪ 

 

ଶܣ = ൦1 0 0 00 0 1 00 −1 0 ݀ଶ0 0 0 1 ൪ 

 

ଷܣ = ൦1 0 0 00 1 0 00 0 1 ݀ଷ0 0 0 1 ൪ 
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A transformation matrix then follows to allow for the end-effector coordinates and 
orientation to be computed with respect to the inertial frame: 
 

ଷܶ଴ = ଷܣଶܣଵܣ = ൦ܿଵ 0 ଵݏ− ଵݏଵ݀ଷݏ− 0 ܿଵ ܿଵ݀ଷ0 −1 0 ݀ଵ + ݀ଶ0 0 0 1 ൪ 

,ݔ  ,ݕ   :End-effector coordinates relative to the inertial frame ݖ
ݔ  = ݕ ଵ݀ଷݏ− = ܿଵ݀ଷ ݖ = ݀ଵ + ݀ଶ 
 
End-effector orientation relative to inertial frame: 
௫ߠ  = ቈܿଵݏଵ0 ቉  
௬ߠ  = ൥ 00−1൩ 

௭ߠ  = ቈ−ݏଵܿଵ0 ቉ 

 
 
 
Inverse Kinematics 
So far, forward kinematics have allowed for the computation of end-effector position and 
orientation, given joint angles and extension. In contrast, inverse kinematics will compute 
the joint angles and translations required by the actuators to satisfy specified end-effector 
orientation and location parameters. 
 
Firstly, it must be noted that it is possible to calculate inverse kinematic properties from a 
transformation matrix acquired through the forward kinematic method, however, this 
generally produces a system containing 12 simultaneous equations. As stated by Hydzik 
(2004), realistically that is much too difficult to solve directly. Because of this, it is 
necessary to assume a heuristic, geometric approach in defining the inverse positions of a 
manipulator.  
 
This approach generally projects the arm onto various planes, producing a number of 
single plane projections which may be used in tandem to provide unique joint angles. An 
example given by Hydzik (2004), evaluates this process for the articulated configuration. 
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Figure 2 - 113. Inverse kinematic projection. (Hydzik, 2004).  

Hydzik (2004) begins by projecting the end-effector location onto the ݔ௖ - ݕ௖  plane (fig. 2 - 
113). From the projection, it can be shown that: 
ଵߠ  = ,௖ݔ)݊ܽݐܣ  (௖ݕ
 
Where ݔ)݊ܽݐܣ௖, ,ݔ) ௖) is the arctangent function in which allݕ (ݕ ≠ (0,0) and provides a 
unique angle such that: ܿߠݏ݋ = ௫(௫మା௬మ)భమ   ߠ݊݅ݏ = ௬(௫మା௬మ)భమ 

 

  
Figure 2 - 114. Singularity position. (Hydzik, 2004). 

It should be noted that in a configuration as seen on the left of Figure 2 - 114, the solution 
for ߠଵ is always valid unless ݔ௖ = ௖ݕ = 0. In this case, the kinematic equation results in an 
infinite number of solutions for ߠଵ. This is what is known as a singularity position (Hydzik, 
2004). Generally, this may be solved by the addition of an offset (right of fig. 2 - 114), so 
that the end-effector position may never intersect ݖ଴.  
 
This however, results in two solutions for ߠଵ, where the end-effector position achieves the 
same location with two different arm configurations, as may be seen in Figure 2 - 117. 
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Figure 2 - 115. Left above arm, right above arm configurations. (Hydzik, 2004). 

   
Figure 2 - 116. Left and right arm configuration mathematical definitions. (Hydzik, 2004). 

In computing the left arm configuration according to parameters defined in Figure 2 - 116, 
it may be shown that (Hydzik, 2004): ߠଵ = ∅ −  ߙ
Where: ∅ = ,௖ݔ)݊ܽݐܣ  (௖ݕ
ߙ  = ݊ܽݐܣ ቀඥݎଶ − ݀ଶ, ݀ቁ = ݊ܽݐܣ  ቆටݔ௖ଶ + ௖ଶݕ − ݀ଶ, ݀ቇ 

Alternatively, the right arm configuration (fig. 2 - 116) may be used: 
ଵߠ  = ߙ +  ߚ
Where: ߙ = ,௖ݔ)݊ܽݐܣ  (௖ݕ
ߚ  = ߛ +  ߨ
ߛ  = ݊ܽݐܣ ቀඥݎଶ − ݀ଶ, ݀ቁ 
Therefore: ߚ = ݊ܽݐܣ ቀ−ඥݎଶ − ݀ଶ, −݀ቁ 



Chapter 2 - Literature Review   81 
 

 

  
Figure 2 - 117. Elbow up, elbow down configurations and mathematical definitions. (Hydzik, 2004). 

In determining ߠଶ and ߠଷ, Figure 2 - 117 may be used. Through the application of the 
cosine law (fig. 2 - 119), ߠଷ can be show to be of the form: 
ଷߠݏ݋ܿ  = ௖ଶݔ + ௖ଶݕ − ݀ଶ + ௖ଶݖ − ܽଶଶ − ܽଷଷ2ܽଶܽଷ : =  ܦ

Therefore: ߠଷ = ݊ܽݐܣ ቀܦ, ±ඥܽ −  ଶቁܦ
 
Similarly, Hydzik (2004) has shown that ߠଶ is: 
ଶߠ  = ݊ܽݐܣ ቆටݔ௖ଶ + ௖ଶݕ − ݀ଶ, ௖ቇݖ − ଶܽ)݊ܽݐܣ + ܽଷܿଷ + ܽଷݏଷ) 

 
As a side note, analogous to the solution of ߠଵ, ߠଶ and ߠଷ will be capable of achieving the 
same end-effector coordinates with two different arm configurations, shown in Figure 2 - 
118. 

 
Figure 2 - 118. Left below arm, right below arm configurations. (Hydzik, 2004). 
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(ܥ°)ݏ݋ܥ  = ଶଶߙ + ଵଶߙ − ܿଶ2ߙଶߙଵ  

Figure 2 - 119. Cosine law and corresponding coordinate definitions. (Hydzik, 2004). 
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3.1 Shell-Core Concept 
Whilst reviewing literature pertaining to current, non-industrial robotics (section 2.3 - 
2.5), it appeared that there was a major lack of variability of educational robotic 
manipulators on the market, aimed at the secondary education level, seemingly indicating 
a potential market gap. Fixed arm configurations like DexTAR, Mover6 and Scorbot can be 
very useful at teaching robotic theory; however, these systems are limited to only provide 
educational content directly relating to that specific type of robotic arm and therefore 
cannot educate a user about the numerous types of arms popular for industrial use.  
 
Throughout the mainstream industrial robotics industry, the type of robotic arm in use 
generally falls into one of the following categories: Cartesian, SCARA, cylindrical, spherical 
or articulated (tab. 3 - 1). The Shell-Core structured manipulator concept presented in this 
research aims to provide a platform in which all mainstream arms may be constructed. 
This is achieved through the use of various linkages (shells) and two types of mechanical 
actuators, rotational and linear (cores) as shown in Table 3 - 2. The design and 
development of these unique shells and cores provide a good educational study basis 
relating to mainstream industrial robotic configurations. Unique relating features include 
their compact design, interchangeable nature, simple configuration and reconfiguration, 
plug and play accessibility and their ability to construct commonly used mainstream 
industrial robotic manipulators. Tables 3 - 3 and 3 - 4 present some of the industrial 
robotic arms constructed using the Shell-Core concept. 
 
 

Cartesian SCARA Cylindrical Spherical 
(Polar) Articulated 

3 linear 1 linear 
2 rotational 

2 linear 
1 rotational 

1 linear 
2 rotational 3+ rotational 

Table 3 - 1. Basic manipulators and the actuators needed to achieve configurations. (Meier, 2016). 
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Rotational (revolute) Linear (prismatic) 

 

 

 

 
Table 3 - 2. Basic types of actuator. 

 
Cartesian SCARA Cylindrical Spherical (Polar) Articulated 

 
 

   

Table 3 - 3. Configurations realised with the proposed system (no end-effector). 

 
PUMA (no gripper, no final 

axis) 
SCARA (no linear, no 

gripper) Articulated (with gripper) 

   

Table 3 - 4. Other configurations. 
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3.1.1 Actuators Design 
As defined in the kinematics section (tab. 2 - 18), each core unit will enable either 
rotational actuation or linear actuation in a single plane (fig. 3 - 1). One end of each core 
will be stationary with respect to the connected structural element, with both ends held in 
place by locating mounts. Due to the nature of inter-connecting, modular design, each core 
unit has its own on-board control electronics as well as pass along both data and power to 
the next core unit in the queue.  
 
Each core unit has a unique ID and will be able to detect its position in the queue 
constructing the robotic arm. The queue position information, added with structural link 
type information, allows for complete knowledge of the assembled manipulator. 
 
 

  
Figure 3 - 1. Actuator planes of motion. 

Mechanical stops are implemented for the rotational actuator in a cam design, which limits 
its rotational range to less than 360°. This allows for a simplified homing methodology as 
well as preventing infinite rotation, reducing the overall complexity needed for power and 
data transmission. 
 
The amount of actuation required from each core unit making up the manipulator arm 
may not be equal. Because of this, more power is needed of the rotational actuator at the 
base of the robot, resulting in components with varying power outputs. Hence two types of 
actuators are included, self-locking and non-self-locking.  
 
Passive building blocks are designed to the same size and dimensions as a rotational or 
linear actuation unit, however, this unit will not allow for any movement whatsoever. 
Power and data lines are supported. The purpose of this component is to increase the 
variety of useable robotic building blocks, which in turn will accommodate for different 
assembly of robotic arms, such as the cylindrical configuration (fig. 3 - 2). 
 

 
Figure 3 - 2. Cylindrical configuration with passive block.  
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3.1.2 Shell Structural Units 
Shell structural units as shown in Figure 3-5 are specifically designed to make the 
assembly of a robotic arm possible. The goals of these shells are to inter-connect actuators 
and provide appropriate offsets for mechanical motion in various planes in different robot 
arm configurations. 
 
Each shell structural unit has a unique ID attached to its specific dimensions, which are 
passed along and recognised by a pre-programmed microcontroller, allowing it to act 
accordingly. This information is also sent to the master control unit which may in turn 
adjust system kinematics to suit the specific arrangement. Upon installation the ‘Structure 
type’ is configured to correspond with the correct robot arm structure.  
 
Power and data will be conveyed through the structural piece itself. 
 

   
 

  
Figure 3 - 3. Shell Structural Units. 
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3.1.3 End-Effectors 
As the nature of the system is modular, the end-of-arm tooling platform is flexible and 
permits any appropriate design requiring power and data exclusively. Varying end-
effectors will also be included depending on application, eg: electro-magnetic, 2-fingered 
gripper, 3-fingered gripper, drawing utensil attachment. 
 
The 2-fingered electronic gripper will be the first addition to the eventual range of 
grippers accompanying this system. The unit will be a separate component, supporting the 
plug-and-play feature as the other modules in the system. The 2-fingered gripper may also 
introduce another rotational axis, providing actuation directly to the handled part; in 
addition, this will simplify the configuration of some robotic manipulators, such as the 
PUMA (fig. 3 - 4). 
 
 

   
Figure 3 - 4. 2-Fingered gripper pictures. 

 

 
Figure 3 - 5. PUMA realised with gripper addition. 
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4.1 Rotational Actuator System Design 
A rotational actuator is the rotational core unit that realises rotational movement. Based 
on literature study, a DC motor is favoured for driving the mobile part of the rotational 
actuator. Power from the motor is transmitted through an internal gear and pinion 
arrangement as shown in Figure 4 - 1. The steel internal gear is press-fitted into the 
driving mount, held in place by the drive shaft, which is in turn held in place by two 
bearings. A plastic pad is added (fig. 4 - 1) between moving parts to reduce friction; 
additionally, this thickness may be varied to increase or decrease pressure and degree of 
friction between each part as desired. 
 

    
Figure 4 - 1. Various rotational actuator drive pictures. 

Control componentry is fitted to a plastic stand, mounted to the bottom bearing holder, as 
seen in Figure 4 - 2. Electric wiring is then run past the motor into the drive shaft inlet and 
through to the other side of the actuator. Wiring slack is provided in the space between the 
plastic electronics stand and the drive shaft as to avoid any tension during rotational 
motion. 
 
 

    
Figure 4 - 2. Rotational actuator electronics and drive shaft pictures. 

The implemented rotational actuator is capable of approximately 318° degrees of 
rotational movement. It is desirable to limit this to less than 360° to avoid excessive twist 
in through wiring; furthermore, this simplifies the design by eliminating the need for 
complex full-rotation designs that may limit current. This range is achieved by use of a 
cam (fig. 4 - 3), fixed to the drive shaft (fig. 4 - 2). The minimum limit is imposed on the 
system through the homing limit switch (tab. 4 - 1); in contrast, maximum rotation is 
halted by a mechanical stop. This range is known by the microcontroller that will attempt 
to avoid these limits. In the case that an external torque is applied to the actuator in excess 
of motor output, the drive shaft and mechanical limits will bear this excess.  
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Currently, two different motors are used to provide rotation to the rotational core unit, 
depending on application. A self-locking, 100 rpm high-power motor is used and a non-
self-locking, 78 rpm medium-power motor is used. With gearing, this results in effective 
rotational speeds of ~13 and ~9.8 rpm respectively, taking the actuator ~4.2 and ~5.4 
second to traverse its full 318° range. 
 
It should be noted that in implementation, the homing switch will be toggled before 
minimum actuation is achieved, as can be seen in Table 4 - 1. 
 

   
Figure 4 - 3. Rotational actuator homing cam. 

Home position Minimum Maximum Mid-point 

    
Table 4 - 1. Rotational actuator rotational positions. 

In an attempt to aid with the configuration process, a small mark was added to both an 
actuated and non-actuated part (fig. 4 - 4) of the assembly so that it may be easy to roughly 
recognise where the actuator is in its range of motion. The indentation was added at the 
mid-point of rotation, where the component is capable of rotating clockwise and anti-
clockwise to the same degree. 
 
 

 
Figure 4 - 4. Mid-point position (Corresponds to Table 4 – 1). 
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For rotational position control, an encoder is implemented. The encoder is fitted to a small 
bracket, just above the mechanical stop (fig. 4 - 5), while the encoder magnet is fixed 
directly to the actuated shaft so that a measurement may be obtained that is true to the 
output motion. As with the other side of the actuator, a plastic pad has been introduced. 
 

  
Figure 4 - 5. Encoder position. 

End covers are of such design that mounting screws sit flush (fig. 4 - 6). 
 

  
Figure 4 - 6. Rotational actuator end covers. 

An opening was added to the plastic friction pad (fig. 4 - 7) directly opposite the motor 
opening to minimise the number of parts that need to be removed to program the 
microcontroller. Once finalised, there should be no need to reprogram the controller.  

 

 
Figure 4 - 7. Programming openings. 

Weight 580-670 g 
Height 156 mm 
Width 85 mm 

Power Consumption (idle) <0.1 W 
Power Consumption (average) 12 W 

Power Consumption (max) 60 W 
Table 4 - 2. Rotational actuator specifications. 
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4.2 FEA Analysis 
As a means of testing design robustness, several simulations were run on the assembly. 
The Solidworks 2014 Simulation tool was used. To observe how the actuator handles 
weight acting upon it, the plastic slider was removed and a force of 50N was applied 
vertically (fig. 4 - 8). 50N is a maximum operational weight estimation, with the articulated 
configuration (tab. 3 - 4) containing the most parts, weighing approximately 4.8 kg. The 
actuator was fixed at the outer cover to find the displacement of the drive shaft 
arrangement exclusively, as this will be one of the main sources of displacement imposed 
on the system by the rotational component, affecting repeatability.  
 
Standard Mesh: 
5mm global size 
0.25mm tolerance 
 

Elastic Modulus 6.9e+010 N/m^2 
Poissons Ratio 0.33  
Shear Modulus 2.6e+010 N/m^2 
Density 2,700 kg/m^3 
Tensile Strength 124,084,000 N/m^2 
Yield Strength 55,148,500 N/m^2 

Table 4 - 3. Material: 6061 Aluminium alloy properties. 

 

  
 

  
Figure 4 - 8. Resultant exaggerated displacement diagrams (0.0058 mm max). 
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To further investigate the design robustness, a torque of 50 Nm was applied in simulation 
to the drive shaft (fig. 4 - 9) to observe the resultant stress concentration when the 
actuator has reached its maximum range of motion. The maximum torque output of the 
self-locking motor used is 16.5 Nm after gearing. A value of 50 Nm was used to 
accommodate for a heavier payload at the end-effector and in cases of impulse. 
 
 

  
 

 
Figure 4 - 9. Resultant exaggerated stress diagrams (50.2 MNm2 max). 

The resulting analyses show good material performance in both displacement and stress 
scenarios. A displacement resulting from an added force is unavoidable in any material, 
however, this value has been minimised to a manageable 5.8 microns. The result 
determined in Figure 4 - 8 is negligible, especially when considering the uncertainty 
related to the control methodology. As expected, a sheer stress concentration has occurred 
in the area shown in Figure 4 - 9 as a consequence of the mechanical stop. This 
concentration will not affect the arrangement provided that the maximum torque stays 
below 50Nm, at which point the material may begin to yield. It should be noted that 50Nm 
is a large overestimate of applied torque. 
 
 
 
 
  



Chapter 4 – Joint Actuator Design   95 
 

 
 

4.3 Control Componentry (Rotational Actuator) 
4.3.1 Non-Self-Locking Motor 
Size and power output was a large aspect of motor selection. Polulu has a range of geared 
motors of varying properties. The 99:1, medium-power Gearmotor was selected to 
provide a non-self-locking, low power option for the rotational actuator.  
 
It was found that, when unpowered, this motor required just enough torque to hinder 
manipulator movement under its own weight, but provided free movement when exerting 
an external torque. In contrast, the manipulator becomes self-locking when powered. Final 
rotational speed was required to be of a magnitude that allows the actuator to traverse its 
full range in no more than 7 seconds. Output torque needed to exceed 6.5 Nm in order to 
actuate a link with two rotational actuators, a 90-deg bend and gripper attached.  
 
The non-self-locking nature exhibited by this motor is useful to the final system, allowing 
the user to manually move the manipulator to a desired position, so that an arm location 
may be captured in software for later use. 
 
Gearing: 

Motor pinion no. teeth 15 
Internal gear no. teeth 120 

 12 × ൬12015 ൰ = 96 ݇݃ܿ݉ = 9.4 ܰ݉ 

 
Rotational Velocity: 76 × ൬ 15120൰ = ݉݌ݎ 9.8 =  ݊݋݅ݐݑ݈݋ݒ݁ݎ/ܿ݁ݏ 6.2

 
 

 
Figure 4 - 10. Polulu 99:1 metal gearmotor MP 12V. 

 
Weight 91g 

Gear ratio 98.78:1 
Free-run speed 76 rpm 

Free-run current 12V 200 mA 
Stall current 12V 2100 mA 

Stall torque 12 kg-cm 
Table 4 - 4. Polulu 99:1 MP gearmotor specifications. 
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4.3.2 Self-Locking Motor 
Although non-self-locking is useful in adding to the usability of the final system, none of 
the available medium-power motors provide enough torque for larger configurations, 
without severely impacting rotational velocity. The motor, placed at the base of the 
articulated configuration, would need a calculated maximum torque of 15 Nm to move the 
manipulator. As a consequence, self-locking, high-power motors were investigated as a 
means of arm actuation. 
 
The 25 mm diameter, high-power geared-motor package does not allow for any rotation 
when unpowered. This proved to be very useful in terms of power usage, as the control 
signal may be cut from these motors once they are at their desired position. In contrast, 
the medium-power motors require a constant signal to stay self-locking. 
 
Gearing: 21 × ൬12015 ൰ = 168 ݇݃ܿ݉ = 16.5 ܰ݉ 

 
Rotational Velocity: 100 × ൬ 15120൰ = ݉݌ݎ 13 =  ݊݋݅ݐݑ݈݋ݒ݁ݎ/ܿ݁ݏ 4.8

 
 

 
Figure 4 - 11. Polulu 99:1 metal gearmotor HP 12V. 

 
Weight 91g 

Gear ratio 98.78:1 
Free-run speed 100 rpm 

Free-run current 12V 300 mA 
Stall current 12V 5600 mA 

Stall torque 21 kg-cm 
Table 4 - 5. Polulu 99:1 HP gearmotor specifications. 
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4.3.3 Motor Driver 
The Polulu G2 high-power motor driver was found to be ideal for the proposed system in 
terms of size, power output and signal control. This small, discrete MOSFET H-bridge 
package is capable of delivering a continuous 13 A and includes basic current-sensing and 
limiting functionality. The current sense output voltage is stated to be 40 mV/A, with an 
offset of 50 mV.  
 
Unfortunately the Arduino Micro analogue pins have a read range that cuts 5V into 1024 
segments. This results in a maximum voltage read sensitivity of 49 mV, which is too large 
to provide an accurate motor current calculation. A precise current reading may have 
resulted in the ability to calculate rough motor output torque estimations, which may have 
been very useful. Nevertheless, this sensitivity is still of the magnitude to inform the 
microcontroller if current usage spikes excessively.  
 

  
Figure 4 - 12. Polulu G2 High-Power motor driver 24v13. 

A current limiting reference resistor was added to the driver, corresponding to power of 
the type of motor it was to drive, as per Figure 4 - 13, offering extra over-current 
protection.  
 

 
Figure 4 - 13. Polulu G2 24v13 driver current limit reference. 

Weight 3.3g 
Min operating voltage 6.5 V 
Max operating voltage 40 V 

Continuous output current 13 A 
Current Sense 0.04 V/A 

Maximum PWM frequency 100 kHz 
Logic operating voltage 5V 
Table 4 - 6. Polulu G2 24v13 driver specifications. 
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4.3.4 Encoder 
Since the rotational actuator design calls for an encoder mounted directly to the actuated 
shaft, it was desirable for the resolution to be of a higher magnitude. As such, an absolute 
12-bit magnetic encoder was used with 4,096 positions per revolution, translating into a 
resolution of ~0.09 degrees. With an offset link length of 259 mm, the resulting calculated 
maximum end accuracy resolution per link is 0.4 mm. 
 
US Digital provides two, electronically identical versions of the encoder, the MAE3 shaft 
encoder and the MAE3 encoder kit (fig. 4 - 14). The encoder kit was favoured as it is 
documented to tolerate shaft axial play of up to ± 0.635 mm. 
 

   
Figure 4 - 14. MAE3 encoder pictures. 

Resolution 4096 positions per revolution 
Operating voltage 5V 

Typical current usage 16 mA 
Sampling rate 250 Hz 

Table 4 - 7. MAE3 encoder specifications. 

Encoder position is determined by its output duty cycle ‘ON’ / ‘OFF’ ratio (fig. 4 - 15).  
 
12-bit duty cycle position calculation: ݔ =  ቆݐ௢௡ × ௢௡ݐ4098 + ௢௙௙ݐ ቇ − 1 

≥ ݔ ݂݅  4094, ݊݋݅ݐ݅ݏ݋݌ = ݔ ݂݅ ݔ = 4096, ݊݋݅ݐ݅ݏ݋݌ = 4095 
 

 
Figure 4 - 15. Encoder output. 
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4.3.5 Micro-Controller 
The Arduino Micro is a powerful microcontroller, consisting of some basic control 
componentry to better serve its integrated ATmega32U4 chip. This chip is available by 
itself, however it was chosen to go for the entire board, as this may be easily replaced in 
the event of catastrophic failure. The on-board voltage regulator also increased the ease-
of-use for this package. 

 
Figure 4 - 16. Microcontroller pinouts. 

It was decided to go for Arduino as there is significant documentation available for both 
the hardware and the proprietary software accompanying the system. The number and 
type of I/O pins provided by the Micro were also found to be adequate.  
 

Microcontroller ATmega32U4 
Operating voltage 5V 

Input voltage range 7-12V 
Digital I/O pins 20 
PWM channels 7 

Analogue input channels 12 
Clock speed 16 MHz 

Weight 13g 
Table 4 - 8. Arduino micro specifications. 
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4.4 Control Methodologies and Programming (Rotational 
Actuator) 

4.4.1 Position Acquisition  
The ‘void loop()’ function (fig. 4 - 17, line 145) is called in an infinite loop by the 
microcontroller, which will attempt to cycle it as fast as possible. The I2C communications 
library used will interrupt this loop, execute any contents within the interrupt, and then 
continue where it left off.  
 
To better control the actuator, a system of toggle functions was devised (fig. 4 – 17, line 
159-171). As soon as a command is given to the controller, rather than execute that 
command directly, a variable is toggled ‘true’. This toggled variable will then be picked up 
in the main loop, the corresponding function will be executed and finally this variable will 
be toggled ‘false’. This was done to give full priority to communications, so that in the 
event a command is received during a process, this process will be interrupted, rather 
than lose the command. This method also allows for functions to be constantly cycled if 
their specified conditions are met (fig. 4 – 17, line 157). 
 

 
Figure 4 - 17. Main loop function. 

The position acquisition function ‘readPos()’ is cycled in the main loop. This function uses 
the logic as shown in Figure 4 - 18 to calculate the encoder’s current position, but prior to 
that, it waits for a full ‘HIGH/LOW’ cycle to pass before beginning a measurement (fig. 4 – 
18, line 331-336).  
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Figure 4 - 18. readPos() function. 

A timer (fig. 4 – 18, line 328-329) has been implemented to keep track of how long the 
measurement process is taking. If this passes 12 milliseconds, an error is tripped, the 
function is exited and the microcontroller awaits an action. 
 

 
Figure 4 - 19. Position calculation code snippet. 

If there are no errors, a raw encoder position is calculated (fig. 4 – 19, line 348-350). This 
measurement is then fed onto the end of a 1x30 array, which is then tallied and divided by 
30, adding a rolling average filter onto the raw measurement.  
 
To accommodate for an interruption which may occur from communications, a 
‘commIntFlag’ toggle has been included (fig. 4 – 18, line 325). In the event this toggle is 
switched, the rolling average filter takes the last known measurement and discards the 
current measurement. Since position is determined by time and the communications 
interrupt will add more time, if the measurement process is interrupted, the resulting 
calculation will be incorrect. 
 

 
Figure 4 - 20. Communication interrupt code snippet. 
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4.4.2 Communications 
The ‘receiveEvent()’ interrupt function is called any time a message is registered on the I2C 
communication line. To accommodate for any interruptions caused by this function, the 
‘commIntFlag’ variable is toggled and the current encoder position is logged (fig. 4 – 21, 
203-204). ‘errorPrint’ is also toggled so that any active errors will be printed as soon as the 
function is exited.  
 
Received information is put into a string variable to be used later in the same function. It 
should be noted that communications are expected to end with ‘,’ and in the event they do 
not, the communication protocol will simply wait for a small amount of time before 
accepting this information regardless. 
 

 
Figure 4 - 21. Receive communications code snippet. 

 
 
4.4.3 Velocity Profiling 
Communication Protocol: ݏ ,0544ݏ − 05 − ݀݊ܽ݉݉݋ܿ ,44 − ܦܫ −  ݎܾ݁݉ݑ݊ ݈݂݁݅݋ݎ݌
 
In the event that a command is sent of the above structure, the communications function 
will de-construct this information (fig. 4 – 22, line 214-216) and assess its intended 
address. If this address corresponds to the microcontrollers address (fig. 4 – 22, line 218), 
it will decide on which velocity profile to use and toggle a variable to then activate the 
function which sets those parameters. 
 

 

 
Figure 4 - 22. Velocity profiling code snippets. 
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The ‘setVelProfile()’ simply contains the control parameters used by the ‘locate()’ function 
to set how the microcontroller behaves (fig. 4 - 23). It does this by changing global 
variables involved in actuator control processes. 
 

 
Figure 4 - 23. setVelProfile() function. 

 
 
4.4.4 Movement Switch 
A ‘movementEnabled’ Boolean flag is toggled through communication (fig. 4 - 24) and 
cycled in the main loop to determine whether or not the ‘locate()’ function is permitted to 
run. 
 

 
 

 
Figure 4 - 24. Movement switch code snippet. 

Once ‘movementEnabled’ has been toggled ‘false’, it is important to reset some of the 
control parameters, so that the function is aware of its stationary disposition (fig. 4 - 25).  
 

 
Figure 4 - 25. Disable movement code snippet. 
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4.4.5 Request Position 
Communication protocol: ݅05, ݅ − ݀݊ܽ݉݉݋ܿ ,05 −  ܦܫ
 
When an encoder position request is sent via the communications channel, the first thing 
the controller does is check whether or not the sent ID conforms to the controllers ID (fig. 
4 - 26 line 231-235). If this is the case, ‘requestPos’ is toggled ‘true’ and the corresponding 
function may be picked up and executed in the main loop. 
 

 
 

 
Figure 4 - 26. Request position code snippets. 

 

 
Figure 4 - 27. communicatePos() function. 

This function gathers information about the condition of the current system and conveys it 
over the communications channel, producing an output as structured below. The Arduino 
I2C library used, only allows for integer data types to be sent, resulting in majority of this 
function simply converting information into a library friendly format. 
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05ݎ02  − 1840 02 − ݎ − 05 − ݁݌ݕݐ ݐ݊ݑ݋݉ 1840 − ݁݌ݕݐ ݎ݋ݐܽݑݐܿܽ − ܦܫ −  ݊݋݅ݐ݅ݏ݋݌
 
 
4.4.6 Clear Error 
Error triggers are scattered throughout the rotational actuator control code. These may 
relate to timers which overflow, or any other aspect relating to some undesired behaviour. 
An error value of 0 is the default for ‘no error’, with any ‘errorID’ of more than 0, halting 
the system until it is resolved. If an ‘e’ is sent over the communications line, the ‘errorID’ 
will be set to its default value (fig. 4 - 28), essentially clearing any active errors. 
 

 
 

 
Figure 4 - 28. Clear error code snippets. 

The above figure shows a snippet of code that prohibits the motor from running, resets the 
‘homeFlag’ flag and the ‘initTrue’ flag when an error has been detected. Additionally, this 
will call the ‘errorHandler()’ function to print any errors, only once. It is important to note 
that the communications interrupt will set the ‘errorPrint’ toggle to ‘true’, so that no 
further functions may be called until the error has been resolved, or cleared. This also 
results in a communication of ‘errorID’ and an error description at all communication 
attempts. 

 
Figure 4 - 29. errorHandler() function. 
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Similar to the ‘communicatePos’ function, a significant portion of this content deals with 
data type conversations. A database of errors and their corresponding IDs are stored here 
(fig 4 – 29, line 596-603) and called when an error occurs to identify that error, of the 
form: 
05ݎ02  − 1 :ݎݎܧ − 02 ݎ݋ݎݎ݁ ݂݃݅݊݋ܥ − ݎ − 05 − − :ݎݎܧ 1 − ݁݌ݕݐ ݐ݊ݑ݋݉ ݎ݋ݎݎ݁ ݂݃݅݊݋ܥ − ܦܫ−݁݌ݕݐ ݎ݋ݐܽݑݐܿܽ −ᇱ ᇱݎݎܧ −  ݊݋݅ݐ݌݅ݎܿݏ݅݀ ݀݊ܽ ܦܫ ݎ݋ݎݎ݁
 
 
4.4.7 Reset ID 
Once an ID has been set by the ‘assignNextID’ function, it is useful to have a function to 
reset this ID to its default value of 2 in cases of manipulator reconfiguration without a 
disruption to power. As with most functions, the ‘IDresetFlag’ is toggled through 
communications, and executed via the main loop (fig. 4 - 30). 
 

 
 

 
Figure 4 - 30. Reset ID code snippets. 

 
 
4.4.8 Program ID 
In order to program each microcontroller in the queue sequentially, a serial select line has 
been added as both an input and an output. A schematic and detailed description is 
available in section 7.1. When receiving a new ID, the microcontroller must receive a ‘P’ 
and simultaneously be reading a ‘HIGH’ logic value from the select input line (fig. 4 – 31, 
line 241). If both these conditions have been met, the new ID value is assigned based on 
received information. Generally, when assigning a new ID, the assigning controller must 
send a protocol of construction: 
 ܲ05 ܲ − ݀݊ܽ݉݉݋ܿ 05 −  ܦܫ ݀݁݊݃݅ݏݏܽ
 

 
Figure 4 - 31. Program ID code snippets. 
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Once a new ID value has been received, the ‘getMountType()’ is first run to acquire 
information about the structure type connected to the actuator. This is a simple function 
that adds to a counter if a pin registers a logic ‘HIGH’ value. Binary is used to allow for a 
total number of 16 unique combinations, 0 is reserved for a default error value in cases 
where the controller cannot detect any ‘HIGH’ values. 
 

 
Figure 4 - 32. getMountType function. 

The ‘newID’ variable toggled by receiving a new ID request corresponds to a small piece of 
code that calls two functions sequentially. First the ‘transmitID()’ function is called, 
followed by a small delay, after which the ‘AssignNextID()’ function. 
 

 
Figure 4 - 33. New ID code snippet. 

The ‘transmitID()’ function simply conveys the controllers’ current ID and connected link 
type over the communication line of form: 
02 05ݎ02  − ݎ − ݁݌ݕݐ ݐ݊ݑ݋݉ 05 − ݁݌ݕݐ ݎ݋ݐܽݑݐܿܽ −  ܦܫ
 

 
Figure 4 - 34. transmitID() function. 

In order to assign the next actuator with a unique ID, the current controller must already 
have an ID. The initial ID comes from the master controller, which is fixed. Each unit will 
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assign the next controllers’ ID by writing ‘HIGH’ to the select write line (fig. 4 – 35, line 
293), and sending the next calculated ID, an increment of its own (fig. 4 – 35, line 284). The 
string to be sent is concatenated by the code snippet Figure 4 – 35, line 288-291.  
 

 
Figure 4 - 35. AssignNextID function. 

A small delay of 100 milliseconds was added either side of communicating the string to 
avoid any hysteresis. 
 
 
4.4.9 Move to Location 
The ‘locate()’ function is continually cycled by the microcontroller in the main loop, given 
that ‘initTrue’ and ‘movementEnabled’ are both of logic ‘true’ values (fig. 4 – 36, line 157). 
This function controls the direction and PWM signals sent to the motor driver. When a 
communications command of ‘t’ is registered, the microcontroller, as most other 
commands, checks the intended ID first (fig. 4 – 36, 255-259), followed by a 
deconstruction of the command into its relevant parts. A set-point change command is 
generally of the following arrangement: 
ݐ ,052410ݐ  − 05 − ݀݊ܽ݉݉݋ܿ ,2410 − ܦܫ −  ݊݋݅ݐ݅ݏ݋݌
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Figure 4 - 36. Receive movement command code snippets. 

Once the new set-point has been extracted from the message (fig. 4 – 36, line 263-266), the 
old set-point is saved and the new set-point is set (fig. 4 – 36, line 269). Before exiting the 
interrupt, the set-point value is clamped to ensure it is within a useable range (fig. 4 - 36 
line 271-272). Since the ‘locate’ function cycles continuously, the actuator will try to reach 
its specified set-point continuously, which may be updated by the communications 
interrupt live. 
 
The methodology used to determine how the actuator will respond to set-point changes 
and external disturbances employs a hybrid fuzzy logic PI control loop, with encoder 
position as the process variable and PWM and direction as the control variables.  
 
Before any control is employed, it is first made sure that the loop runs at a fixed rate 
according to the ‘SampleTime’ variable, set to 20 milliseconds. 
 

 
Figure 4 - 37. locate() function code snippet. 

Firstly, the set-point is scaled depending on where the homing position was found to be 
(fig. 4 – 38, line 385). This has been done to assure that the coordinate systems of each 
actuator are consistent with one another. Next, an error is calculated between actuator 
current position and intended position (fig. 4 – 38, line 386), the P-term, also fed to the I-
term. Value of the ‘iTerm’ may only be calculated if the actuator is within a specific range 
to its target, or a timer overflows. Resulting in the controller acting as a P-only controller 
until it is close enough to the set-point to allow the integral term to act on the process. The 
strength of the integral term is clamped between ‘iMax’ and ‘-iMax’ (fig. 4 – 38, line 391-
392). Integral action was added to utilise its disturbance rejection response. As the P-term 
was found to be sufficient to reach the intended set-point within an appropriate amount of 
time, the I-term mainly helps with small set-point changes and steady-state errors. 
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Figure 4 - 38. Scaled position calculation code snippet. 

Because a gear-and-pinion system was used, a small amount of backlash was present in 
the system; hence a dead-band was implemented. As soon as the calculated error is of the 
correct magnitude (fig. 4 – 39, line 394), it is hidden from the controller (fig. 4 - 39 line 
397), the I-term was set to 0, and ‘reachedPos’ is toggled ‘true’ (fig 4 – 39, line 398). 
Depending on controller settings, motor power may be cut. This is contingent on which 
type of motor is used or their intended function, with self-locking (‘stayEnergised==false’) 
or non-self-locking (‘stayEnergised==true’ - under load). 
 

 
Figure 4 - 39. Deadband calculation code snippet. 

A minimum PWM value may also be set (fig. 4 - 40). Similar to the I-term, the minimum 
controller setting is only activate under certain conditions. This has been added to avoid 
overshoot, as a reduction in PWM tends to brake the motors momentum, which is very 
useful in achieving low set-point errors at low PWM values. 
 

 
Figure 4 - 40. Output minimum set code snippet. 
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The raw output PWM value is calculated in the following code snippet (fig. 4 – 41, line 
447).  Direction of the actuator is determined based on the sign of the ‘Output’ value (fig. 4 
– 41, line 448-449). The absolute value of ‘Output’ is then taken and clamped between its 
specified minimum and maximum, determined by the controller’s velocity profile. Before 
this value may be sent to the motor driver, it is first run through a first order filter (fig 4 – 
41, line 455). The degree of filtering this value is also determined by the current velocity 
profile. 
 

 
 

 
Figure 4 - 41. PWM output and smoothed output calculation code snippets. 

Finally, the filtered value may be sent to the motor driver (fig. 4 – 42, line 482). A time 
stamp value ‘lastTime’ is taken prior to exiting the function, allowing for the sample time 
calculation. 
 

 
Figure 4 - 42. Write PWM value to motor code snippet. 
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4.4.10 Homing Function 
When a ‘h’ command is received through the communications line, followed by an ID 
corresponding to the controller specific ID, the ‘homeFlag’ variable will be toggled ‘true’. 
This is also the case if ‘hALL’ is received. Homing protocol: 
 ℎ05, ℎܮܮܣ, ℎ − ݀݊ܽ݉݉݋ܿ ,05 −  ܦܫ
 

 
 

 
Figure 4 - 43. Homing function code snippets. 

The ‘initialize’ function homes the actuator, finding the encoder position corresponding to 
the toggling of the home switch through moving the actuator clock-wise. Sampling and 
error timers are set-up in Figure 4 – 44, line 492-495. The homing function will run 
continuously until either the home switch has been activated, or the homing timer 
overflows.  
 
A small function (fig. 4 – 44, line 502-508) has been added to check motor direction 
through the encoder and throw an error if it is incorrect. 
 

 
Figure 4 - 44. initialize() function. 

The homing process speed is determined by 4 fuzzy rules (fig. 4 - 45). These determine the 
maximum rotational speed of the actuator, depending on location. It was found that this 
methodology produced more consistent homing positions by approaching the home 
position at a lower speed, compared to a fixed homing velocity. 
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Figure 4 - 45. Homing fuzzy rules code snippet. 

The following code snippet (fig. 4 – 46) simply assures a logic value of ‘HIGH’ is sent to the 
motor driver, direction is set to clock-wise and the previously calculated ‘acc’ term is 
written to the motor driver PWM pin. Figure 4 – 46 also contains the homing process 
overflow timer, calling for an error at overflow. 
 

 
Figure 4 - 46. Homing error tester code snippet. 

Once the homing process is complete and no errors have been found, the ‘initTrue’ 
function is toggled ‘true’. After some delay, several control parameters are set (fig. 4 – 47, 
line 550-557), followed by a set-point change. Once the ‘initialize’ function exits, the 
‘locate()’ function is free to run continuously. A set-point value of 1745 was calculated to 
be at the centre the actuators range of motion, corresponding to Figure 4 – 48. 
 

 
Figure 4 - 47. Post homing code snippet. 

 
Figure 4 - 48. Physical home position. 
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4.5 Linear Actuator Design  
Figure 4-49 shows the design of the linear actuator. The control electronics are mounted 
at the back end to an electronics stand similar to that of the rotational actuator. The 
principle behind providing actuation for this component makes use of a lead-screw and 
lead-screw nut (fig. 4 - 50). The proposed lead screw is of 10 mm diameter and 2mm lead 
size. By use of a 500 rpm (~ 8 rps) motor, the lead screw will be capable of linear speeds 
up to ~ 16 mms-1, meaning it would take ~ 9 seconds to traverse the actuators entire 150 
mm of available travel. 
 

  
Figure 4 - 49. Linear actuator design. 

 

  
Figure 4 - 50. Liner actuator support bearings and lead nut. 

The three support beams were chosen (fig. 4 - 50) to provide a robust base for resisting 
displacement, which may arise as a result of an applied force in any plane.  
 
The diameter of each linear bearing placed relative to the centre is 51 mm and the 
distance at which each corresponding bearing on the same beam is placed from the other 
is 83 mm. This allows for a distance/diameter contact ratio of ~1.6, which should be of 
acceptable magnitude to avoid any potential self-locking of the system caused by 
misalignment.   
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Figure 4 - 51. Linear actuator home switch. 

Position of the actuator is calculated with respect to the home toggle switch position as 
seen in Figure 4 - 51 via an encoder, mounted directly to the shaft rotated by the motor. 
This allows for a measurement that is true to the motion of the lead shaft, resulting in a 
reading that may not perfectly correspond to the actual output motion. Subsequently, 
accuracy of the linear core is contingent on how well the lead screw and lead shaft mesh. 
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5.1 2-Fingered Gripper Design  
The 2-fingered gripper is the first of many grippers and end-effectors to be implemented 
with the proposed robotic arms. It operates through a parallel mechanism that actuates 
one of the two extensions on either side of the device (fig. 5 - 1). The second extension is 
allowed to rotate freely about its fixed axis. Both extensions have a unique effective radius 
that their ends must travel through (fig. 5 - 1), determined by their fixture to the base of 
the gripper.  
 
By replicating the base offset at the head of the gripper, the ends of the extensions are able 
to maintain this offset throughout, resulting in actuation that does not affect gripper head 
angle. This is an important design aspect as it always allows for a perpendicular point of 
contact with the handled part, maximising the acting component of friction. 
 

  
Figure 5 - 1. Fingered gripper extension travel. 

Each gripping pad is fitted with a force sensitive resistor, yielding a gripper capable of 
determining gripping strength applied to an object, which may be useful when handling 
sensitive payloads. This results in a simplified homing methodology, where the very right 
image of Figure 5 - 2 may be considered the zero position, based on this reading. The 
implemented drive mechanism consists of a worm drive assembly, where the worm is in 
the centre of the gripper, meshing with two worm gears (fig. 5 - 2). Rotation at the worm 
will result in the same degree of displacement at both worm gears. Additionally, the worm 
drive delivers a very low gear ratio and self-locking characteristics. 
 

   
Figure 5 - 2. 2-Fingered gripper pictures. 
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A cover will be fitted at the base of the gripper with the goal of hiding exposed gearing. 
This provides an excellent base for the attachment of additional sensors. An infrared 
distance sensor has been investigated, capable of providing the system with means of 
measuring distances from the end-effector position. 
 

  
Figure 5 - 3. 2-Fingered gripper section. 

In the event rotational actuation is required to complete a configuration near or at the 
end-effector location, with a standard grip-only end-of-arm tool (fig. 5 - 3), a 90-degree 
bend must be added in conjunction with a flipped offset structural element. As such, an 
additional rotational axis has been added to the 2-fingered-gripper unit at the part level 
(fig. 5 - 2).  
 
Take the following two arms for example (fig. 5 - 4). Both left and right assemblies have a 
similar capacity for payload manipulation, however the left arm relies on the offsets added 
by the gripper itself in comparison to the right arm, where an additional offset and 
rotational actuator have been included. By addition of the extra rotational axis at part level 
to the 2-fingered-gripper, significant simplification is achievable, subsequently lowering 
power requirements of the base rotational actuator and overall stress on the system. 
 

  

Figure 5 - 4. PUMA configuration with gripper, articulated configuration with gripper. 
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Final revolute motion is added to the gripper by means of two servomotors acting 180° 
out of phase (fig. 5 - 2). The plastic gripper pad sits flush to the gripper structure, so that 
the servomotor does not bear any force from gripping an object. Spacers are used to align 
the gripping structures appropriately. 
 

   
Figure 5 - 5. 2-Fingered gripper end rotational axis. 
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5.2 Control Componentry (2-Fingered Gripper) 
5.2.1 Force-Sensing Resistor Square 
Polulu offers a variety of Interlink force-sensing resistors (FSR). This passive component 
exhibits a decrease in resistance proportional to the magnitude of applied force (fig. 5 - 6). 
The 40x40mm square FSR was chosen because of its appropriate size, low cost and 
sensitivity, with a range of 0.2N to 20N.  
 
This component is ideal for use with an Arduino microcontroller. Implementation makes 
use of a voltage divider of appropriate resistance, so that the range shown in Figure 5 - 6 
may correspond well with the 0-5 V analogue read range available to the Arduino. It 
should be noted that the relating datasheet has specified a - 15% drop in resistance for 
‘Hot Operation’ and in contrast, a - 5% drop in resistance from ‘Cold Operation’. A 
repeatability of ± 2-6% has also been specified depending on operation with an accuracy 
range of 5-25%. As a result of this large potential uncertainty in measurement, Polulu has 
suggested that this FSR is not suitable for precise force measurements and may be more 
useful for qualitative purposes. 
  

  
Figure 5 - 6. Square FSR picture, FSR resistance vs. force diagram. 

 

Size 40 x 40 mm 
Weight 1.2 g 

Minimum force measurement 0.2 N 
Maximum force measurement 20 N 

Maximum resolution 0.5% of full range 
Hysteresis  + 10% average 

Table 5 - 1. Square FSR specifications 
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5.2.2 Analogue Infrared Distance Sensor 
Determining a relative distance between the gripper unit and a body may provide a very 
useful measurement when manipulating an object. A distance sensor may work well in 
conjunction with other object-detection systems, including image analysis. As such, a small 
infrared distance sensor was investigated as means of achieving this. 
 
The Sharp analogue distance sensor provides a lightweight, low-powered package capable 
of measuring a distance to a surface within a range of 40 - 300 mm. As the distance 
increases above the minimum range, a voltage drop may be observed at the data pin line 
relative to ground (fig. 5 - 7). The graph shown in Figure 5 - 7 also suggests that an 
incorrect measurement may be taken when attempting to measure a distance below the 
minimum range. 
 

  
Figure 5 - 7. analogue infrared picture, sensor voltage vs. distance diagram. 

The sensor makes use of an infrared LED and photosensitive diode in determining a 
distance. Although this may result in a relatively low-cost component compared to sonar 
distance sensors, the measurement may be left somewhat vulnerable to the reflectivity of 
the measured surface. 
 

Weight 3.5 g 
Minimum range 40 mm  
Maximum range  300 mm 

Sampling rate  60 Hz 
Operating Voltage  4.5 - 5.5 V 

Output Type Analogue voltage 
Table 5 - 2. Analogue infrared sensor specifications. 
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5.2.3 Geared Motor and Encoder 
The motor used for the 2-fingered gripper unit is part of the Polulu Metal Gearmotor 
series. A similar motor was used to provide revolute motion for the rotational actuator. In 
comparison, this motor is in the low-power ‘Motor Type’ category and does not exclude the 
shaft-mounted encoder. This specific motor was chosen for its high RPM and low power 
usage. As the gripper unit will by-design be the final unit to draw power from the system, 
current requirements must be a consideration in motor selection. Additionally, the 
gripping actuation worm mechanism (fig. 5 - 8) does not require a low speed, high torque 
motor, as the worm gear will provide a low gearing ratio. A low-current motor may also be 
less prone to overheat when operating for longer periods of time, which may be a 
requirement for the gripping unit when applying a constant gripping pressure to the 
payload. 

  
Figure 5 - 8. 9.7:1LP Gearmotor, worm gear mechanism. 

Weight 95 g 
Gear ratio 9.68:1 

Free-run speed 560 rpm 
Free-run current 12V 100 mA 

Stall current 12V 1,100 mA 
Stall torque 12V 1 kg-cm 

Table 5 - 3. 9.7:1 Gearmotor specifications. 

The Polulu standard encoder (fig. 5 - 9) included in this package is relatively low 
resolution, registering 48 counts per revolution at the motor shaft. An encoder count is 
taken prior to gearing, resulting in a final accuracy of 465 counts per revolution at the 
gearbox output. This accuracy might be affected by the play in the gearbox. It should be 
noted that an encoder resolution of 12 counts per revolution may be attained if only a 
single edge of one channel is used. 
 

   
Figure 5 - 9. Gearmotor encoder, encoder output, encoder colour functions. 

 
 

 
 



   124 
 

5.2.4 Servomotors 
Two Hobbytech YM-2763 servomotors were used in conjunction to implement an 
additional rotational axis at the end of the 2-fingered gripper. Servomotors provide a 180° 
range of motion, with a resolution of 1°. Arduino operation consists of dedicating a single 
PWM pin per servomotor. A library may then be used to manipulate the frequency of the 
PWM signal sent to the servomotor, which determines the output set-point.  
 
The YM-2763 model transmits motor power to the output shaft through metal gearing, 
made rigid by its dual ball-bearing design.  

 
Figure 5 - 10. YM-2763 picture. 

Weight 55 g 
Operating voltage 4.8-7.2 V 

Stall torque 13 kg/cm 
Operating speed 0.17sec/60 degrees (6V) 

Dimensions 40.7x19.7x42.9 mm 
Table 5 - 4. YM-2763 servomotor specifications. 
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5.3 Control Methodologies and Programming (2-Fingered 
Gripper) 

5.3.1 Main Loop and Position Acquisition 
The same control loop methodology described in the rotational section (3.2.3) has been 
applied throughout the 2-fingered gripper control code. Main differences include a slight 
change in communications protocol, control basis and a lack of mount type and velocity 
profiles. 
 
As with the rotational control foundation, the main loop will continually test certain 
variables and allow or disallow functions to be executed accordingly (fig. 5 - 11). 
 

 
Figure 5 - 11. Main loop function. 

The main loop will cycle as fast as the microprocessor will allow, calling the 
‘readEncoder()’ function each time. The purpose of this function is to test the logic value of 
both encoder channels. Each time the ‘Ain’ channel registers a logic state change from 
‘LOW’ to ‘HIGH’ (fig. 5 – 12, line 136), the encoder count is incremented. Whether the 
‘encoderPosition’ variable is increased or decreased is dependent on the logic state of the 
‘Bin’ channel. The code snippet Figure 5 - 12 is designed to interpret an oscilloscope 
reading such as shown in Figure 5 - 12. Resultant encoder frequency will correspond to 
twelve times motor shaft rotation frequency, running at a maximum of 67,200 Hz. The 
rated motor shaft rotational speed is 5600 RPM. 
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Figure 5 - 12. readEncoder() function code snippet and corresponding PWM signal. 

 
 
5.3.2 Move to Location 
As the main loop cycles it will continually attempt to call the ‘locateGripper()’ function. 
Whether or not this function executes depends on system error (fig. 5 – 13, line 101) and 
the state of Boolean variables ‘initTrue’ and ‘enableMovement’ (fig. 5 – 13, line 102). The 
goal of this function is to match both gripper actuator and servomotor positions with the 
specified set-point. Actuator and servo positions are set through a communication of the 
below form. Unlike the rotational ‘locate()’ control function, gripper methodology does not 
at this point incorporate any means to control gripper actuator velocity, nor servomotor 
velocity.  
ݐ ,050855090ݐ  − 05 − 0855 − ݀݊ܽ݉݉݋ܿ ,090 − ܦܫ − ݊݋݅ݐ݅ݏ݋݌ ݎ݋ݐܽݑݐܿܽ −  ݊݋݅ݐ݅ݏ݋݌ ݋ݒݎ݁ݏ
 

 
Figure 5 - 13. locateGripper() function condition code snippet. 

Synonymous with the rotational communication methodology, a message that begins with 
‘t’ signifies a movement command from the master controller. Desired actuator and servo 
positions are extracted from a command of the above form. Both set-points are capped to 
their relative maximum or minimum values respectively (fig. 5 – 14, line 306 and 314). 
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Figure 5 - 14. Movement communication set-point change code snippet. 

The ‘locateGripper()’ function handles control for both the gripping actuator and 
servomotor. Gripper actuator methodology makes use of a time-dependent P-only control 
algorithm, in which a proportional term is calculated (fig. 5 – 15, line 165) and employed 
to provide direction and magnitude of the PWM value sent to the motor controller.  
 
Once a set-point change command is registered, the controller is given 2 seconds to reach 
this position, at which point the ‘Setpoint’ variable will be set to whatever the current 
‘encoderPosition’ value is at that point (fig. 5 – 15, line 156). When gripping an object, it is 
desirable to have the controller attempt to reach a set-point corresponding to a smaller 
gripping pad to gripping pad distance than the actual object point of contact encoder 
position. In this way the motor will exert its full gripping force on the object, at which 
point motor power may be cut, as the gearing is self-locking. It is important to avoid long 
periods of high motor current to prolong its expected life.  
The Arduino servo library handles servomotor control, which may be manipulated 
through a ‘write’ command consisting of a single, 3-digit coordinate (fig. 5 – 15, line 152-
153). To limit speed of the each servomotor, a coordinate change of 1 is incremented each 
sample time until the desired set-point is reached (fig. 5 – 15, line 150-151). Servomotor 
coordinates are calculated with a 180° relative offset (fig. 5 – 15, line 153) so that they 
may move in the same direction in implementation.  
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Figure 5 - 15. locateGripper() function 

 
 
5.3.3 Homing Function 
It is assumed that the gripper will always be the last effector in the manipulator 
configuration queue, connected straight to either a rotational or linear actuator. As such, 
the gripper cannot by-design attach to a structural element and therefore no mount 
information is required from this module. 
 
Gripper homing functionality is somewhat less convoluted than that of the rotational 
actuator. Firstly, servomotor positions are set to their home positions (fig line 184-185). 
After a small delay, each gripping arm is moved inward until a force is registered from 
either one of the FSRs (fig line 189). At this point, encoder position is set to 0, which may 
be considered home position. The set-point is then set to 300, corresponding to 
approximately a third of total gripper freedom. 
 ℎ05, ℎܮܮܣ, ℎ − ݀݊ܽ݉݉݋ܿ ,05 −  ܦܫ
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Figure 5 - 16. initialize() function. 

A small over-time error monitoring function has been included (fig line 196-198) that calls 
for an error if the homing process exceeds 1.8 seconds. 
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6.1 Shell Structural Design 
Relative to the previously described actuators, structural unit functionality and design is 
comparatively basic. The goal of each element is to provide a load bearing offset that 
resists displacement and conveys power / data to the next actuator in the configuration 
queue. Only the structural element with the highest degree of stress and displacement has 
been included in this study. 
 
When a structure type element is completed, power and data lines are connected at both 
ends of actuator contact. At this point, the mount type ‘config’ lines are configured with a 
unique static binary ID. More information on this may be attained from section 7.1. The 
main structure of the unit is of such design to accommodate the attachment of a large 
female actuator adaptor in both a direct and flipped orientation. Unfortunately this lead to 
a small area that does not benefit from the rigidity a vertical rail may provide, resulting in 
a localised stress concentration and displacement (fig. 6 – 1, 6 - 2). This was mitigated 
through the use of a more rigid material (tab. 6 - 1). 
 
 
 

6.2 FEA Analysis 
In operation, the shell unit may be used either vertically orientated or horizontally 
orientated depending on the type of manipulator arm constructed. When in vertical 
operation (as may be observed in a SCARA configuration, Table 3 - 3), all force is applied to 
the structure vertically as shown in Figures 6 - 1 and 6 – 2. Alternatively, when used 
horizontally (as is the case for the Articulated and PUMA configurations, Tables 3 - 3 and 3 
- 4), a torque is introduced as may be seen in Figures 6 – 3 and 6 – 4. 
 
As with the rotational unit FEA analysis, the Solidworks 2014 Simulation tool was used. 
Elements were fixed at a single end by their mountings only (fig. 6 - 1). A force of 50N was 
applied to the opposite end vertically or horizontally, depending on the study, to simulate 
an estimated maximum operational weight of 4.8 kg. The main support beam was 
simulated as aluminium of material properties shown in Table 6 - 1. Shells were given the 
properties of ABS (Table 6 - 2).  
 
The purpose of the FEA analysis was to test the robustness and rigidity of the structural 
units. This is important as any deflection introduced by this part will be detrimental to the 
final locational accuracy of the manipulator system.  
 

Elastic Modulus 6.9e+010 N/m^2 
Poissons Ratio 0.33  
Shear Modulus 2.6e+010 N/m^2 
Density 2,700 kg/m^3 
Tensile Strength 124,084,000 N/m^2 
Yield Strength 55,148,500 N/m^2 

Table 6 - 1. Material: 6061 Aluminium alloy properties. 
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Elastic Modulus 2.0e+09 N/m^2 
Poissons Ratio 0.394 
Shear Modulus 3.2e+08 N/m^2 
Density 1,020 kg/m^3 
Tensile Strength 30,000,000 N/m^2 

Table 6 - 2. Material: ABS properties. 

  
Figure 6 - 1. Resultant exaggerated vertical stress diagrams (20 MNm2 max). 

  

  
Figure 6 - 2. Resultant exaggerated vertical displacement diagrams (0.6 mm max). 
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Figure 6 - 3. Resultant exaggerated twist stress diagrams (34 MNm2 max). 

 

  
Figure 6 - 4. Resultant exaggerated twist displacement diagrams (1.6 mm max top, 0.4 mm max bottom). 

The overall outcomes of the varied simulations seem to suggest good all-round 
performance for the straight offset structural unit. Both the resultant vertical 
displacement and stress diagrams show the largest drawback of this design. Ideally the 
support rail would extend to the ABS core shell as to not rely solely on a horizontal piece 
of material to resist vertical displacement. Although this is the case, the maximum 
operational stress as determined by the FEA analysis is still significantly below the yield 
stress of the material. A displacement of 0.6 mm may also seem extreme, however it 
should be taken into account that this is measured at an extreme point and will produce an 
insignificant offset angle when compared to the control methodology.  
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7.1 Communications 
Electronic communication is a very important aspect of robotic systems, as this 
determines characteristics such as system response time, which may in turn affect the 
overall utility of such a system. The amount of information handled by a communication 
network should also be considered, as well as flexibility.   
 
The Inter-Integrated Circuit (I2C) communications protocol is a robust serial computer bus 
capable of supporting multiple masters and multiple slaves. I2C employs two bi-
directional, open drain lines, the Serial Data Line (SDA) and the Serial Clock Line (SCL), 
each connected to the Vcc line in a pull-up arrangement as per Figure 7 - 1. Both Micro and 
Uno Arduino controllers have built-in support for the protocol, with an accompanying 
library. The benefit of I2C communication in comparison to conventional serial 
communication is its ability to send information in parallel, so that all connected I2C 
compatible devices register a command simultaneously (fig. 7 - 1).  
 
In conjunction with the I2C communication lines, a select line was added in series (fig. 7 - 
1) so that each microcontroller may know its position in the queue. This is achieved by 
sending a logic ‘HIGH’ value from a controller that already knows its ID, to the next 
controller in the queue only. Concurrently the new ID is communicated to all 
microcontrollers. At any point in time, only one controller will register a ‘HIGH’ logic value 
from the select line and may at this point accept the communicated ID. 
 

 
Figure 7 - 1. Communications diagram. 

Vcc Positive (+5V) 
SDA Serial data line 
SLC Serial clock line 
GND Ground 

SL Select line 
Table 7 - 1. Communications definitions. 

A DB9 connector, also known as a D-sub connector, was used to convey data and provide a 
good basis for other low current, logic electrical signals coupled to the microcontroller. 
Actuators are fitted with male connectors and structural elements are fitted with female 
connectors. Each channel is colour coded according to Table 7 - 2. 
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Pin Designation 
1 SCL (blue) 
2 SDA (orange) 
3 GND 
4 Select line (yellow (in),green(out)) 
5 +5V (red) 
6 Config 4 (grey) 
7 Config 3 (grey) 
8 Config 2 (grey) 
9 Config 1 (red) 

Table 7 - 2. DB9 pinouts. 

Lines 5-9 are used for structural element mount type determination. The ‘Config’ lines (6-
9) act as a four digit binary number, resulting in a total of 16 unique IDs (fig. 7 - 3). From 
the microcontroller perspective, all input ‘Config’ lines by default will register a ‘LOW’ logic 
value, unless the ‘+5V’ line is wired to any of ‘Config’ lines at the structural element end. In 
connecting the ‘+5V’ line to specific ‘Config’ lines, it is possible to assign an ID to a 
structural unit. 
ݏܦܫ ݎ݁݉ݑ݊ ݈ܽݐ݋ݐ  =  2ସ = 16 
 

ID Structural Element 
01  Base 
 03 Straight offset connection 
 04 Straight offset connection flipped 
 02 90 degree bend 

Table 7 - 3. Total number of IDs and their corresponding usage. 

Several communication standards have been implemented across the entire system: 
 

Actuator Type Designator 
Rotational non-self-

locking ‘r’ 

Rotation self-locking ‘R’ 
Linear ‘L’ 

2-fingered gripper ‘g’ 
Table 7 - 4. Actuator type designators. 

Communication Function 
‘t’ Movement manipulation 
‘h’ Homing function 
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‘i’ Request position 
‘e’ Clear error 
‘P’ Program ID 
‘s’ Velocity profiling 
‘1’ Movement enable 
‘0’ Movement disable 
‘x’ ID reset 

Table 7 - 5. General communications protocols. 

To achieve system control from a PC, the user communicates with the master via serial, 
through the built-in USB port. The master then broadcasts this data over the I2C channel. 
All communications are delimited with a ‘,’ character to signify the end of a message. The 
current control code supports a 5-99 range of actuator IDs, with 0-4 reserved.  
 
 
 

7.2 Power Supply 
The XT60 nylon plugs have been documented capable of supporting in excess of 60A for 
extended periods of time. Because of the nature of the reconfigurable manipulator design, 
actuators and structural elements closest to the base of the robot will experience a current 
stacking effect. At this point, the component must be able to handle the sum of power used 
by the manipulator. For an articulated configuration, theoretical maximum current usage 
may be as high as 15.1A (fig. 7-2). It should be noted that this is an unrealistic figure, as the 
motor driver limits this current and at no point in articulated operation will all motors be 
stalled simultaneously without prompting a microcontroller error. 
 

 
Figure 7 - 2. XT60 power connector. ܽݎ݁ݓ݋݌ ݀݁ݐ݈ܽݑܿ݅ݐݎ ܿℎܽ݅݊ (݃ݎ݁݌݌݅ݎ) = ܣ2.1 + ܣ5.6 + ܣ2.1 + ܣ2.1 + ܣ2.1 +  ܣ1.1

 
 
 

7.3 Control Box 
In an effort to simplify the reconfigurable manipulator system, a control box was 
fashioned which includes means to power and communicate with the robotic arm. A Jaycar 
‘Pro Quality’, vented instrument case (fig. 7 - 3), featuring internal mounts and integrated 
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feet was used to house componentry. A 150W, 12V switch mode power supply of 
specifications shown in Table 7 - 6 provided adequate power for the system.  
 

  
Figure 7 - 3. Control box components. 

Weight 650 g 
Output voltage 12 V (DC) 

Tolerance ±10 % 
Ripple & noise 180 mV 
Output current 12.5 A 

Efficiency 82 % 
Table 7 - 6. 150 W power supply specifications. 

An Arduino Uno was used as the sole master on the I2C line, mounted inside the control 
box, connected to a PC via USB. In most cases, Uno operation is identical to Micro 
operation. The main differences are physical size and number / location of pins. The Uno 
also features more robust supplementary electronics. 
 

 
Figure 7 - 4. Arduino Uno. 

Microcontroller ATmega328P 
Operating voltage 5 V 

Input voltage range 7-12 V 
Digital I/O pins 14 
PWM channels 6 

Analogue input channels 6 
Clock speed 16 MHz 

Weight 25 g 
Table 7 - 7. Arduino Uno specifications. 
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7.4 Circuit-Board Design 
7.4.1 PCBs in Rotational Actuator 
Circuit boards have been designed to function in groups of three, dictated by the 
electronics mount (fig. 7 - 5). Regardless of actuator type, single boards will generally 
contain circuitry to serve a dedicated component or function. 
 

 
Figure 7 - 5. Rotational actuator rotational electronics mount. 

The rotational actuator electronics group has 2 power line inputs and 8 data line inputs. In 
contrast, only 3 data lines and 2 power lines are outputs. Each circuit board has four 
mounting holes that correspond to the four mounting positions on the 3D-printed 
electronics mount, so that the final electronics unit consists of three inter-connected 
circuit boards. 
 

  
Figure 7 - 6. Motor driver board PCB and schematic. 
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A 220-microfarad capacitor has been added to the input power line to better 
accommodate for the high instantaneous current draw related to the motor driver. 
Documentation specifies that a capacitor of minimum of 100-microfarad should be added 
in parallel with the motor driver for optimal performance. This also provides a small 
amount of protection against disruptions in the power supply. The Arduino is supplied 
with 12 V directly, so that the on-board voltage regulator may step-down this voltage to 5 
V. 
 

  
Figure 7 - 7. Power board PCB and schematic. 

 

  
Figure 7 - 8. Slave wiring board PCB and schematic. 
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7.4.2 PCBs in 2-Fingered Gripper 
The 2-fingered gripper PCB group incorporates less componentry than its rotational 
counterpart, mainly due to the lack of output lines and mount configuration lines. 
 

  
Figure 7 - 9. Slave wiring board PCB and schematic 

 
One 220-microfarad capacitor was used per servomotor output channel to improve 
performance. 
 

  
Figure 7 - 10. Gripper power board PCB and schematic. 

 

  
Figure 7 - 11. Gripper slave wiring board PCB and schematic. 
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8.1 System Implementation 
Time and resources put into the realisation of the aforementioned concepts and designs 
yielded several realised prototype structural elements, rotational actuators and one 2-
fingered gripper shown in Figure 8 - 2. An accompanying control box was also 
implemented. General control of the system may be summed up and simplified by the 
below flowchart (fig. 8 – 1). 
 

 
Figure 8 - 1. System function diagram. 

It was found that shell-type, female elements benefit from a 0.2 mm increase in decagon 
size when compared to core-type actuators. This specific increase in size reduced the force 
needed to insert an actuator into a female structural unit, while still providing a good, tight 
fit. Power and data connectors also added further robustness to the fit. Due to the contact 
area between a large female shell unit and the corresponding back-end of a core 
component, the resulting friction was generally found to be sufficient for operation 
without the use of the mounting screws, which was not the case for the smaller female 
shell elements.  
 

 
 

  
Figure 8 - 2. Final prototype parts. 
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A combination of machined Aluminium and ABS 3-D printed parts were used in the 
construction of effectors and structural elements, resulting in component weights of:  
 

Rotational actuator 580-670 g 
Test rig 1,006 g 

2-Fingered gripper 957 g 
90-deg bend 582 g 

Straight offset connector 686 g 
Straight offset connector flipped 718 g 

Table 8 - 1. Prototype element weights 

The SCARA configuration was tested for deformation by adding a weight of 1954 g at end-
effector location and measuring the resulting change in structural element distances 
relative to a fixed structure with a resolution of 0.5 mm. Maximum displacement at the 
tool location was found to be 2 mm (tab. 8 - 2), relative to no load. From observation it was 
very noticeable that this displacement was mainly the result of deformation in the 3D-
printed base structure and the non-aluminium parts in the rotational actuator between 
links 1 and 2 (fig. 8 - 3). A mainly aluminium rotational actuator was used at the base of 
the SCARA (fig. 8 - 3), which was not subject to any measureable deformation. 
 

Tested Component  Displacement Displacement (2 
kg) 

Difference 

Link 1 3.5 mm 5.5 mm 2 mm 
Link 2 5 mm 7 mm 2 mm 

Table 8 - 2. Measured SCARA displacement 

 
Figure 8 - 3. SCARA displacement test definitions. 

With the limited number and type of elements realised, it was possible to achieve a few of 
the proposed popular industrial-type configurations, shown in Figure 8 - 4. These included 
the SCARA configuration and the articulated configuration. The combination of available 
building blocks also allowed for the construction of a complete PUMA configuration. 
 

   
Figure 8 - 4. Realised configurations. 
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Transition Type Time taken 
Loose components to SCARA (no gripper) 33 sec 

Loose components to Articulated (no gripper) 31 sec 
Loose components to PUMA (with gripper) 54 sec 

SCARA to Articulated 48 sec 
Articulated to SCARA 33 sec 

Table 8 - 3. Tested configurations and transition times. 

One rotational actuator was left incomplete to serve as a ‘test rig’ of sorts (fig. 8 - 5). As the 
control electronics were external to the actuator, the programming process was simplified 
by having the ability to communicate on two separate channels and reprogram on-the-fly. 
This also made it possible to attain voltage, PWM and current measurements during 
actuator operation. All load-bearing parts of the ‘test rig’ were constructed of aluminium, 
providing a gauge of the physical properties of the proposed final actuator. 
 

  
Figure 8 - 5. Aluminium test rig. 
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8.1.1 Control Basis 
The generalised communication protocols as described in section 7.1 proved very useful in 
providing a reliable, simplistic and real-time control basis for the system. Varying effector 
type units (rotational, linear, gripper) could be easily distinguished from one another by a 
single designator (fig. 8 - 6), pre-programmed into the microcontroller upon commission. 
The parallel nature of I2C communication in conjunction with a select line made it possible 
for each actuator to determine its own position in the manipulator queue (fig 8 - 6). Each 
actuator was also able to attain information about its connection to a structural element. If 
the master controller is made aware of actuator queue position and the corresponding 
structural element position and type, it is able to build a complete picture of the current 
configuration of the manipulator arm. 
 
 

  
Figure 8 - 6. Sending 'P,' to master controller (SCARA configuration removed from base with gripper). 

Communication bandwidth and speed was found to be more than adequate; so much so 
that it was possible for an actuator to send a constant stream of detailed control variable 
information during operation. It was also possible to send a single long communication on 
the I2C line made up of several messages, separated by ‘,’ so that multiple actuators may 
receive a unique command simultaneously. The Arduino master controller communicated 
with a PC via USB, acting as a slave to the PC. As this is the case, it is possible to develop 
finer, GUI-based control methods of the robotic manipulator arm through the use of 
software such as LabView, Matlab, C#, etc. Serial commands sent to the master generally 
do not exceed 11 characters.  
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8.1.2 2-Fingered Gripper  
Flexibility of the power and communications platform made the addition of a 2-fingered 
gripper unproblematic. A broad range of attachments may be coupled with the system, 
provided the attachment conforms to the decagon design aspect, is of an appropriate size, 
can be powered by 12V and communicates via I2C. 
 

   
Figure 8 - 7. Implemented 2-Fingered gripper. 

The parallel gripping mechanism as described in section 5.1 proved to be very robust in 
implementation. Pressure may be initially exerted onto a part with the low-powered 
motor, followed by a cut in power. The self-locking nature of the worm-gear meant that 
there was no significant loss in gripping strength after removing the gear driving force 
(tab. 8 - 4). The selected low-powered motor was found to be an ideal candidate for the 
gripper unit as it provided fast mechanism tracking speed (tab. 8 - 5) and was not prone to 
overheating issues. 
 

Gripping type Strength 
Motor on (255 PWM @ max 1 A) 603 g 

Motor off 584 g 
Table 8 - 4. Approximate gripping strength. 

 
Distance (encoder steps) Distance  Time taken 

300 42 mm 0.5 s 
600 82 mm 0.8 s 
900 105 mm 1.2 s 
Table 8 - 5. Approximate gripper tracking speed. 
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8.2 Control Outcome 
8.2.1 Rotational Actuator 
In implementation, the US Digital MAE3 absolute magnetic encoder kit (section 4.3) was 
found to produce a very noisy position reading over time (fig. 8 - 8). The magnitude of the 
noise made it very difficult to implement an accurate control methodology which was not 
subject to ‘jitters’. As such, a rolling average filter was explored to remedy this problem. 
 

 
Figure 8 - 8. Raw output (2000 samples). 

The number of measurements to include in the rolling average filter was varied until an 
ideal size could be found that did not compromise loop speed or introduce significant 
system lag to the point of affecting control. This number was 30. As can be seen when 
comparing the unfiltered data (fig. 8 - 8) with the filtered data (fig. 8 - 9), the rolling 
average applied to the position acquisition process provided a significant reduction in 
measured noise. It should be noted that each measurement is documented to take 
approximately 4 milliseconds. 
 

 
Figure 8 - 9. Rolling average of 30 output (2000 samples). 
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Position of the actuator was not changed between Figures 8 - 8 and 8 - 9. Additionally, 
both figures were plotted on the same scale for comparison and the number of samples 
kept consistent. For further comparison between filtered and unfiltered methodologies, a 
sample of 4000 measurements was taken for each. As shown in Table 8 - 6, the rolling 
average filter reduced positional standard deviation significantly when compared to the 
unfiltered data.  
 

Position Rolling average output Raw output 
Standard deviation Range Standard deviation Range 

220 0.595418398 3 2.82565162 28 
1000 0.594248029 4 3.462788143 28 
2000 0.50344748 3 2.96760386 24 
3000 0.640058088 3 3.351942702 32 
3600 0.630346797 3 3.38981898 28 

Table 8 - 6. Rolling average vs. raw output comparison. 

From the above sample, it seems that generally, the worst-case noise interval from the 
filtered measurement is 4 encoder steps. This corresponds to approximately 0.4°. 
 

Noise Interval = ସ×ଷ଺଴ସ଴ଽହ = 0.3516° 
 
The straight offset structural element has a length between effectors of 259 mm. With an 
angular measurement that is within ± 0.1758° of the desired location, the maximum 
theoretical end-effector accuracy of a single arm may be calculated to be ± 0.7948 mm. It 
was found that the prototype had a typical single arm position repeatability of ± 0.5 mm 
(non-self-locking) as control tended to locate the arm to the noise midpoint. 
 
The implemented smart control algorithm consists of a filtered PI controller, with fuzzy 
gain and output constraints. Control profiles have also been implemented that determine 
PI gains and other control properties depending on robot configuration. Further 
information may be attained in section 4.4. The second order filter applied to the 
calculated PWM output provided smooth actuator movements that were not prone to fast 
changes in momentum. 
 

 
Figure 8 - 10. Typical PWM response in response to set-point change (918 samples). 
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The following sets of graphs have been attained from the ‘test rig’, with either a self-
locking or non-self-locking motor installed, with an attached straight offset connector and 
no additional load. Each sample is taken at a rate of 20 milliseconds. 
 
 
Self-Locking 
The following graphs were gathered from the ‘test rig’ and straight offset connector 
assembly directly after the homing sequence, with a high-power (HP), self-locking motor 
installed. It should be noted that when compared to a medium-power (MP), non-self-
locking motor, there is no initial dip (fig. 8 - 11). This is a result of the self-locking nature 
of the HP motor, as all motion is ceased when power is removed. 
 

 
Figure 8 - 11. Self-locking (R VP1) - moving to home location (437 samples). 

 

 
Figure 8 - 12. Steady-state error (200 samples). 
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As shown in Figure 8 - 12, the rotational actuator settles to within 3 encoder steps of the 
desired location. The desired position may be slightly offset to other actuators, as it is 
determined by the physical zero location of the home switch.  
 

 
Figure 8 - 13. Set-point change response (1011 samples). 

The HP tuning parameters seemed to respond very well to set-point changes (fig. 8 - 13). 
In comparison to MP control, hysteresis was a major influencer in control inaccuracies, 
evidently resulting in a larger final positional offset (fig. 8 - 12). 
 
Momentum of the motor stator could not be fully anticipated by the smart controller, as 
the motor would tend to remain stationary until a certain PWM duty cycle is reached (24), 
at which point a lower PWM frequency may be sent to the motor to maintain motion. This 
resulted in a relatively high minimum motor speed. 
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Non-Self-Locking 
The following graphs were gathered from the ‘test rig’ and straight offset connector 
assembly directly after the homing sequence, with a medium-power, non-self-locking 
motor installed. It should be noted that when compared to the home position tracking of 
HP control (fig. 8 - 11), there is an initial dip (fig. 8 - 14), where position decreases before 
increasing. As the MP motor homes the actuator, power is cut once the home switch has 
been triggered. However, the MP motor does not resist motion when unpowered, resulting 
in momentum carrying the actuator past the home switch location until it is mechanically 
stopped by the cam design. It should be noted that this does not affect the zero position. 
 

 
Figure 8 - 14. Non-self-locking (r VP1) (431 samples). 

 

 
Figure 8 - 15. Steady-state error (748 samples). 
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In comparison to HP control (fig. 8 - 12), MP control parameters tended to locate the 
actuator much more accurately (fig. 8 - 15), generally settling to the midpoint of encoder 
noise. This was mainly due to the finer motor control available to the smart controller, as 
the motor resisted movement only until a PWM duty cycle of 14, resulting in a significantly 
lower minimum speed than the HP motor. The dead-band size was also reduced to 3, in 
comparison to 4 used in HP control. 
 

 
Figure 8 - 16. Set-point change response (1033 samples). 

The smart control algorithm yielded good set-point change response for the MP motor, 
tracking to the desired location relatively quickly (fig. 8 - 16) and generally resulting in a 
steady state similar to Figure 8 - 15 regardless of previous location and/or size of set-
point change. 
 

  
Figure 8 - 17. Set-point change PWM response (918 samples). 

The resulting controller output motor PWM for set-point changes are generally smoothed 
(fig. 8 - 17), providing control that does not experience extreme changes in direction or 
momentum, regardless of communicated desired position. 
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As shown in (fig. 8 - 18), the smart controller is capable of rejecting a large disturbance 
within approximately 3 seconds. A large disturbance was defined as a torque on the 
actuator resulting in a controller PWM duty cycle response that exceeds the fuzzy set 
minimum of 14. For smaller disturbances (some parts of Figure 8 - 18 and 8 - 20) the 
‘PWM Out’ signal does not change, but the encoder position does. This is a result of the 
clamped PWM output enforced on the controller; power may be removed from the motor, 
but the minimum output does not change.  
 
It should be noted that when driven at a certain PWM duty cycle, the medium-powered 
geared motor became self-locking, the effects of which may be observed around the 10 
second mark of Figure 8 - 18, where the disturbance, regardless of magnitude is not 
allowed to further move the actuator. 
 

 
Figure 8 - 18. Large random disturbances, little time to settle (1043 samples). 

 

 
Figure 8 - 19. Large disturbances PWM response (corresponds to fig). 
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Because of the physical properties of the medium-powered motor and the lash introduced 
by the gear-drive mechanism, the final rigidity of the arm was somewhat compromised if 
the controller was not active. To save power in this configuration, no motors would be 
driven once their desired set-points were reached, with the controller monitoring position 
and re-powering the motors if position exceeds the specific dead-band. As a result, small 
disturbances may be applied to the actuator before the controller can compensate (fig. 8 - 
20), generally in the order of 10 encoder counts (0.88°). Despite gear lash, the smart 
controller small disturbance response was adequate. For small disturbances of magnitude, 
the controller does not generally exceed a PWM duty cycle of 14. 
 

 

Figure 8 - 20. Small random disturbances, little time to settle (932 samples). 
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8.2.2 2-Fingered Gripper  
The 2-fingered gripper controller, despite being significantly less complex than the 
rotational smart controller, provided sufficient control, reaching the desired position 
quickly (fig. 8 - 21). Although there may be some overshoot noticeable by the rotational 
sensor in the below graph, this was not the case in implementation.  
 
The gripping mechanism was found to be robust, with a significant amount of lash 
introduced by the meshing of the worm gear mechanism, resulting in a typical gripping 
pad to gripping pad play of 4 mm (2mm per extension), hence precise control was not 
needed. The nature of a gripper of this sort does not need accurate position control to 
sufficiently grip an object. Furthermore, final control of the 2-fingered gripper will be 
based on the gripping force as provided by the two force sensing resistors, which may 
result in two simple ‘open’ and ‘close’ gripper positions.  
 

 
Figure 8 - 21. Gripper set-point change (688 samples). 

The proposed distance sensor was tuned to a white piece of printer paper, producing the 
below readings (fig. 8 - 22). Measurements were graphed and a line of best fit was added 
so that the microcontroller could calculate a rough distance to an object based on a voltage 
reading. It should be added that the infrared sensor is documented to respond differently 
depending on the reflectivity of the measured object; hence the produced distance 
measurement is only an approximation.  
 

 
Figure 8 - 22. Distance sensor measurement 
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9.1 Discussion 
Through the investigation of the pedagogical robotic products currently on the market it 
seems that there are no mainstream systems that deal with the specific reconfigurable 
nature described in this thesis. The notion that this may be known conclusively however is 
not one that may survive further investigation. As such, the Massey R&D and IP teams 
were employed to further examine novelty of the proposed concept, and at the time this 
thesis was written, the patent search confirmed the originality of the Shell and Core 
robotic manipulator concept. 
 
The conducted research achieved the set goals as defined in Section 1 by developing a 
Shell-Core reconfigurable robotic manipulator concept and producing a physical prototype 
that includes the following features: 
 

 Compact joint control system. 
 Quick-change modules. 
 Robotic manipulator configuration auto-identification. 
 Plug-and-Play. 
 Position tracking. 
 Neat hidden wiring. 

 
Testing of the prototype proved the proposed concept and demonstrated that the system 
could change from one robot arm configuration into another in less than three minutes to 
perform new tasks. 
 
While this research produced promising outcomes, there are several aspects that may 
benefit from improvement and further research, such as the implementation of artificial 
intelligence for job identification, part holding and path planning. Based on the 
development of the prototype, the considered control theories relating to the 
implementation of the proposed system provided a significant insight into the range and 
type of control methodologies appropriate to this area of discourse. Although a smart PI 
controller with some fuzzy elements was used as the main type of controller for the 
rotational actuator, it is not unreasonable to assume that a larger dependence may be put 
on fuzzy logic when implementing control for an assembly where response is affected by 
gravity in a non-uniform fashion. Nonlinearities are introduced into the response of the 
system as soon as a link is added vertically (fig. 9 - 1). 
 

    
Figure 9 - 1. Introduced nonlinearities. 
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From briefly testing the smart PI controller in all of the above configuration (fig. 9 - 1), it is 
clear that the controller in its current state is not capable of automatically handling the 
non-linear response of the system to a precise degree, often overshooting the desired set-
point and settling to a position within 30 encoder counts for HP control and 70 for MP 
control.  
 
This was mitigated by manually selecting the correct velocity profile. Initially, this was a 
consideration and it was planned to implement a sliding fuzzy logic element to the 
controller that would automatically determine both proportional and integral gains 
depending on distance from the vertical (fig. 9 - 1), but due to time constraints, this can 
only be implemented in the next stage of this research project. 
 
A drawback in terms of control for the reconfigurable robotic manipulator prototype was 
the backlash introduced by the motor driven gear and pinion mechanism (fig. 9 - 2). 
Although final steady-state accuracy in the SCARA configuration was not affected, steady-
state rigidity was somewhat compromised. 
 

 
Figure 9 - 2. Gear backlash diagram. 

Play from the gear alone was found to be approximately 10 encoder steps (fig. 8 - 20). 
Although this backlash could be prompted by the smallest of disturbances during steady-
state, it did not seem to be an issue during normal operation, nor did an added load affect 
control accuracy. If the actuator was disturbed during position tracking, final steady-state 
position was not affected. It seems that a rotational actuator’s lack of rigidity is fairly 
unimportant when the current manipulator operates in two planes only, such as the 
SCARA configuration, and is not disturbed when stationary. Gear backlash is almost 
removed completely when dealing with a configuration of the form shown in Figure 9 - 1, 
as there is constant force acting on the actuator. However, this is not the case when the 
arm is perfectly vertical. Of course, these singularity positions can be avoided through 
control methodologies. 
 
The resulting system platform concept was found to produce very encouraging results, 
capable of achieving all mainstream industrial robotic manipulator configurations as 
defined in Section 3.1, given enough building elements. The end prototype is very 
promising in terms of proof-of-concept. Communication and power infrastructure is very 
flexible, providing a base system prototype capable of accommodating a range of future 
effectors, add-ons, supplementary software and advanced GUI control without a 
significant amount of additional work. 
 
This basis already allows for ease of control through a GUI capable, PC based program 
such as Matlab through serial commands, setting the precedent for numerous advanced 
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control concepts of the manipulator for various applications. Without further 
improvement or development to the prototype system, it is possible to implement 
proprietary software that may calculate the reverse kinematics of the arm, based on 
information known about specific dimensions of the configuration. It is also possible to 
implement trajectory control of the manipulator. The notion of ‘teaching’ the manipulator 
arm what to do is already within the capability of the prototype. If all non-self-locking 
actuators are used, the user may move the arm to a desired location. Software may then 
request the current position of each arm and so a sequence of locations and tasks may be 
established. 
 
The prototype’s repeatability was tested to be within ± 0.5 mm for the SCARA 
configuration. The intended purpose of this prototype did not incorporate use within a 
high accuracy industrial context; therefore this manipulator accuracy is acceptable. Taking 
this into consideration, it may be said that the prototype provided proof that the concept is 
viable and realistically achievable. Furthermore, accuracy, rigidity and manipulator 
strength may all be improved given a larger budget.   
 
 
 

9.2 Conclusion 
In conclusion, this thesis has briefly explored the current educational robotic manipulator 
arm market and in conjunction with the Massey IP team, found confidence in the novelty 
of the Shell-Core structured robotic manipulator as defined in Section 3. Relevant control 
methodologies have been explored and implemented in the prototype, with consideration 
of future advanced control. 
  
This research proposed and developed a Shell-Core reconfigurable robotic manipulator 
arm concept, capable of achieving all mainstream industrial type robotic arm 
configurations (section 3.1). The system is of a robust nature, with promise of providing 
enough compatibility and ease of use for further development, for both software and add-
on hardware. At the completion and implementation of several linear effectors, the 
prototype in its current state seems capable of handling the new type of actuator without a 
change to the concept. 
 
 
 

9.3 Recommendations 
The current rotational core unit uses a gear and pinion mechanism, driven by a geared DC 
motor for actuation. Future iterations of the prototype could consider the investigation of 
switching to a stepper motor and a drive mechanism with lower backlash. For self-locking 
actuators, a worm-gear may be a good alternative. 
 
Ideally, a harmonic drive assembly such as Figure 9 - 3 should be utilised to provide 
motion to the rotational actuator. The location of the encoder in Figure 9 - 3 will provide 
significantly improved positional repeatability and precision, given that there is no 
backlash introduced by the harmonic drive. A stepper motor may also provide improved 
holding torque. 
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Figure 9 - 3. Proposed harmonic drive assembly. 

A harmonic drive may only be an option with a large budget, as these products tend to be 
very expensive to manufacture. However, their design makes them ideal candidates as a 
driving mechanism for the rotational actuator, as they incorporate a ‘through bore’ for 
wiring, very low gear ratios and no backlash. The FD harmonic drive series by 
HarmonicDrive provide a selection of units with gear reduction ratios that range from 
1:78 to 1:320. Taking the 1:78 drive as an example; in the above configuration, a Polulu 9 
kg-cm 1,200 rpm stepper motor could provide a holding torque of 702 kg-cm and achieve 
a full rotation in roughly 4 seconds. With a stepping angle of 1.8°, each full-step may 
actuate the output shaft by 0.0056°. If an MAE3 shaft encoder is used as per Figure 9 - 3, 
one could theoretically achieve an accuracy of 7.6e-7 degrees per encoder count at the 
output shaft. 
 
If a stepper motor is chosen for future developments, it would be prudent to adopt a 
control methodology such as Figure 9 - 4. A velocity curve may be pre-calculated and 
compared with the actual actuator position, which may then take action to correct any 
variation from the desired curve.  
 

 
Figure 9 - 4. Proposed stepper control curve. 

Future improvement of the prototype should focus on the introduction of fuzzy logic 
scheduling of proportional and integral gains in relation to the vertical position (fig. 9 - 1). 
This will significantly improve control algorithm performance for configurations that do 
not respond linearly. Several sets of fuzzy scheduling may be established and utilised 
depending on the specific configuration. It may also be worth investigating auto-tuning 
methodologies. 
 

Po
sit

io
n 

Time 

Desired Actual (Desired-Actual)



   164 
 

In the future, once an advanced GUI program has been implemented to work with the 
reconfigurable robotic manipulator, modular sliding kinematics should be developed. This 
could be done by calculating the reverse kinematic equations of each possible 
configuration of the arm. The master controller may then communicate the current 
configuration of the manipulator to software, which may then select the appropriate 
kinematic control to use.  
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