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ABSTRACT 
The rapid evolution of smart assisted living operations in combination with the blooming 

of commercial robots,  calls for  the use of robotic based systems in every day life. Specifically, 
certain circumstances such as handling of critical, contagious virus outbreaks such as the recent 
Coronavirus epidemic can be benefited by an assisting mobile robot system controlled remotely, 
implementing measures like the isolation of patients from medical stuff. Within this context, 
the robotic-based solution to be employed needs to be easy to deploy, able to manufacture 
with low cost and operate with ease from non-trained personnel. Also, to address the needs of 
existing hospitals, traditional or smart ones, as well as the temporary risk management facilities 
stemming for example by quarantined cities, ease of integration in terms of size and 
infrastructure requirements is a must. In this work the design and implementation of a robotic 
chassis bearing an arm manipulator is presented addressing efficiently all these needs. Special 
attention has been given to the ease of teleoperation with minimal need for equipment and 
expertise, utilizing Leap Motion virtual reality sensor which outweighs Microsoft's Kinect 
capabilities. Furthermore, a reconfigurable hardware and software integrated system has been 
used to control the communication, algorithm processing and motion control utilizing Xilinx 
Zynq System on Chip. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Πρόλογος 
Στο πρώτο κεφάλαιο γίνεται μια εισαγωγή στα ενσωματωμένα συστήματα και τη χρήση 

τους στη ρομποτική καθώς επίσης και συγκεκριμένα αναφορά στα αυτόνομα οχήματα εδάφους 

και τους ρομποτικούς βραχίονες. Επισημαίνονται ακόμα οι εφαρμογές αυτών των συστημάτων 

σε νοσοκομειακά περιβάλλοντα και η συνεισφορά τους σε αυτά. 

Στο δεύτερο κεφάλαιο παρουσιάζονται τα υποσυστήματα που αναπτύσσονται τόσο στο 

μηχανολογικό κομμάτι του ρομποτικού βραχίονα όσο και στο κομμάτι το ενσωματωμένου 

λογισμικού, τα χαρακτηριστικά τους και οι λόγοι επιλογής του καθενός. 

Στο τρίτο κεφάλαιο γίνεται μια παρουσίαση των τυπωμένων πλακετών που 

σχεδιάστηκαν και κατασκευάστηκαν το λογισμικό που χρησιμοποιήθηκε η υπηρεσία 

κατασκευής και τα στάδια από τα πρωτότυπα έως τη τελική υλοποίηση. 

Στο τέταρτο κεφάλαιο, αναλύεται η τεχνολογία της 3D εκτύπωσης, η χρήση της στην 

εφαρμογή μας και τα πλεονεκτήματα που προσφέρει σε μια γρήγορη ανάπτυξη ενός 

πρωτοτύπου. 

Στο πέμπτο κεφάλαιο αναφέρεται ένα από τα βασικά υποσυστήματα, αυτό της 

διαχείρισης ενέργειας. Συγκεκριμένα στα υποκεφάλαιά του παρουσιάζονται τα κυκλώματα 

παραγωγής των επιπέδων τάσης που απαιτούνται και διαχείρισης της μπαταρίας, ενώ 

παρουσιάζεται και ο τρόπος κατασκευής της μπαταρίας που χρειάζεται το σύστημα από 

μικρότερα κελιά μπαταριών. 

Στο έκτο κεφάλαιο παρατίθεται η βασική υλοποίηση του συστήματος τόσο από πλευράς 

λογισμικού όσο και από πλευράς υλικού τα οποία ολοκληρώνουν τη πλατφόρμα σε ένα 

λειτουργικό πρωτότυπο εργαστηριακών προδιαγραφών. 

 Τέλος στο έβδομο κεφάλαιο προτείνονται προσθήκες και μελλοντικές βελτιώσεις ώστε 

να οδηγηθεί το σύστημα σε μια πιο ολοκληρωμένη μορφή που θα μπορέσει να χρησιμοποιηθεί 

σε αληθινές συνθήκες. 
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1. Introduction  
 

1.1. Embedded systems in Robotics 
 

Today more and more of electronic devices are based on embedded systems. An embedded 

system is based on microprocessors that work like computer system to execute a given task in a 

constraint environment in terms of time, resources efficiency and performance. From home 

appliances and wearable devices to industrial installations and automotive products electronic 

systems benefit from the characteristics of embedded systems such as: 

• Enhanced functionality – Connectivity 

• Better performance - Efficiency 

• Maintainability 

Embedded systems can be used to read sensors, perform calculations, make decisions, and 

switch on and off transistors. In addition, these microprocessors can also control mechanical 

loads and switches finding great use in industrial environments and robotic applications. 

With the democratization of robotic applications, systems making such solutions 

affordable, reliable and user friendly without relying to external computing power, are a major 

improvement from previous years. So older programmable logic controllers are being replaced 

by embedded processors. In mechanical tasks, robotic systems need to poll sensors, actuators, 

and execute algorithms to evaluate their environment.  

1.2. Unmanned ground vehicles 
 

A mobile vehicle without the need of the driver – operator physical onboard presence 

constitutes an unmanned ground vehicle. These vehicles can be driven either by teleoperating 

systems or autonomously in the form of mobile robots. 

 While in industrial environments the typical form of a robot is to be stationed or fixed to 

a surface in a protected environment, there have been latest changes so that robots can move  

either to accommodate different tasks or to store themselves. This change has been followed by 

other environments such as medical clinics where self-sufficient portable robots have been 

moving materials for a long time. 

The segments of a versatile robot are a controller, the controlling program, sensors and 

actuators. The controller is commonly a chip, embedded microcontroller or a whole personal 

computer. Versatile control programming can be used for either simple teleoperation or 

repetitive task scheduling. The sensors utilized are reliant upon the necessities of the robot. 

 



1.3. Robots in medical environment  
As far as medical environments are concerned, the concept of automating  human has led to 

the creation of smart hospitals in an effort to cope with the need for better treatment of a 

continuously growing population. At the same time recent infectious disease outbreaks have 

paved the way for adopting the state-of-the-art technology advances, providing new means to 

oversee more efficient and safe treatment in isolation rooms for both patients and 

medical/nursing staff [1].  

Special circumstances such as sterile emergency rooms, as well as handling of hazardous 

materials and by-products make the existence of tele-operated machines with human-like ability 

skills a necessity. For this reason, a mobile platform with navigation and interaction potential 

within a hospital environment [2], able to carry healthcare related items and interact with objects 

close to it in an autonomous way is a suitable solution. 

Most of the hospital automations recently appeared are mobile platforms that can move 

trays with drugs or nursing equipment [3] to [7]. Also, there are human interacting machines in 

the form of social robots that can maintain conversations with patients and instruct them with 

rehabilitation routines [8]. The main types of robots are: 

• Surgical robots: enable surgeons to carry out operations from a different place on the 

planet or with greater precision than with their bare hands and eyes [9]. 

• Rehabilitation robots: instruct patients with rehabilitation routines necessary while at 

hospital rooms or even act on the human body to perform movements to activate muscle 

operation [10],[11]. 

• Telepresence robots: allow doctors to watch a room from remote locations [12]. 

• Pharmacy automation: robots that are able to carry, administrate and dispose of drugs 

[13] (Figure 1 Hospital Robot assistant). 

• Disinfection robots: can sterilize a room without the danger of human presence in 

infected places or the biohazardous cleaning solutions coming into contact with humans. 

 

Figure 1 Hospital Robot assistant 



2. Building Blocks 
 

2.1. Robotic arm manipulator 
The basic part of this thesis is the construction and operation of a robotic arm to mimic human 

movement. This arm needs to be: 

• Easy to manufacture and deploy to hospitals 

• Low cost compared to industrial robot solutions 

• Easy to program and use by medical and nursing stuff with no prior knowledge of 

electronic equipment 

• Innovative in terms of its control logic to enable portable operation with a moving 

platform 

For this purpose, an articulated 5 degrees of freedom arm was designed from scratch to 

be 3d printed and custom hardware and software was built to control it. 

 The designed arm manipulator is a 5-axis robot arm with a gripper fitted on the end. This 

manipulator needs to perform simple pick and place actions around it so the specifications met 

cover these needs. Some of them are the length which does not exceed a human arm’s length or 

50 plus 15 cm respectively for the arm and gripper as well as high torque motors for picking 

simple objects under 500 grams at this distance.  

The precision requirement for this arm as a prototype is such that general form items can 

be grasped, picked and placed on surfaces in a matter of cm accuracy. That allows the use of low-

cost motors as well as physical joints which are 3d printed plastic parts. The design of the robotic 

arm is made in CAD and then it is transferred to suitable file format for 3d printing. In the design 

there are modifications for assembling the different parts as the are printed progressively and 

different hardness materials are used for the solid pats and flexible gripper [14] fingers as seen 

in Figure 2 and 3. 

The controller of this arm in contrast to industrial controllers needs to be portable, and 

easy to program. So heavy and complex PLC parts are left aside in favor of new Systems on Chip 

(SoC) which incorporate embedded processors and programmable logic ad are easy to program 

with new languages.  For this purpose, the Xilinx Zynq-7000 SoC is selected which combines a 

Xilinx FPGA with an ARM Cortex-A dual core processor. This is a novel approach since it offers the 

versatility of an ARM processor programming, its peripherals variety and performance 

advantages as well as the parallelism and expansion ability of the FPGA. 

 



 

Figure 2 3d printing procedure 

 

Figure 3 Robotic arm subsystem 



2.2. Leap motion sensor 
The conversion of human motion to a useful data representation is a very interesting issue 

that has been combated by many different technologies such as: 

• Camera tracking systems 

• Electromyograph sensors  

• Inertia Measurement Units (IMUs) 

All these devices try to record the 3d position of a set of points on the human arm. Then they 

calculate the absolute position, path followed during movement and acceleration. 

Each has a set of advantages and disadvantages regarding: 

• Price 

• Accuracy 

• Size 

In our approach of an easily deployed and manufactured mobile system these criteria led to the 

choice of Leap Motion controller [15]. Leap Motion (Figure 4) is a small device, just 13 x 13 x 76 

mm and 45 grams, equipped with a stereoscopic  camera and infrared ones. 

 

Figure 4 Leap Motion hand representation 

 This device is capable to recognize a large amount of points on the human arm from the 

shoulder to each individual finger capturing every small movement [16], called pointables, 

recognize gestures [17],[18],[19] and even perform complex algorithmic calculations to extract 

useful conclusions about the performed movement. All these are made possible both by the 

system of camera sensors it embeds as well as by the Application Programming Interface it 

provides with a set of libraries ready to be used implementing basic math and 3d geometry 

graphics and modelling algorithms. The connection is done via USB to a host pc and the 

programming can be performed in many modern languages such as C++ and JavaScript. 



Compared with Microsoft Kinect[20], Leap sensor monitor only the arm’s movements which 

happen in a more constrained space. In this way monitoring of a smaller space of around one 

cubic meter is only needed in contrast to whole body monitoring solutions like Kinect. Also 

another advantage is that the points needed to be monitored can be more for a smaller body 

part making the accuracy of observation higher.  

The way this device works can eliminate the need of complex camera and joystick 

combinations or even wearable sensing units that are intrusive especially for a hospital 

environment with special certifications for equipment which come in touch with flesh. It 

constitutes a specialized way of sensing just a human’s arm with accuracy and building many 

useful applications while the operator needs little to no training to see his moves replicated from 

a single multi camera unit. 



2.3. Robotic Chassis 
As this work is about a moving robot assistant for hospital floors, a wheeled base is 

needed to act as the chassis (Figure 5). Upon this base the arm, electronics, battery and control 

units will be placed. 

 The main criteria for this component’s selection are  

• The ability to carry the weight of the manipulator and its payload 

• The versatility to move around close spaces at slow speed 

• The ability to carry electronic equipment for the operation of the whole system 

• Effectiveness of wireless command circuitry 

As far as the chassis movement control is concerned, the commands shall be passed with a 

simple radio frequency transmitter as done with most drones and radio-controlled cars. This 

frequency modulation module is based on the RF 433 MHz (MX-FS-03V transmitter and receiver) 

which is low cost and easy to use for simple movement and turning commands. 

This subsystem (Figure 6) consists of the following parts: 

• Alluminum base  

• DC motors 

• Motor controller with direction control 

• RF receiver and decoding circuit 

• Battery pack and management system 

• Wheels 

Its main purpose is to carry the weight of the whole system and the load carried by the arm’s 

grasp. For this reason, it needs to have high torque motors i.e. dc motors with fitted gearboxes 

and a circuit able to provide the right amount of current from the battery. The circuit chosen is 

an L293 dual Half bridge that can also decide the rotation of each motor for turning. 

 

Figure 5 Robotic chassis  



 

Figure 6 Robotic chassis subsystem 

 

 

 

 

 

 

 

 

 

 



2.4. Motors 
 

Electric motors are electromechanical conversion machines. They convert electric power to 

mechanical force in the form of torque of the shaft. Motors are used to produce and transfer 

linear or rotary torque to move loads either in radial or linear direction. 

 

 

 

The main principle of operation is the interaction of the motor and stator magnetic fields 

induced by electric current flowing in coils and permanent magnets. The application then dictates 

the rest of the motor’s subsystems apart from the electrical wiring. These can be positional, 

speed control circuits, optical encoders, and power supply boards. 

Compared with internal combustion engines, electric motors are more efficient reaching 95 

percent efficiency with ease with the losses only amounting to thermal losses. Also, the simpler 

construction of wirings and their magnetic fields interaction make them lighter, smaller in size 

and better in terms of power output to weight ratio. This makes their operation more economical 

in terms of fabrication, operation, and maintenance costs. However, a less convenient factor is 

the need of heavy and time consuming to charge, batteries in mobile applications compared to 

fuel tanks. 

 

• Voltage Level

• Current consumption

• Power Delivery

Electrical 
Energy

• Shaft Torque

• Rotation speed

• Radial / Linear movement

Mechanical 
Energy



2.4.1. Electric motor types 

 

Electric motors can be powered either from Direct Current (DC) or Alternating Current (AC) 

sources. Each category includes many types of motors depending on the application and torque 

requirements. 

1. DC Motors 

 

DC motors are the most known type of motors because of their ease of use and versatility. 

DC motors can be operated by either wall transformers or batteries and come in a variety of sizes 

and output specifications.  

While their operation is simple, they can run at variable speeds by adjusting the DC voltage 

applied to the terminals or by using pulse-width modulation (PWM). Complementing this control 

option encoders can be fitted to the shaft providing speed and position feedback. All these can 

be made with simple logic and contribute to a cost-effective solution with monitoring and control 

capabilities. 

2. Brushless DC Motors (BLDC) 

 

In a dc motor, each time the shaft rotates half a turn, the poles on the rotor are switched 

so that the magnetic field vector turns with the rotor and does not cause a reverse of the torque 

and a zero average torque.  

In the previously mentioned, brushed dc motors this is made possible by a switching element 

called the commutator. However, in brushless dc motors an electronic sensor watches the 

angular position of the shaft and controls the polarity of the winding using electronic switches at 

the correct time, so that the electromagnets create a torque in one direction.  

The advantages of a brushless motor are higher power ratio, high rotation speed, electronic 

control, low maintenance and longer life. This allows for built-in better speed and torque control 

at the cost of increased manufacturing and control unit price. 

3. Servo Motors 

 

Servo motors are a special kind of motor whose intention is easy and precise position control. 

Its principle of operation is the desired position being provided to the servo motor by one of its 

input wires and then the motor trying to move towards this and then rest there. 

The main components enabling this behavior is a dc motor, a positional encoder and a closed 

loop control circuit using the encoder feedback. The input controlling this process is usually a 

one-wire Pulse Width Modulation (PWM) signal whose duty cycle represents the desired angle. 



The angle is usually limited to 180 degrees or sometimes a full rotation (Figure 7). This means 

that servo motors are useful in small back and forth movements which require plain feedback 

capabilities. 

 

 

Figure 7 PWM signal modulation 

This motor however has some disadvantages as the motor relies in a set of reduction gears 

to achieve its rated accuracy. This makes it move slower with higher torque and higher power 

requirements. 

 

4. Stepper Motors 

 

Stepper motors are a special kind of motor where its construction enables tighter control of 

its movement in terms of both speed and position. Their operation relies in a step by step way of 

movement. They have multiple coils that are organized in groups called "phases". By activating 

each group in succession, the motor will rotate. Stepper motors are the choice for many precision 

motion applications. 

Stepper motors are good for precise repeatable steps in applications such as 3D printers and 

CNC milling machines. Also, another great feature is the precise rotational speed control by 

precise increments of movement ideal for automation tasks and robotics. 

Low Speed Torque - Normal DC motors don't have very much torque at low speeds. A Stepper 

motor has maximum torque at low speeds, so they are a good choice for applications requiring 

low speed with high precision. 



However some disadvantages of steppers include low efficiency in terms of power as the current 

consumption is existent even when the shaft does not rotate, low speed in high revolution per 

minute count as well as no feedback of the steps actually made in cases where a step fails to 

execute due to excess load or speed. 

 

2.4.2. Motor Selection 

 

For our specific application we need motors suitable for robot movements, mobile 

applications and all these have to be made possible in a low-cost manner. Specifically, some of 

the choice criteria are: 

• 5 to 12 Volt operating range 

• Maximum 2 Amperes per motor consumption 

• Position feedback 

• Precise Speed Control 

• High torque at low speeds 

• Light in terms of weight 

For these reasons some good choices are dc motors with encoders as they can be powered 

from batteries with control circuits to monitor and adjust their operation. They can be fitted with 

gearboxes to reduce speed and increase torque. 

The aforementioned choice , i.e. dc motors with encoders, is similar to servo motors but with 

more range of motion and better choices for controllability is a nice fit. This idea serves our 

purpose as we can: 

• Achieve better torque adding more stages of gears in continuous rotation motors 

• Control the speed profile using trapezoidal acceleration and deceleration  

• Lower the cost avoiding commercial servo motors 

• Embed a lot of the logic in a custom System on Chip executing a hardware monitor and 

control logic 

 

Another choice would be a brushless dc motor as it satisfies most of our criteria but the extra 

cost and need for an electronic speed controller as an external, off the self, circuit make it a 

secondary option. 

 

 



3. Printed circuit boards 

3.1. PCB Design  
Printed circuit board (PCB) design brings electronic circuits to life in the physical form. A 

printed circuit board mechanically supports and electrically connects electrical or electronic 
components using conductive tracks, pads and other features etched from one or more sheet 
layers of copper laminated onto and/or between sheet layers of a non-conductive substrate. 
Components are generally soldered onto the PCB to both electrically connect and mechanically 
fasten them to it 

Using layout software, the PCB design process combines component placement and routing 
to define electrical connectivity on a manufactured circuit board. The actual process of how a 
PCB is made can be complicated, and involves the use of a manufacturer, also called a fab house 
by some. These fab houses will take all of the completed design files that an engineer hands off 
to create a PCB in its physical form. A brief outline of how a PCB comes to be is as follows: 

Step 1 – Creating a fiberglass foundation. A manufacturer will first make the inner fiberglass layer 
(core) that all the other layers of copper, solder mask, etc. will be applied to. 

Step 2 – Adding copper layers. With the fiberglass foundation in place, a manufacturer will then 
add copper foil on both sides of the fiberglass. 

Step 3 – Adding copper patterns. Next, a laminated sheet of the PCB design is laid on top of the 
copper, which shows where all the copper traces need to be. 

Step 4 – Defining copper patterns. The laminated sheet and copper are then exposed under a UV 
lamp and covered with a photoresist film, which etches the traces into the copper foil. 

Step 5 – Bathing the board. Now that the copper traces are in place, a PCB will then be given a 
chemical bath that removes all of the unwanted copper, leaving only the copper traces that an 
engineer designed. 

Step 6 – Protecting with solder mask. A protective layer of solder mask is applied, giving a PCB its 
traditional green color while protecting it from short circuits. 

Step 7 – Adding silkscreen. To finish up, white silkscreen is added which will help to know exactly 
where components need to go on a PCB. At this stage, the PCB is considered complete as a “bare 
board,” meaning it has no parts attached yet. 

Step 8 – Adding components. The bare board is then taken through an assembly process where 
various components like resistors, integrated circuits, capacitors, etc. are attached. Once 
complete, this is the PCB in its final form that you’ll see in all of your electronics at home. 

 

 



PCB design process 

PCB LAYOUT – Going from an idea to a selection of electronic parts and putting them together in 
a 2-dimensional space converting a schematic diagram into a physical circuit board layout. 

PCB ROUTING – The PCB routing process is both an art and a science. Using physical wires, 
electrical connectivity is defined between components on a PCB layout. No two circuit boards are 
the same, the routing is what makes a board design unique. 

COMPONENT PLACEMENT – The PCB design process begins by converting a schematic diagram 
into a physical circuit board layout. Then it’s time to put problem solving skills to the test by 
placing components within a tightly constrained space. 

 

Figure 8 PCB design steps 

PCBs require additional design effort to lay out the circuit, but manufacturing and 
assembly can be automated (Figure 8). Specialized CAD software is available to do much of the 
work of layout.  

Mass-producing circuits with PCBs is cheaper and faster; large numbers of PCBs can be 
fabricated at the same time, and the layout only has to be done once. PCBs can also be made 
manually in small quantities, with reduced benefits. 

 

 



PCB layering 

PCBs can be  

• single-sided (one copper layer),  
• double-sided (two copper layers on both sides of one substrate layer), or  
• multi-layer (outer and inner layers of copper, alternating with layers of substrate).  

Multi-layer PCBs allow for much higher component density, because circuit traces on the 
inner layers would otherwise take up surface space between components. The rise in popularity 
of multilayer PCBs with more than two, and especially with more than four, copper planes was 
concurrent with the adoption of surface mount technology. However, multilayer PCBs make 
repair, analysis, and field modification of circuits much more difficult and usually impractical. 

In multi-layer boards, the layers of material are laminated together in an alternating 
sandwich: copper, substrate, copper, substrate, copper, etc.; each plane of copper is etched, and 
any internal vias (that will not extend to both outer surfaces of the finished multilayer board) are 
plated-through, before the layers are laminated together. Only the outer layers need be coated; 
the inner copper layers are protected by the adjacent substrate layers. 

Component mounting 

• Through hole components are mounted by their wire leads passing through the board 
and soldered to traces on the other side.  

• Surface mount components are attached by their leads to copper traces on the same side 
of the board.  

• A board may use both methods for mounting components.  

PCBs with only through-hole mounted components are uncommon. Surface mounting is used for 
transistors, diodes, IC chips, resistors and capacitors. Through-hole mounting may be used for 
some large components such as electrolytic capacitors and connectors. 

A minimal PCB for a single component, used for prototyping, is called a breakout board. 
The purpose of a breakout board is to "break out" the leads of a component on separate 
terminals so that manual connections to them can be made easily. Breakout boards are especially 
used for surface-mount components or any components with fine lead pitch. 

 

 

 

 

 

 

 



3.2. PCB Design software 
CAD, or Computer Aided Design is the process of using computer software to draw, design 

and develop a product or concept. CAD programs allow a person to create a visual representation 
of an object. It is extremely useful to a number of industries. CAD is used during the development 
process of creating a PCB. There are many different types of CAD software to choose from. 

Schematic capture 

This design process begins with the CAD technician mapping the component positioning 
and connections that will be on the PCB. This is known as ‘schematic capture’ in the PCB dialect. 
The CAD schematic acts as a sort of blue print for the circuit that is being designed. It determines 
what components will be in the PCB and how they are joined. The electrical traces on a schematic 
are called ‘nets’. A designer can use an existing schematic design, or create his own. A designer 
will run simulations to test how well the schematic will operate as an actual circuit. This is one of 
the major benefits of CAD; when circuit designs were hand-drawn such faults would not be 
noticed until the circuit had actually been made. 

Turning a schematic capture into a circuit 

Once a schematic has been tested and the design is approved it must be transferred into 
an actual CAD drawing of the circuit board. The dimensions of the board are defined, along with 
the placement of the components and the copper trace connections. Often, programs will have 
a ‘switch to board’ (or similar) command on the CAD program. This allows you to place 
components onto your on screen board. The CAD designer places the components and labels 
them with their name and value. A designer will try not to overcrowd components or cross your 
copper traces, as this would cause short circuits. The CAD circuit will become more complicated 
as you add multiple circuit board layers. The components must have the complete information 
that they would require to be a part of the board. This includes any drilling information, the 
footprint for the board pads etc. 

Routing 

This is the stage in which the designer routes the copper connections between the 
components. The CAD software will route the connections in accordance with information from 
the schematic capture. Often, the CAD software will have a ‘route’ tool to assist with manual 
routing. However, there are also programs that have auto routing software. As mentioned earlier, 
the crossing of traces must be avoided when routing. If traces need to be crossed, the designer 
will arrange it, so as to cross on opposing sides of the board. Traces can be transferred from one 
side of the board to another using ‘vias’: these are small drilled-holes that are filled with copper 
on an actual circuit. Once all the copper traces have been routed the CAD program will often have 
an option that checks for errors in the PCB design. Once all the errors are corrected the PCB 
design is complete and ready to be transformed into a real circuit. 

 

Autodesk Eagle PCB design software  

In order to design our PCB in a more robust way we needed firstly a Computer Aided 
Design software that would:  



• Automate the design process 
• Give a preview of the board and the circuits in 2d and 3d view 

• Verify our concept 
• Output the files needed for manufacturing 

 

One of the various programs available is Autodesk Eagle which is provided to us with an 
educational license and is friendly to less knowledgeable designers. EAGLE provides a multi-
window graphical user interface and menu system for editing, project management and 
customizing of the interface and design parameters. The system can be controlled graphically or 
by entering specific commands at an embedded command line.  

EAGLE contains a schematic editor (Figure 9), for designing circuit diagrams. The PCB 
layout editor (Figures 10 through 13) stores board files. It allows back-annotation to the 
schematic and auto-routing to automatically connect traces based on the connections defined in 
the schematic. Parts are defined in device libraries and can be placed on many sheets and 
connected together through ports. 

This PCB design software produces Gerber and PostScript layout files as well as drill files. 
These are standard file formats accepted by PCB fabrication companies but given EAGLE's typical 
user base of small design firms and hobbyists, many PCB fabricators and assembly shops also 
accept EAGLE board files directly to export optimized production files and pick-and-place data 
themselves. 

 

Figure 9 Schematic editor Autodesk EAGLE 



 

Figure 10 Board editor Autodesk EAGLE 

 

Figure 11 Board editor ratsnest GND and VCC plane 



 

Figure 12 Board preview 

 

Figure 13 3D preview of the manufactured board 



JLCPCB manufacturing services 

 In order to manufacture our designed pcb boards we chose to use the services of a 
manufacturing company and not custom less reliable methods for the final approach. 

JLCPCB (Shenzhen JIALICHUANG Electronic Technology Development Co., Ltd.), is the 
largest PCB prototype enterprise in China and a high-tech manufacturer specializing in quick PCB 
prototype and small-batch PCB production (Figure 14). The main advantages of this company are 
its  

• fast manufacturing  
• low cost even for small batches 
• real time monitoring of the process (Figure 15) 

 

Figure 14 JLCPCB order details 



 

Figure 15 Order stages 

 

3.3. Our printed circuit boards  
For our implementation we need to design our custom PCB (Figure 16,17). Using circuits 

in mobile applications requires to move away from the initial breadboard concepts to avoid 
damages to connections. Also, the PCB layout process helps to reduce the footprint of the 
electronics, with the use of CAD tools for layout and routing optimization. 

 

The design process of each subsystem followed a number of iterations: 

1. The first step includes implementation in breadboards for functional verification and 
oscilloscope testing.  

2. Then through-hole plated prototyping boards are used to have a fast implementation in 
a board form which can be mounted on the mobile system.  

3. With the help of Autodesk Eagle PCB design software and JLCPCB manufacturing services 
the final version of our boards was developed giving special attention to traits of the pcb 
such as trace width according to the current passing from each one as well as the ground 
planes (Figures 18 through 20). 

The following figures show the receiver circuits of the RF encoded signal from the antenna, the 
decoding circuit and the base motor driver (LN293). Figures 16 and 17 show the 2 sides of the 
original circuit on a through hole board with ic sockets for dual inline integrated circuits. The next 
picture also shows the design of the voltage regulator. Finally, figures 19 and 20 show the 
designed and manufactured pcbs for the circuits shown in figures 16,17. 



 

Figure 16 Top view of the chassis witth the through-hole pcb 

 

Figure 17 Bottom view of the pcb wiring 

 

 



 
Figure 18 Power supply board through hole implementation 

 

 

Figure 19 Board preview of the motor driving circuit 

 

Figure 20 Motor driving circuit PCB 



4. 3D Printing  

4.1. 3D Printing Technology  
Additive manufacturing or “3D printing” is a process of making three dimensional solid 

objects from a digital file. The creation of a 3D printed object is achieved using additive processes. 
In an additive process an object is created by laying down successive layers of material until the 
object is created. Each of these layers can be seen as a thinly sliced horizontal cross-section of 
the eventual object. 3D printing is the opposite of subtractive manufacturing where material is 
removed from a stock item (subtractive manufacturing) or poured into a mold and shaped by 
means of dies, presses and hammers. 

 

 History 

In the 1990s, 3D-printing techniques were considered suitable only for the production of 
functional or aesthetic prototypes and a more appropriate term for it was rapid prototyping.  

As of 2019 the precision, repeatability and material range have increased to the point that 
some 3D-printing processes are considered viable as an industrial-production technology, 
whereby the term additive manufacturing can be used synonymously with "3D printing".  

The term "3D printing" originally referred to a process that deposits a binder material onto a 
powder bed with inkjet printer heads layer by layer. More recently, the term includes a wider 
variety of additive-manufacturing techniques such as electron-beam additive manufacturing and 
selective laser melting.  

 

Industrial 3d printing and Rapid Prototyping 

Companies have used 3D printers in their design process to create prototypes. Using 3D 
printers for these purposes is called rapid prototyping. 

The main reason being it’s fast and relatively cheap.  

• From idea, to 3D model to holding a prototype is a matter of days instead of weeks.  
• Iterations are easier and cheaper to make, and you don’t need expensive molds or tools. 

3D printing is also used for rapid manufacturing. Rapid manufacturing is a new method of 
manufacturing where businesses use 3D printers for short run / small batch custom 
manufacturing. 

This has led to the emerge of Industrial 3d printing and printers which feature closed-loop 
systems that actively monitor the dimensions of a part while it’s being printed to ensure it is 
within specifications. The reasons for this adoption of such technology in Industrial environments 
are: 

• More speed – For small to medium runs of small objects, 3D printing is already faster than 
many methods of traditional manufacturing simply because of the time it takes to create 
the tools for injection molds and casts required for traditional manufacturing. Reduced 
time on design and production is a major value add for manufacturers. 



• Lower costs – Those molds and casts for conventional manufacturing are not cheap, so 
small to medium production runs can be more affordable with 3D printing. 

• In-House manufacturing – Many companies are choosing to manufacture their own parts 
rather than outsourcing their production. This reduces their costs and production times, 
allows them to easily iterate designs, and improves their quality control. Another benefit 
of printing in-house is IP protection.  

• Renewable and efficient – The additive nature of 3D printing makes it less wasteful than 
subtractive manufacturing technologies like machining. This is appealing to large 
manufacturers that are getting increasing pressures from their customers) to improve the 
efficiency of their manufacturing. Many large-format 3D printers can also use shredded 
plastics as feedstock, offering producers a direct form of recycling. 

• Generative design – Automated generative design tools are growing in popularity and the 
geometries they generate can often only be produced using 3D printing. 

• Performance – Material development is an ongoing effort within the 3D printing space 
and the selection and performance of materials has improved dramatically. Some 
materials, including certain metals, have superior mechanical properties than if they were 
forged or injection molded. 

• Mass customization – 3D printing enables mass-produced parts to be customized and 
personalized without slowing down production or incurring more costs. 
 

As for the things that can be 3d printed and their applications, they can vary from prototyping 
commercial products such as furniture and footwear to medical equipment permanent solutions 
such as dental prosthetics and of course art models and replicas. 

In 3d printing there is a number of options for materials used The most widely used 
materials are plastics. These also come with different mechanical properties. Also, there is a 
range of alternatives such as flexible materials, plastics and nylon to tougher metals. 

 

Common printing technologies 

There are several technologies differing mainly in the way layers are built to create an 
object. Some methods use melting or softening material to extrude layers. Others cure a photo-
reactive resin with a UV laser (or another similar light source) layer by layer. 

1. Vat Photopolymerisation 
a. Stereolithography (SLA) 
b. Digital Light Processing (DLP) 
c. Continuous Liquid Interface Production (CLIP) 

2. Material Jetting 
3. Binder Jetting 
4. Material Extrusion 

a. Fused Deposition Modeling (FDM) 
b. Fused Filament Fabrication (FFF) 

5. Powder Bed Fusion 



a. Multi Jet Fusion (MJF) 
b. Selective Laser Sintering (SLS) 
c. Direct Metal Laser Sintering (DMLS) 

6. Sheet Lamination 
7. Directed Energy Deposition 

The most-commonly used 3D-printing process (46% as of 2018) is a material extrusion 
technique called fused deposition modeling (FDM). While FDM technology was invented after 
the other two most popular technologies, stereolithography (SLA), and selective laser sintering 
(SLS) FDM is typically the most inexpensive of the three, which leads to the popularity of the 
process. 

 

4.2. 3D Printing workflow 
For our purpose we decided to make a model of the 3d printed multi axis robotic arm 

using ready solid faces for various parts of the hand and modifying them to fit to our needs. We 
also used standard mechanical components such as pulleys, belts and screws into the model to 
best preview the final result.  

Using a 3d design tool was a big challenge covering wide mechanical knowledge which 
was acquired for the specific implementation. The software tools such as Autodesk Fusion 360 
helped a lot both with the provided accuracy as well as with the integration with the 3d printing 
chain. 

When the model was ready, we sliced each part and printed it in our 3d printer setup 
following a line of iterations for exactly matching the dimensions of the design to the actual 
printer output. As a next step the mechanical construct was put together with the help of non-
printable metal moving parts. 

4.2.1. Autodesk Fusion 360 

Fusion 360 is a commercial software for 3D CAD modeling, created by Autodesk. Fusion 
360’s wide array of features makes it a versatile tool. It’s coveted by professional designers and 
engineers across a wide range of industries. 

It covers the whole process of planning, testing and executing a 3D design. As can be 
expected, Fusion 360 has excellent support for 3D printing. CAD files can be directly imported 
into the Autodesk Printing Studio or exported directly in any slicer program with one button. 

In the figure 21 below the 3d model is shown in a preview window  



 

 

Figure 21 Dissambled view of the arm’s mechanical parrts 

 

 



4.2.2. Creality CR-10 MAX 

Creality CR-10 Max  (Figure 22) sized at 450x450x470 mm is a very large 3D printer with 
large installation space, stable frame and high manufacturing precision. This printer is a FFF 
(Fused Filament Fabrication) printing technology. The main advantage of the specific model is its 
large size and the affordable price. This makes it a good fit for our implementation since it is a 
printer  usually employed by small businesses and hospitals while having the ability to produce 
large quantities of 3d prints fast. 

 

Figure 22 Creality CR-10 Max 3D printer 

SPECIFICATIONS 

 • Dimensions: 650x785x735mm 

• Weight: 20kg 

 

Electrical Specifications • Input: AC 100-265V 50-60Hz 
• Output Motherboard: 24V 3.1A 75W 

• Output Bed Power Supply: 24V 31A 
750W 

 

Software 

 
• Slicer: Cura (Works with Simplify3D not 

included) 
• Operating System: 

Windows/Mac/Linux 

Print Specifications 

 
• Printing Technology: FFF (Fused 

Filament Fabrication) 
• Max Nozzle Temp.: 250℃ 

• Max Bed Temp.: 100℃ 

• Leveling: Automatic 

•  

Supported materials • FLEX, PET, PLA, WOOD 

File format • AMF, G-Code, OBJ, STL 



 

 

Below in figures 23 through 26 pictures of 3d printed parts and the final assembly are briefly 

presented and more thoroughly discussed in the thesis of the second partner of this project. 

 

Figure 23 Timing belt design 

 

Figure 24 Timing belt sliced design 



 

Figure 25 Adaptive gripper design 

 

Figure 26 Assembled robotic arm 

 

 

 

 



5. Power distribution system 

5.1. Power electronics - Voltage regulators 
 As the power requirements of the system are concerned our team developed a voltage 

providing circuit that covers the need for different voltage levels and current output. As a number 

of systems are being fed from this circuit and the use of the system is to be portable the design 

was challenging. Several options were explored to cover all the needs and after testing the final 

decision was made that could power both electronic processors, communication circuits as well 

as different types of motors. 

 As this part is covered in the thesis of the other partner (Mr. Paparizos),  just a brief 

reference will follow. At first a linear voltage regulator was developed on a through hole pcb 

which quickly proved inefficient as its losses did not match needs of a battery driven mobile 

robot.  The LM350 used is an adjustable linear voltage regulator. This regulator can provide the 

current we need as it can output over 3 Amperes current while the input voltage of our battery 

is within its input range  of 1.2 V to 33 V. Also to adjust the output voltage level only two external 

resistors are needed (Figure 27). 

 One great disadvantage of linear regulators is the power loss. This comes from the low 

efficiency of 10 to 40 percent as well as the high thermal waste which is generated. This 

disadvantage does not come without consequences as it makes linear regulators highly 

unsuitable for battery operated systems. 

 

 

 

 

 

 

Figure 27 Linear voltage regulator 



 

 

Figure 28 Linear voltage regulator schematic circuit 

A second approach is a switching regulator, in the form of a step-down dc to dc converter. This  

is a  voltage regulator that uses a switching element to transform the incoming power supply into 

a pulse which is then smoothed using capacitors and other electronic components. The energy 

losses involved in moving chunks of energy around in this way are relatively small, and the result 

is that a switching regulator can typically have 85% efficiency. 

 The step down converter we used has the ability to convert our battery’s voltage which 

is in the 9 to 36 Volt input range successfully to 5 Volts  to power the microcontrollers and other 

electronics while regulating and applying protection to the original voltage of 12 Volts for motor 

applications. The selected regulator can output 5 Amperes at the reduced level of 5 Volts for 

about 25 Watts of output power (Figure 28, 29). 

 

 

 

 

 

 

Figure 29 The selected voltage converter 



5.2. Lithium Ion Batteries 
 

5.2.1. General Information 

Depending on the design and chemical compounds used, lithium cells can produce voltages 

from 1.5 V to about 3.7 V. Lithium batteries find application in many long-life, critical devices, 

such as pacemakers and other implantable electronic medical devices.  

5.2.2. Charging  

Charging procedure 

The charging procedure is performed at constant voltage with current-limiting circuitry (i.e., 

charging with constant current until a voltage of 4.2 V is reached in the cell and continuing with 

a constant voltage applied until the current drops close to zero). In the past, lithium-ion batteries 

could not be fast-charged and needed at least two hours to fully charge. Current-generation cells 

can be fully charged in 45 minutes or less (Figure 30).  

 

Figure 30 Battery charging procedure 

Over charging-discharging 

Charging at greater than 4.2 V can initiate Li+ plating on the anode, producing irreversible 

capacity loss. Over time the dendrites can accumulate and pierce the separator, causing a short 

circuit leading to heat, fire or explosion. This process is referred to as thermal runaway. 

Discharging beyond 2 V can also result in capacity loss. The (copper) anode current collector can 

dissolve into the electrolyte. Over time, copper dendrites can form and cause a short in the same 

manner as lithium. 

5.2.3. Battery Management System (BMS) 

A battery management system (BMS) is any electronic system that manages a rechargeable 

battery (cell or battery pack), such as by protecting the battery from operating outside its safe 

operating area monitoring its state, calculating secondary data, reporting that data, controlling 

its environment, authenticating it and / or balancing it. 



Monitoring: 

A BMS may monitor the state of the battery as represented by various items, such as: 

• Voltage: total voltage, voltages of individual cells, minimum and maximum cell voltage or 

voltage of periodic taps 

• Temperature: average temperature, coolant intake temperature, coolant output 

temperature, or temperatures of individual cells 

• State of charge (SOC): or depth of discharge (DOD). This may simply be for providing the 

user with an indication of the capacity left in the battery, or it could be needed in a control 

circuit to ensure optimum control of the charging process  

• State of health (SOH): a variously defined measurement of the remaining capacity of the 

battery as % of the original capacity. This is vital for assessing the readiness of emergency 

power equipment and is an indicator of whether maintenance actions are needed. 

• State of power (SOP): the amount of power available for a defined time interval given the 

current power usage, temperature and other conditions 

• State of Safety (SOS) 

• Coolant flow: for air or fluid cooled batteries 

• Current: current in or out of the battery 

Protection: 

A BMS may protect its battery by preventing it from operating outside its safe operating area, 

such as: 

• Over-current (may be different in charging and discharging modes) 

• Over-voltage (during charging) 

• Under-voltage (during discharging), especially important for lead–acid and Li-
ion cells 

• Over/Under-temperature 

• Over-pressure (NiMH batteries) 

• Ground fault or leakage current detection (system monitoring that the high 
voltage battery is electrically disconnected from any conductive object 
touchable to use like vehicle body) 

The BMS may prevent operation outside the battery's safe operating area by: 

• Including an internal switch (such as a relay or solid-state device) which is 
opened if the battery is operated outside its safe operating area 

• Requesting the devices to which the battery is connected to reduce or even 
terminate using the battery. 

• Actively controlling the environment, such as through heaters, fans, air 
conditioning or liquid cooling 

 
Optimization: 



In order to maximize the battery's capacity, and to prevent localized under-charging or over-

charging, the BMS may actively ensure that all the cells that compose the battery are kept at the 

same voltage or State of Charge, through balancing. The BMS can balance the cells by: 

• Wasting energy from the most charged cells by connecting them to a load (such as 
through passive regulators) 

• Shuffling energy from the most charged cells to the least charged cells (balancers) 

• Reducing the charging current to a sufficiently low level that will not damage fully 
charged cells, while less charged cells may continue to charge (does not apply to 
Lithium chemistry cells) 

Modular charging BMS topologies fall in 3 categories: 

• Centralized: a single controller is connected to the battery cells through a 
multitude of wires 

• Distributed: a BMS board is installed at each cell, with just a single communication 
cable between the battery and a controller 

• Modular: a few controllers, each handing a certain number of cells, with 
communication between the controllers 

 

The electronic part of the battery management system we chose is a 3Series BMS (WX-3S2525) 

with the basic protection features such as uniform charging and discharging, over current 

protection, over and under voltage protection. 

 

 

Portable applications: 

The requirements for a BMS in mobile applications (such as electric vehicles) and stationary 

applications (like stand-by UPSs in a server room) are quite different, especially regarding the 

space and weight constraint requirements, so the hardware and software implementations must 

be tailored to the specific use. In the case of electric or hybrid vehicles, the BMS is only a 

subsystem and cannot work as a standalone device. It must communicate with at least a charger 

(or charging infrastructure), a load, thermal management and emergency shutdown subsystems. 

Therefore, in a good vehicle design the BMS is tightly integrated with those subsystems. Some 

small mobile applications (such as medical equipment carts, motorized wheelchairs, scooters, 

and forklifts) often have external charging hardware, however the on-board BMS must still have 

tight design integration with the external charger. 



5.3. Our battery  
For our implementation we constructed our own 12v battery pack using Samsung Cells of ICR-

18650 lithium-ion batteries and a Battery Management System to provide much needed 

protection features. 

The batteries chosen are the same ones found in laptops and can be  

• purchased for a low price  

• operated safely as they have been used in mobile products for years 

Lithium-ion (Li-Ion) batteries which are selected for our systems offer a number of benefits in 

contrast to lithium-polymer (Li Po) .Some of the advantages are their size, ease to charge and the 

fact that they don’t suffer from chemical leak, excessive heat dissipation, and chance of explosion 

.Their safety is due to their metal shell which prevents leakage of the chemicals inside or even 

bursting due to short circuits scenarios or any other faulty operation. 

5.3.1. Battery Cell 

Below we provide information from the documentation manual for the Model ICR 18650 - 26C 

lithium Ion cell (Figure 31)technical specifications include its as wellsuch as charging duration 

maximum draw. 

 

Figure 31 Selected 18650 lithium ion cells 

 

Nominal Specifications 
Table 1 18650 lithium ion cell Nominal Specifications 

Item Specification 

Nominal Capacity 2600mAh (0.2C, 2.75V discharge) 

Minimum Capacity 2550mAh (0.2C, 2.75V discharge) 

Charging Voltage 4.2 ± 0.05 V 

Nominal Voltage 3.7V 

Charging Method CC-CV(constant voltage with limited current) 

Charging Current Standard charge : 1300mA 
Rapid charge : 2600mA 



Charging Time 
 

Standard charge : 3hours 
Rapid charge : 2.5hours 

Max. Charge Current 2600mA(ambient temperature 25 ℃) 

Max. Discharge Current 5200mA(ambient temperature 25 ℃) 

Discharge Cut-off Voltage 2.75V 

Cell Weight 47.0g max 

Cell Dimension Height : 65.00mm max 
Diameter : 18.40mm max 

Operating Temperature Charge : 0 to 45 ℃ 
Discharge : -10 to 60 ℃ 

Storage Temperature 1 year : -20~25 ℃ 
3 months : -20~45 ℃ 
1 month : -20~60 ℃ 

 

Charge Rate Capabilities 

The Discharging capacity is evaluated  under  constant current  of  520mA and cut-off  voltage of 

2.75V after the charging of the cell with 4.2V has been completed as described in the following 

Table. 

. 

Table 2 Lithium cell charge rate characteristics 

 Charge Condition 

Current 0.2C 
(520mA) 

0.5C 
(1300mA) 

1.0C 
(2600mA) 

2.0C 
(5200mA) 

Cut-off 7h or 100mA 3h or 100mA 2.5h or 100mA 2.5h or 100mA 

Relative Capacity 100% 95% 90% 80% 

 



5.3.2. Battery Management Controller 

In order to put together the overall system we need to  

• connect the batteries in the right series-parallel combination 

• connect the cell pack to a protection and monitoring circuit 

• make the physical case of the pack with the electrical soldering and switch 

Regarding the connection of the battery elements we need to specify  

• the different voltage level outputs for the whole system 

• the power requirement in terms of discharge current and wattage 

For this reason, we provide a first stage of 12Volt output which is being kept stable at any current 

draw need by the BMS (in case our battery is discharged below this voltage or a higher current 

requirementdisrupts the output level ) to power the highest voltage elements such as the dc 

motors and then we utilize voltage regulators to provide secondary power level connections such 

as the standard 5Volt output to power microelectronic components and processors.  

• We connect three cells of 3.7 Volts Nominal voltage in series for a Nominal 11.4 Volt 

output before the BMS step UP/DOWN stages.  

• For a 0.5C of 1300 mA as shown in the above table regarding discharge current, we aim 

to provide an amperage of 2.6 Amperes at low stress. If we take into account, the max 

discharge rate of 5200mA at an ambient temperature of 25 ℃ we can discharge 

temporarily about 10 amperes without damaging the batteries if we had no protection 

circuits. 

 

The electronic part of the battery is , 3Series BMS (WX-3S2525) (Figure 32) , management system 

with the connectivity of three in series batteries and the basic protection features such as 

uniform charging and discharging, over current protection, over and under voltage protection. 



 

Figure 32 Battery Management System and cell connection 

In order to connect the batteries a procedure must be followed to charge all the cells which are 

connected in parallel to the exact same voltage with 50 mV difference at most such that massive 

current will not flow between them, when connected directly and minimal resistance between 

them leads to huge current flow. For this reason, the CC-CV (constant voltage with limited 

current) method is followed in a laboratory power supply.  

1. The power supply is set at 4.2 Volt max charging voltage and 1300 mA or 0.5C 

current limit.  

2. At the first stage the current is constant at the limit value while the voltage rises 

up to 4.2 Volt 

3. Then the voltage is being stabilized and the current provided by the bench drops 

to the value indicating the end of the charging procedure. 

The casing of the pack uses 3d printed plastic hole holders and Nickel strips with a simple switch 

(Figure 33).  



 

Figure 33 3D printed battery holder and Nickel strips 

The final result is shown at the figure below  (Figure 34) with the battery connected to the voltage 

regulator providing the secondary voltage output level on the vehicle’s chassis.  

 

Figure 34 Chasis top view with battery system 



6. System Implementation  

6.1. System Description  
The complete system is consisted of a number of subsystems (Figure 35). One of them is the 

moving wheelbase, the robotic arm as seen in Figure 36, and of course the electronics and 

embedded software. All these have to work together, each providing their feedback and being 

controlled by the main processor. 

The Human Interaction end of the system begins with a Leap Motion controller, a camera 

system that recognizes the operators arm position and gestures. Then a host pc performs the 

inverse kinematics equations interfacing the path of the hand movement to the robot actuation. 

As the host pc sends wirelessly via Bluetooth the movement commands the processor 

embedded on the robot, an ARM Cortex micro processor, decapsulates the received packages 

and forwards them to the underling hardware of the integrated Xilinx FPGA. The FPGA then 

interfaces to the real world controlling the motor signals [21], [22]. 

 

Figure 35 System overview 

 



 

Figure 36 3D printed Robotic arm 

 

 



6.2. Software Part 
Regarding the software part of this thesis the second person of our team (Mr. Paparizos) has 

focused on developing a program to acquire coordinates of the human hand using leap motion 

libraries ([23] to [26]). For this reason JavaScript frameworks were used (Node.js) utilizing 

JavaScript libraries implemented for the sensor, namely leapjs , calling the functions to capture 

the movements from hands and fingers in 3D space from the leap motion device (Figure 37).  

As a next step the movement data were translated to position and speed parameters with 

the help of inverse kinematics that will not be further analyzed here, since these are described in 

detail in Mr Paparizos’ Thesis. Using the Math Library each pointable movement is ready to be 

applied in the kinematics model To transfer the output of the above processing from the host pc 

to the microcontroller, a framework called Johnny-five and the firmata protocol were used for 

simultaneous movements of multi axis positioning systems with a standard way of packet 

transmissions between microprocessors.[27]  This library is being ported to the Arm architecture 

of the employed  SoC. 

Finally the transmission is achieved by sending the data to the host laptop’s Bluetooth port 

[28]. 

 

 

 

Figure 37 Leap Motion Data Aquisition 



6.3. Hardware and Software platform 
 

A system on a chip, also known as an SoC integrates the software programmability of an 

embedded processor with the hardware acceleration of an FPGA, while integrating CPU, DSP, 

ASSP, and mixed signal functionality on a single device. 

Specific Xilinx ICs are  containing programmable logic and an ARM application processor core 

inside. These ICs  are known as Xilinx Programmable System-on-Chip or SoCs. The Xilinx ZYNQ-

7000 series [29] is their cost-optimized range (Figure 38). The components that a SoC generally 

looks to incorporate include: 

• a central processing unit,  

• input and output ports,  

• internal memory,  

• as well as analog input and output blocks among other things.  

 

 

Figure 38 Block diagram of the Zynq-7000 AP SoC 

 



Depending on the kind of system that has been reduced to the size of a chip, it can perform a 

variety of functions including:  

• Signal processing 

• Wireless communication, LTE radio and baseband 

• Multi-Axis Motor Control  

• Driver infotainment 

• Machine Vision  

• Medical imaging and diagnosis 

• Programmable Logic Controllers 

• Artificial intelligence and more. 

Using a programmable SoC in theory it can make a lot of sense for certain embedded use-cases, 

since  it can act like a custom processor chip. The programmable logic can be used to enhance 

the capabilities of the processor core, adding features that don’t exist with off-the-shelf 

processors. As an example, if the product contains a camera module, then it is possible for the 

programmable logic to handle the camera interfacing and dump into memory the image frames, 

with no CPU overhead from the processor core. 

The integration of the specialized Programmable Logic (PL) with the adapted firmware on the 

Programmable Software (PS) enables the creation of unique and alternative system 

functionalities. The degree of this integration allows higher speeds than a solution consisting of 

two discrete chips due to the: 

• Limited IO bandwidth 

• Delayed production of data 

• Energy budget  

Xilinx offers a wide range of ready-to-use IPs (Intellectual Property) from simple Block Rams, 

Video decoders to whole application processors. Also, drivers are available to kickstart the 

application development including firmware for basic communication blocks, protocols and even 

Linux kernels built for the Zynq platform. The development platform Vivado Design Suite offers 

all the tools needed to design, implement and deploy each project giving a vast freedom to 

operate the Aplication Programming Unit (APU ) and FPGA each at their own configuration and 

experiment with the interconnection between them. 

Our selected APU integrates a feature-rich dual-core ARM® Cortex™-A9 based processing system 

(PS) and 28 nm Xilinx programmable logic (PL) in a single device. The Digilent Cora Z7 (Figure 39) 

is a ready-to-use, low-cost, and easily embeddable development platform designed around the 

powerful Zynq-7000 All-Programmable System-on-Chip (APSoC) from Xilinx, Fig.38 



 

Figure 39 Digilent Cora Z7 Board 

6.3.1. Application Programming Unit – APU  

Zynq’s Processing System includes a selection of ARM embedded processors (single-core up to 

quad-core) as well as a set of compute resources that create the Processing System of the 

platform. The ARM Cortex-A9 CPUs are the heart of the PS and include on-chip memory, external 

memory interfaces, and a rich set of peripheral connectivity interfaces (Figure 40). 

The two ARM cores include a Single Instruction Multiple Data NEON Media Processing Engine, 

Floating Point Unit and Memory Management Unit as well as cache memory and a unit for 

interconnecting the Programmable Logic and The Processing System. 

 

 

Figure 40 APU block diagram 

 



In our system the features include: 

ZYNQ Processor 

• 667MHz dual-core (*single-core) Cortex-A9 processor 

• DDR3 memory controller with 8 DMA channels and 4 High Performance AXI3 Slave ports 

• High-bandwidth peripheral controllers: 1G Ethernet, USB 2.0, SDIO 

• Low-bandwidth peripheral controllers: SPI, UART, CAN, I2C 

• Dual-channel, 1 MSPS internal analog-digital converter 

• Programmable from JTAG and microSD card 

Memory 

• 512MB DDR3 with 16-bit bus @ 1050Mbps 

• microSD slot 

USB and Ethernet 

• Gigabit Ethernet PHY  

• USB-JTAG programming circuitry 

• USB-UART bridge 

• USB OTG PHY (supports host only) 

6.3.2. Logic Blocks 

The PL of the device mainly consists of general logic parts which are divided in logic slices and 

Configurable Logic Blocks (CLB). Also there are specialized blocks as well as Input/Output units. 

• Configurable Logic Blocks is the basic repeating logic resource on an FPGA. When 

linked together by routing resources, the components in CLBs execute complex logic 

functions, implement memory functions, and synchronize code on the FPGA. 

• Look Up Tables is a collection of gates hardwired on the FPGA. A LUT stores a 

predefined list of outputs for every combination of inputs. LUTs provide a fast way to 

retrieve the output of a logic operation because possible results are stored and then 

referenced rather than calculated. 

• DSP slice is a digital signal processing logic element included on certain FPGA device 

families. You can use this slice to perform different kinds of arithmetic operations, 

including a multiply-accumulator, multiply-adder, and a one- or n-step counter. You 

also can use the slice to perform different kinds of logic operations, such as AND, OR, 

and XOR operations. You can cascade multiple DSP48E slices to implement more 

complex functions, including complex multipliers and n-tap FIR filters, without using 

any additional FPGA fabric resources. 

• Block Memory (BRAM) is a type of random access memory embedded throughout an 

FPGA for data storage to accomplish the following tasks: 

o Transfer data between multiple clock domains by using local FIFOs 



o Transfer data between an FPGA target and a host processor by using a DMA 

FIFO 

o Transfer data between FPGA targets by using a peer-to-peer FIFO 

o Store large data sets on an FPGA target more efficiently than RAM built from 

look-up tables 

The  implementation of a system in a reconfigurable hardware platform includes a number of 

steps which ensure the correct function of the design. These steps consist the design flow that 

must include all of them and also be executed in the correct order in the form of an algorithm so 

that  errors are reduced and iteratively the result can be achieved (Figure 41). 

 

Figure 41 FPGA design flow 

The FPGA specifications in the PL part of our chosen Zynq system are the following: 

Table 1 FPGA characteristics 

Part Number XC7Z010-1CLG400 

Logic Slices  4,400 

6-input LUTs  17,600 

Flip-Flops  35,200 

Block RAM  270 KB 

DSP Slices  80 

Clock Resources  Zynq PLL with 4 outputs 

• 2 PLLs 

• 2 MMCMs 

• 125 MHz external clock 

Internal ADC  Dual-channel, 1 MSPS 



6.3.3. AMBA AXI-4 

AMBA initials mean ARM Advanced Microcontroller Bus Architecture and AXI comes from 

Advanced eXtensible Interface. AXI4 is the fourth generation of the AMBA interface specification 

from ARM®. 

There are three types of AXI4 interfaces: 

• AXI4 (AXI4-Full): For high-performance memory-mapped requirements. 

• AXI4-Lite: For simple, low-throughput memory-mapped communication (for example, to 

and from control and status registers). 

• AXI4-Stream: For high-speed streaming data. 

AXI4 is widely adopted in Xilinx product offerings, providing benefits to Productivity, Flexibility, 

and Availability: 

• Productivity: By standardizing on the AXI interface, developers need to learn only a single 

protocol for IP. 

• Flexibility: Providing the right protocol for the application (AXI4, AXI4-Lite, AXI4-Stream) 

• Availability: By moving to an industry-standard, you have access not only to the Vivado 

IP Catalog, but also to a worldwide community of IP providers 

How AXI4 works 

Multiple memory mapped AXI masters and slaves can be connected together using AXI 

infrastructure IP blocks. The AXI Interconnect is architected using a traditional, monolithic 

crossbar approach.  

Both AXI4 and AXI4-Lite interfaces consist of five different channels: 

• Read Address Channel (AR) 

• Write Address Channel (AW) 

• Read Data Channel (R) 

• Write Data Channel (W) 

• Write Response Channel (B) 

Data can move in both directions between the master and slave simultaneously, and data 

transfer sizes can vary.  

Each channel is independent from each other and has its own couple of VALID/READY handshake 

signals. The VALID signal is driven by the source to inform the destination entity that the payload 

on the channel is valid and can be read from that clock cycle onwards. Similarly, the READY signal 

is driven by the receiving entity to notify that it is prepared to receive data. When both the VALID 

and READY signals are high in the same clock cycle, the data payload is considered "transferred" 

and the source can either provide a new data payload, by keeping high VALID, or terminate the 

transmission, by de-asserting VALID. Both the source and the destination can control the flow of 

data and speed (Figure 42). 



 

Figure 42 Basic handshake mechanism of the AMBA AXI protocol 

The limit in AXI4 is a burst transaction of up to 256 data transfers. AXI4-Lite allows only one data 

transfer per transaction as shown below(Figures 43,44). 

 

Figure 43 AXI Read Address and Read Data channels 

 

 

Figure 44 AXI Write Address, Write Data and Write Response channels 

 

 



6.3.4. Vivado Design Suite 

 

The Cora Z7 is fully compatible with Xilinx’s high-performance Vivado Design Suite (Figure 45). 

This toolset melds: 

• FPGA logic design and  

• embedded ARM software development  

into an easy to use, intuitive design flow.  

It can be used for designing systems of any complexity, from a complete operating system 

running multiple server applications, down to a simple bare-metal program that controls some 

LEDs. It is also possible to treat the Zynq AP SoC as a standalone FPGA for those not interested in 

using the processor in their design.  

 

Figure 45 Vivado design suite, Block design environment 

Vivado components 

The Vivado Simulator is a component of the Vivado Design Suite. It is a compiled-language 

simulator that supports mixed-language, TCL scripts, encrypted IP and enhanced verification. 



The Vivado IP Integrator allows engineers to quickly integrate and configure IP from the large 

Xilinx IP library. The Integrator is also tuned for MathWorks Simulink designs built with Xilinx’s 

System Generator and Vivado High-Level Synthesis. 

The Vivado High-Level Synthesis compiler enables C, C++ and SystemC programs to be directly 

targeted into Xilinx devices without the need to manually create RTL. Vivado HLS is widely 

reviewed to increase developer productivity, and is confirmed to support C++ classes, templates, 

functions and operator overloading.  

The Vivado SDK is a program through which we can write the embedded software for the 

processor of our design. 

 



6.4. Component implementation 
 

In the following paragraphs the various components which put together the software and the 

hardware part of the SoC will be described. The main focus of this section is  

• the instantiation of hardware IP blocks,  

• their programming sequence,  

• the interface registers to the ARM processor and AXI bus and  

• the embedded software code to control them. 

The components that will be introduced are the motor driving circuit that deals with the rotation, 

speed and angle, of the motors as well as the glue logic to transform a set of commands into a  

set of Pulse Width Modulation signals coming out from of the board pins. Also the hardware 

block for implementing the feedback of the actual position of a dc motor will be described, which 

is composed of the hall sensor’s input signal and a timer to keep count of the rotation degrees 

performed in a certain time period 

 

6.4.1. PWM signal Generation 

 

We can use the FPGA part of our SoC to output to its pins the PWM signal that controls the servo 

motors creating a motion control IC that has  

• a custom interface,  

• register space and  

• capabilities to control and regulate speed acceleration and positioning of our motors ([30 

- 34]). 

 

The block that we will create uses gates to rise and lower the voltage level of the control pins of 

the servo motor. This is done automatically by two timers who control the period and duty cycle 

of the pulse. So there is no need to check for counter interrupts to switch the pin output as the 

hardware counters with the logic gates at their end do this. Below, the IP AXI Timer which is used  

is described and then our configuration set up is shown. 

 

 

 

 



The LogiCORE™ IP AXI Timer/Counter is a 32/64-bit timer module that interfaces to the AXI4-Lite 

interface. The AXI Timer is organized as two identical timer modules. Each timer module has an 

associated load register that is used to hold either the initial value for the counter or a capture 

value, depending on the mode of the timer. 

 

The timer/counter design has the following key modules:  

• Timer Registers: The Register block implements a set of 32-bit registers for each 

timer/counter. This set of register contains  

o load register,  

o timer/counter register  

o control/status register.  

• Counters: The Timer/Counter module has two 32-bit counters, each can be  

o configured for up/down counts  

o loaded with a value from the load register.  

• Interrupt Control: The Interrupt control module generates a single interrupt depending 

on the mode of operation.  

• Pulse Width Modulation (PWM): The PWM block generates a pulse signal, PWM0. It uses  

o Timer 0 for period for a specified frequency  

o Timer 1 for output width for the duty cycle 

Block diagram 

 

The block diagram of AXI Timer, is shown in Figure 46. 

 

 

Figure 46 Block Diagram of AXI Timer 



Register Space 

 

The table below shows all the AXI Timer registers, their addresses and their description according 

to the Xilinx documentation: 

Address Offset Register Name Description 

0h TCSR0 Timer 0 Control and Status Register 

04h TLR0 Timer 0 Load Register 

08h TCR0 Timer 0 Counter Register 

0Ch-0Fh RSVD Reserved 

10h TCSR1 Timer 1 Control and Status Register 

14h TLR1 Timer 1 Load Register 

18h TCR1 Timer 1 Counter Register 

1C-1Fh RSVD Reserved 

 

In the following code segment, the memory address, and the reserved continuous space in the 

DRAM of the ARM processor is shown as part of the header file of the SDK project. Specifically 

their value is being defined as the low level programming of the SoC requires a frequent reference 

to them. 

 

 

 

 

 

 

Code: AXI_TIMER_0 register space in Xilinx SDK - (xparameters.h header file) 

 

Programming sequence 

 

In order to configure the timer as a PWM signal generator the register control bits and the correct 

sequence of setting them is presented. This includes the study of the control and status bits in 

the timer registers, the right sequence of setting them to activate the different abilities of the 

hardware that they control, as well as the right value calculation in relation to the clock used so 

as to achieve the right time delays and translate them to hexadecimal values placed in preload 

registers. 

/* Definitions for peripheral AXI_TIMER_0 */ 

#define XPAR_AXI_TIMER_0_DEVICE_ID 0U 

#define XPAR_AXI_TIMER_0_BASEADDR 0x42800000U 

#define XPAR_AXI_TIMER_0_HIGHADDR 0x4280FFFFU 

#define XPAR_AXI_TIMER_0_CLOCK_FREQ_HZ  50000000U 

 



Control/Status Register 0 (TCSR0) 

 

 

Control/Status Register 1 (TCSR1) 

 

Load Register (TLR0 and TLR1) 

 

 

Timer/Counter Register (TCR0 and TCR1) 

 

Pulse Width Modulation (PWM) mode has the following programming sequence: 

1) Both Timer 0 and Timer 1 must be set to Generate mode (MDT in the TCSR set to 0). 

2) The PWMA0 in TCSR0 and PWMB0 in TCSR1 must be set to 1 to enable PWM mode. 

3) The GenerateOut signals must be enabled in the TCSR in both timers (GENT set to 1). 

(The PWM0 signal is generated from the GenerateOut signals of Timer 0 and Timer 1.) 

4) The assertion of the GenerateOut signals for both timers must be set to Active High. 

5) The counter can be set to count up or down (UDT = 0) or (UDT = 1). 

6) The PWM period is determined by the generate value in the Timer 0 load register (TLR0). 

7) The PWM high time is determined by the generate value in the Timer 1 load register 

(TLR1). 

The period and duty factor are calculated as follows: 



• When counters are configured to count up (UDT = 0): 

PWM_PERIOD = (MAX_COUNT - TLR0 + 2) * AXI_CLOCK_PERIOD 

PWM_HIGH_TIME = (MAX_COUNT - TLR1 + 2) * AXI_CLOCK_PERIOD 

• When counters are configured to count down (UDT = 1): 

PWM_PERIOD = (TLR0 + 2) * AXI_CLOCK_PERIOD 

PWM_HIGH_TIME = (TLR1 + 2) * AXI_CLOCK_PERIOD 

where MAX_COUNT is the maximum count value for the counter, such as 0xFFFFFFFF for a 32-bit 

counter. 

 

Vivado configuration 

In the Vivado IP Integrator (Figure 48) the AXI Timer components are instantiated and part of the 

configuration is performed in a graphical interface.  

• The assertation level of the signals is set to HIGH and  

• Both timers are enabled for each IP. 

 

 

 

 

 

 

 

 

Figure 47 Vivado IP customization window and block design view 



6.4.2. SDK PWM AXI_timer Setup and Usage 

The next step is to set up the Processor part code so as the ARM and the FPGA part to cooperate. 

Below the software setup is shown. 

To set up the IP to work as PWM IP we must write the correct values in the control bits of the 

peripheral address mapped registers. This requires 

• Setting up a control word consisting of the control bits 

• Performing a write operation on the address + offset in the register space 

 

 

 

 

 

 

 

Code PWM Configuration word defined in Xilinx SDK - (main.c code file) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

// Timer variables 

#define PWM_CONFIG       ((1<<9) | (1<<2) | (1<<1)) 

#define TMR0_RELOAD      1000000 //20ms 

#define TMR1_RELOAD      50000   //1ms 

#define deg_0       50000   //1ms 

#define deg_180     75000   //2.5ms 

 

// Structures 

XTmrCtr Timer0; 

XTmrCtr_Config *TimerConPtr0; 

 

void TimerSetup(void){ 

// Initialize timer 

TimerConPtr0 = XTmrCtr_LookupConfig(XPAR_AXI_TIMER_0_DEVICE_ID); 

XTmrCtr_CfgInitialize(&Timer0, TimerConPtr0, TimerConPtr0->BaseAddress); 

 

// Configure timers for PWM usage 

control_reg0 = XTmrCtr_GetControlStatusReg(TimerConPtr0->BaseAddress, 0) |  

    PWM_CONFIG; 

XTmrCtr_SetControlStatusReg(TimerConPtr0->BaseAddress, 0, control_reg0); 

 

control_reg0 = XTmrCtr_GetControlStatusReg(TimerConPtr0->BaseAddress, 1) |  

    PWM_CONFIG; 

XTmrCtr_SetControlStatusReg(TimerConPtr0->BaseAddress, 1, control_reg0); 

 

// Set starting values for timers 

XTmrCtr_SetResetValue(&Timer0, 0, TMR0_RELOAD); 



Code TimerSetup function - (main.c code file) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Code PWM usage in main loop (main.c code file) 

 

 

 

 

 

int main(){ 

    init_platform(); 

 

    TimerSetup(); 

    XTmrCtr_Start(&Timer0, 0); 

    XTmrCtr_Start(&Timer0, 1); 

 

    while(1){ 

 if (pwm == deg_0){ 

  pwm = deg_180; 

  XTmrCtr_SetResetValue(&Timer0, 1, pwm); 

 }else{ 

  pwm = deg_0; 

  XTmrCtr_SetResetValue(&Timer0, 1, pwm); 

 } 

    } 

    cleanup_platform(); 

    return 0;} 

 



 

6.4.3. Hall sensor encoder 

Using dc motors for a positioning system requires the system to know the current angle of each 

motor. This is achieved using a pair of hall sensors. The sensors are positioned near the rotor and 

measure the magnetic field which varies with the rotation of the shaft (Figure 49).  

 

Figure 48 Hall sensor encoder outputs 

 

We can notice that the two output signals are displaced at 90 degrees out of phase from each 

other. If the encoder is rotating clockwise the output A will be ahead of output B. If we count the 

steps each time the signal changes, from High to Low or from Low to High, we can easily program 

our controller to read the encoder position and the rotation direction (Figure 50). 

 

Figure 49 Encoder output combinations 

 

 

 

 



Encoder implementation 

  

Since the encoder outputs are signals with discrete HIGH and LOW values through its pin, we 

choose to sample them through the FPGA pins for higher speed and parallelism. In this way we 

can imitate the operation of a servo motor which takes as input the destination angle and with 

the position feedback it ends its movement when it reaches this angle. In the case where a dc 

motor is used, we can add an encoder manually and implement the control logic to create a servo 

motor operation. So a great advantage is the reduction of the cost of buying a high end geared 

servo motor. 

 

We use custom logic (Figure 52) to: 

• Debounce the signal transition errors 

• Capture the signal level 

• Decide the direction  

• Increment or decrease the step count 

• Store in the Hall encoder IP (Figure 51) registers the step count and interface it to the AXI4 

protocol 

 

 

Figure 50 Hall sensor IP block design view 

 

 



 

Figure 51 Hall sensor IP Schematic 

AXI4-Lite register update logic 

To add the signals of interest to the AXI4-Lite registers we utilize the slv_regX signals ,  we connect 

them to the sensor and counter values and we make them transparent to the AXI4 read register. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Code Vivado VHDL AXI sensor acquisition code 

slv_reg0 <= SENSOR1 & X"0000000" & "000"; 

slv_reg1 <= SENSOR2 & X"0000000" & "000"; 

slv_reg1 <= std_logic_vector(counter1_out); 

slv_reg3 <= std_logic_vector(counter1_out+1); 

        

        

loc_addr := axi_awaddr(ADDR_LSB + OPT_MEM_ADDR_BITS downto ADDR_LSB); 

 if (slv_reg_wren = '1') then 

     case loc_addr is 

       when b"0000" => 

         for byte_index in 0 to (C_S_AXI_DATA_WIDTH/8-1) loop 

           if ( S_AXI_WSTRB(byte_index) = '1' ) then 

                 --slv_reg0(byte_index*8+7 downto byte_index*8) <=  

     S_AXI_WDATA(byte_index*8+7 downto byte_index*8); 

           end if; 

         end loop; 

 



Counter 

The counter we implemented checks the previous and the current state of the sensor signal and 

increments or decreases its output with respect  to the direction of the rotation. Also by looking 

back a number of samples it decides if the current value is a transition error or it has been stable 

debouncing the input. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

entity counter is  

    port(  

        Input : in std_logic; 

        Clock: in std_logic; 

        Reset: in std_logic; 

        Output: out signed(31 downto 0) 

    ); 

end counter; 

  

architecture Behavioral of counter is 

 

   signal count_reg,count_reg_next: signed(31 downto 0); 

   signal prev,flag: std_logic; 

     

begin    

    process(Clock,Reset) 

       begin 

        if (rising_edge(Clock)) then 

          if Reset='1' then 

             count_reg <= (others=>'0'); 

             prev <= '0'; 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Code Counter VHDL code with debouncing registers 

 

Contact bounce (Figure 53) is a common problem with mechanical switches. Switch and relay 

contacts are usually made of springy metals. When the contacts strike together, their momentum 

and elasticity act together to cause them to bounce apart one or more times before making 

steady contact. The result is a rapidly pulsed electric current instead of a clean transition from 

zero to full current. The effect usually causes problems in some analogue and logic circuits that 

respond fast enough to misinterpret the on-off pulses as a data stream.  

          else   

            prev <= Input; 

            if (Input = '1' and prev = '0') then 

             count_reg <= count_reg_next_inc; 

            if (Input = '0' and prev = '1') then 

  count_reg <= count_reg_next_dec; 

      else 

             count_reg <= count_reg; 

            end if; 

          end if; 

          --count_reg <= count_reg; 

        end if; 

    end process; 

 

    count_reg_next <= count_reg + 1; 

    count_reg_next <= count_reg - 1; 

 

    Output <= count_reg; 

    

end Behavioral; 

 



 

Figure 52 Contact bounce oscilloscope view 

 

The effects of contact bounce can be low pass filtered to reduce or eliminate multiple pulses from 

appearing. In digital systems, multiple samples of the contact state can be taken at a low rate 

and examined for a steady sequence, so that contacts can settle before the contact level is 

considered reliable and acted upon. These methods are referred to as ‘debouncing’ and double 

register usage for acquiring data as was shown in the above code. 

 

 

Encoder SDK code 

The address of the IP and the READ operations in the program loop is presented below. 

 

 

 

 

 

 

Code Xilinx SDK sensor memory addresses 

 

 

 

 

 

/* Definitions for peripheral HALL_SENSOR_0 */ 

#define XPAR_HALL_SENSOR_0_DEVICE_ID 0 

#define XPAR_HALL_SENSOR_0_S00_AXI_BASEADDR 0x43C00000 

#define XPAR_HALL_SENSOR_0_S00_AXI_HIGHADDR 0x43C0FFFF 



 

 

 

 

 

 

 

 

 

 

 

Code Xilinx SDK sensor read code 

 

 

 

 

 

 

 

 

 

 

 

 

u32 counter=0; 

u32 value=0; 

value=Xil_In32(XPAR_HALL_SENSOR_0_S00_AXI_BASEADDR); 

 

 counter=Xil_In32(XPAR_HALL_SENSOR_0_S00_AXI_BASEADDR + 4); 

 xil_printf("\n\n value: %d\n\r",value); 

 xil_printf("\n\n counter pos 1: %d\n\r",counter); 

 

 counter=Xil_In32(XPAR_HALL_SENSOR_0_S00_AXI_BASEADDR + 12); 

 xil_printf("\n\n value: %d\n\r",value); 

 xil_printf("\n\n counter pos 3: %d\n\r",counter); 



6.4.4. Motion Engine 

The complete block design of the SoC includes  

• the set – up of the Processing System, 

• the instances of the hardware IPs and  

• the interconnection blocks for communication between them. 

The block design gives the complete interconnection of the units cooperating for the accelerator 

system to work. We can see the Processor as a block inside hidden area,  its properties as well as 

each individual hardware block and the way they are connected, their input data lines as well as 

clock and control signals. 

The first step includes the configuration of the PS interfaces, IO configuration and Clock 

Distribution to the PL side. This is achieved by the customization wizard when instantiating the 

ZYNQ PS block  (Figure 53). 

In the following figures:  

• The UART port is enabled to communicate with peripherals such as the BLE module. 

• The frequency which is used by the logic blocks as well as any other secondary clock for 

driving timing circuits, timers and PWM signals is generated in a graphical way (Figure 55). 

 

 

Figure 53 APU IP customization window 

 



 

 

Figure 54 Clock configuration 

 

Next in the Block design view (Figure 56) we include  

• IPs from the Xilinx libraries (Fifo buffers, axi interconnection blocks, reset control units, 

clock management IPs) as well as  

• our own packaged Ips (the motion engine IPs which include timers, counters, glue logic 

circuits and general purpose IO pin configuration blocks) which are tested, AXI4 is enabled 

and put in directories to be used by anyone, such as the hall sensor IP. 



 

Figure 55 Final block design 

The required external connections as pins are created and the process of IO planning is 

performed. Also the interface of the peripherals to the processor is made as memory mapped 

components with starting addresses and reserved space between them (Figure 57 to 60).  

 

Figure 56 System’s ip address space 

 



 

Figure 57 Vivado export IP window 

 

Figure 58 Vivado pin configuration 



 

Figure 59 IO planning view 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



7. Conclusion 
In this thesis, an embedded system with integrated control logic was used in a 

mechatronic system. The design was not only tested in terms of functional verification but also 

worked with tight constraints and specifications. 

 The main technologies combined for producing the final result included software 

development, hardware design and embedded programming to interface and control the two 

ends. Also, other technologies like 3d CAD design and 3d printing were explored as a tool for 

creating mechatronic systems. Supplementing the system and adding the element of innovation 

new sensors as the Leap Motion controller was used to showcase a new way of controlling robotic 

arms. 

 Through all the aforementioned, it is shown that a low-cost solution to robotic products 

can be produced by engineering teams avoiding off the self, expensive industrial parts taking into 

consideration the need of rapid deployment in times of crisis. Also new more capable co-

processors can add the benefits of better performance, power consumption and tighter 

integration of various subsystems. 

 As for the functionality that this robotic system implements, its main task is to mimic 

human movements and transfer the sensors’ input to the arm in real time and has been 

showcased mainly in hospital environments for isolated rooms. Thus, a system readily deployed 

and easy to control without extensive formal training is presented. 

This work also led to a research driven approach as well as the publishing of two scientific 

articles (a conference paper [35] and an article in a reputed journal [36]). 

  



8. Future Work 
Having created a first showcase of the total system, a number of improvements are in 

place. The main aim of the envisaged changes is the  compliance of our system to production 

ready standards. The design of the mainframe is important for use in an actual hospital 

environment. For this reason, use of aluminum as a material, more quiet and faster motors are 

being considered. 

In the same fashion, main components such as the battery management system and 

construction are to be designed with newer and safer solid-state Lithium cells and information 

about battery health, temperature and status is to be included. 

As the integration of the system to the market as a commercial good is concerned, 

inclusion of single board computers for the general functionality and replacement of the custom 

hardware developed by us with lower cost chips. Such boards include ARM based Raspberry Pi 4 

computers with Linux operating system and ROS (Robotic Operating System) support. Based on 

the Operating System a number of higher abstraction level concepts can be realized, which are 

not yet feasible on embedded bare metal C-code processors, such as Machine Learning with 

ready to use python libraries and TensorFlow-Lite framework enabled applications. 

Adding subsystems, in order to address the connectivity of the platform using Wi-Fi ICs 

like the popular ESP-32 can benefit access to the internet from anywhere. The various sensor 

readings as well as the control actions required can be monitored by the cloud  by  creating a 

digital representation in the form of a digital twin.  
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