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Abstract 
In Flanders, one in a thousand children is born deaf. Together with the people who become deaf by a 

medical condition like head traumas, meningitis or sudden changes of pressure when flying or diving 

we get a continuously growing group in our society, currently consisting of more than 60.000 people 

in Flanders. Expanding this thought to a global level, we can see that the deaf society represents 70 

million people according to the World Federation of the Deaf. 

In order to reduce the communication gap between the hearing and the deaf this paper will discuss 

the design of a humanoid robot which can serve as a sign language translator between the two 

communities. By studying state of the art technologies a design will be created that is: 

 easy to assemble, 

 not too expensive, 

 usable for people with a minimal knowledge level in robotics. 

A first phase of the project will consist of building one single arm in order to spell words of the Flemish 

sign language and count from one to ten. After this, the setup can be expanded to a dual arm robot in 

order to perform the complete Flemish sign language. This work will handle the design of the single 

arm robot. 
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Introduction 
With the continuously growing population of hearing impaired, a new way of communication between 

the two populations needs to be presented in order to reduce the current communication barrier. As 

an open source, affordable and easy to use application, the Aslan robot presents a solution for this 

problem. By limiting the cost of a functional humanoid robot, the product stays accessible for the broad 

public. 

The Aslan robot can serve in a number of application as a sign language translator ranging from 

applications in health care to applications at in classes or at home. 

Only recently, a standardized version of the Flemish sign language has been created. But due to the 

lack of teachers and sign language courses, the spreading and integration of the standardized Flemish 

sign language knows a moderate progress. In many cases, for example when hearing parents have a 

deaf child, the family develops a form of sign language themselves. For domestic use, the personal sign 

language suffices, but when trying to communicate with third parties the communication will 

deteriorate. 

In combination with its use as a sign language translator, the Aslan robot can serve as a sign language 

teacher. When combined with a human teacher, the robot can perform the right symbols, enabling 

the teacher of a more personal guidance of the students. This will improve the overall quality of the 

course, as well as enabling to teach the sign language to a larger number of people without extra 

teachers. 

We would like to thank the following persons for being a part of this newly introduced project: 

Erwin Smet – For the knowledge, guidance, support and feedback throughout the year. 

Joost Van Dinther – For his trust and belief in our project, and for making this project possible. 

Bram Vanderborght – For his  guidance, advice and knowledge in the first weeks of the project. 

Sanne Van Der Donck – For the introduction into the Flemish sign language. 

MobilAnt – For the information regarding the deaf community. 

Felix Rijkers – For his help with designing the website. 

Trideus/Jesse Buteneers – For sponsoring printing materials. 

Walter Janssens, Frank Haemels, Laurent Keersmaeckers, Augustinus De Winter, Jean-Pierre Smet – 

For support regarding questions about their specific fields of research. 

In order to guide the reader through the design process, the chapters have been put in an order which 

describes the aspects of the design chronologically. A brief content of the different chapters can be 

found below. 
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Chapter 1: Human anatomy of the upper extremities – Guy Fierens 

In the first chapter of this work we will take a look at the mother of all designs regarding humanoid 

robotics: the human body itself. By analyzing the bone structure, as well as the different joints and the 

muscles we get a general idea of how to build a humanoid robot arm. 

Chapter 2: Convention and abbreviations used in this work– Guy Fierens 

This chapter handles the different coordinate systems in our setup. Local and global coordinate 

systems are defined for the arm as well as an index convention of the different joints. 

Chapter 3: Flemish sign language alphabet – Jasper Slaets 

This chapter gives an introduction to the Flemish sign language alphabet. The signs will be analyzed 

and translated to the necessary degrees of freedom. To simplify the actuation it is vital to reduce the 

amount of degrees of freedom. 

Chapter 4: Inverse kinematics – Guy Fierens 

Using inverse kinematics, a mathematical model can be created to control the robot arm. After 

explaining the inverse kinematic problem, this part will compare six commonly used solving methods 

and evaluate these regarding our application.  

Chapter 5: Mechanics – Jasper Slaets 

To understand the mechanics behind the application, it is necessary to choose the right actuation 

method, actuation structure and actuators. For this reason these aspects will be extensively handled.  

Because a remote actuation cable system seems best, cables will be discussed as well. 

Chapter 6: Communication and position feedback – Guy Fierens 

The human arm has a large number of degrees of freedom. In order to show all the gestures of the 

Flemish sign language, a lot of these need to be actuated. To be able to use a large amount of motors, 

in combination with the appropriate sensors, multiple devices will have to cooperate. Chapter 6 will 

discuss the I²C network, a frequently used networking protocol, in combination with the decision 

analysis regarding the electrical components responsible for reading the sensors. 

Chapter 7: Prototyping and rapid modeling – Stijn Huys 

This chapter handles the different types of fabrication to create the robotic arm, going from milling to 

3D-printing. The best method and machine will be determined to fabricate and shape every piece. 

Once the fabrication method has been chosen, the settings and environment will be discussed. 

Chapter 8: Mechanical design – Stijn Huys 

This chapter covers the complete process of designing the complete humanoid arm. Research will be 

done to learn more about existing robotic hands, all parts will be dimensioned and everything will be 

optimized to create a working product. 

Chapter 9: System architecture and programming – Guy Fierens 

When designing and writing a complex, extensive program it is important to maintain a well-defined 

structure in order to keep the program as clear as possible. In chapter 9, this design or architecture is 

explained. Besides the system architecture this chapter will also handle the programming of the robot, 

including the different movement functions and a symbolic table. 
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Chapter 10: Electrical design - Guy Fierens 

In addition to the software, the hardware of the Aslan robot needs to be designed. Chapter 10 will 

discuss the electrical design of the robot. This implies the integration of all the hardware components 

like the Arduino microcontroller, the servo controller, fuses and a stabilized power supply. All these 

components shall be discussed and then selected. 

Chapter 11: Organization of the project  

Since this is a completely new project for the University of Antwerp, a lot of arrangements had to be 

made in order to make the physical realization of the robot possible. The organization of the project 

has been a time-consuming part of the project, and is therefore definitely worth mentioning in this 

paper. 
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List of symbols 

LIST OF ABBREVIATIONS 
Table 1: List of abbreviations 

Abbreviation Meaning 

ABS Acrylonitrile Butadiene Styrene 

DIP Distal interphalangeal joint 

DOF Degree of freedom 

E Index for the elbow joint 

FDP Fused Deposition Modeling 

FFF Fused Filament Fabrication 

IP Interphalangeal joint, specifically used for the thumb 

MCP Metacarpophalangeal joint 

MPD Molten Polymer Deposition 

PIP Proximal interphalangeal joint 

PLA PolyLactic Acid  

PM Permanent Magnet 

PVA PolyVinyl Alcohol 

RC Radio Controlled 

RU Index for the radio-ulnar joint 

S Index for the shoulder joint 

SL Stereolithography 

SLA Stereolithography 

SMA Shape Memory Alloy 

SME Shape Memory Effect 

TMC Trapezoimetacarpal joint 

VR Variable Reluctance 

W Index for the wrist joint 
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LIST OF SYMBOLS 
Table 2: List of symbols 

Symbol Meaning 

E Positioning error 

R Radius 

f(Ө) Forward kinematics function 

A Surface 

B Induction 

Dg Ball diameter 

Dk Socket opening diameter 

E Youngs modulus 

E(Ө) Error function 

F Force 

I Current 

𝐽† Moore-Penrose pseudoinverse jacobian 

J(Ө) Jacobian matrix 

L Length 

M Amount of actuators 

M Mass 

N Amount of degrees of freedom 

P Desired position of the end-effector P(x,y,z,δx, δy, δz) 

T Torque 

V Volume 

X Cartesian position of the end-effector X(x,y,z,δx, δy, δz) 

�̇�  Lineair velocity vector of the end-effector (dx/dt, dy/dt, dz/dt) 

α Angle 

α Gain 

σ Tension 

ε Elongation 

ε Extension 

ρ Density 

Ө Joint states Ө(Ө1,Ө2,…,Өn) 

�̇�  Joint rotational velocity 
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LIST OF PROGRAMMING VARIABLES 
…control      Suffix of integer value used to write variables  
       to the servo motors control register. Prefix of  
       the variable is one of the before mentioned  
       joint indices.  
…position      Suffix of integer value used to write variables  
       to the servo motors position register. Prefix of  
       the variable is one of the before mentioned  
       joint indices.  
abduction(int pos)     Function for the abduction of the index finger 
address      Integer value to describe which servo  
       driver needs to be accessed 
elbow(int pos)      Function for the two DOF movement of the  
       elbow 
finger       Integer value describing which finger needs to  
       be moved. 
finger(int finger, int pos)    Finger movement function, first variable 

describing the finger that needs to be moved  
while the second variable defines the position. 

l       Integer length of spell. 
pos       Integer value describing the position. 
Register      Register value to write variables to a servo  

Driver 
shoulder(int pos)     Function for the simplified shoulder  
       movement 
spell       String variable entered with the keyboard. 
symbol[l]      Spell converted to an array of characters. 
thumb(int pos)      Movement function for the thumb. 
Value       Value used to send to the servo driver 
wrist(int pos)      Movement function for the thumb. 
WriteRegister(int address, byte Register, byte Value) Function to write variables to the different 
       servo drivers. 
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1. Human anatomy of the upper extremities 

1.1 INTRODUCTION 
Guy Fierens - When designing a humanoid robot, it is important to study state of the art technologies 

and designs. In the field of humanoid robotics the mother of designs is the human body itself. In the 

following chapter the key aspects of the human arms will be discussed:  

 The muscles actuating the human arm and hand. 

 The bones responsible for the strength and structure. 

 The different joints necessary for precise and robust movements. 

1.2 GLOSSARY OF TERMS [1] 
In the course of the next chapter, a number of terms will be used frequently.  

Degrees of freedom:  A degree of freedom is defined as an independent parameter to define the 

configuration of a mechanical system. E.g. a joint with one degree of freedom is only able to 

move/rotate in one single direction. 

 

Proximal and distal (Figure 1):  Describes the position of a limb, bone,… with respect to a specific point 

of attachment. Proximal is closer to that specific point, distal further. The upper arm is for example 

located distal from the shoulder.  

 

Medial and lateral (Figure 1): Describes the position relative to the center line. Medial is close the 

center line while lateral is further from the center line and closer to the sides of the body. 

 

Anterior and posterior (Figure 1):  These terms describe the location of a bone or limb relative to the 

body. Anterior or ventral is closer to the front of the body, while posterior or dorsal is closer to the 

back.  

 

Anatomical position and write mode: The anatomical position as seen on the left side of Figure 1 is 

the default position used in medical literature, used because of its accuracy and consistency. In the 

anatomical position the described person is standing upward with his/her head facing forward, arms 

alongside the body and the palms of his/her hands facing forwards. The writing mode describes solely 

the position of the palm of the hand and is the opposite of the anatomical position with the palm facing 

down. 
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Figure 1: Direction indicators [Operatie-inzicht.nl] 

1.3 BONES IN THE UPPER EXTREMITIES [1], [2] 
Between the shoulder joint and fingers are 30 different bones, each connected by means of joints. 

Each of these bones has its own function, which will be discussed below. This gives us a clear picture 

of the structure of the upper limbs or extremities of the human body. The different bones will be 

described downwards starting from the shoulder joint. 

1.3.1 Humerus 
The humerus or upper arm is connected on its proximal side to the shoulder blade and with its distal 

side to the elbow joint (Figure 2). 

1.3.2 Ulna and radius 
These two bones are commonly known as the underarm. At its proximal side, the ulna forms a one 

degree of freedom hinge joint together with the humerus enabling the flexion and extension of the 

underarm. The joint between the radius and humerus is a two degrees of freedom ball joint, also 

enabling flexion and extension in combination with the pronation and supination of the hand (rotating 

around the ulna). See Figure 2. 

The ulna and radius are also connected to each other on their axiss which stabilizes the combination, 

maintaining a relative position to each other. When in anatomical position the ulna and radius are 

parallel to each other, while in write mode the radius will cross the ulna. 
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1.3.3 Carpus 
The carpus or os metacarpi form the base structure of the 

human hand (Figure 3). This combination of eight different 

bones is ordered in two rows of four bones: a distal and a 

proximal row. 

These bones are packed close to each other and held in 

place by ligaments, which only allow limited movement. 

The bones in the proximal row together with the radius 

form the wrist, while the distal row work together with the 

metacarpal bones. At the bottom, the carpus bones form 

a tunnel, guiding the tendons responsible for finger 

movements. 

1.3.4 Metacarpus 
The metacarpus or os metacarpi are numbered from 

thumb side to little finger starting with the roman number 

I. Metacarpus II to V form joints with limited movability 

with the carpus on its proximal side and form two degree 

of freedom joints with the phalanges. Metacarpus I, 

located in the thumb forms a saddle joint with the 

trapezium, enabling movement in two degrees of 

freedom. 

1.3.5 Phalanges 
The phalanges are the fourteen remaining bones in the 

human hand as seen in Figure 3. These fourteen bones are 

divided over the five fingers, giving two to the thumb and 

three to each other finger. The phalanges are connected to 

each other with hinge joints. 

 

Figure 2: Anatomy of the human arm 

[Operatie-inzicht.nl] 
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Figure 3: Anatomy of the human hand [Operatie-inzicht.nl] 

1.4 JOINTS IN THE HUMAN BODY [1], [2] 
Synovial joints consist of a joint chapel and a joint cavity between the articulated bones. It is this type 

of joint responsible for the human movement. In addition to the synovial joints, the human body also 

consists of fibrous (which are immobile, like the joints connecting the bones of our skull) and cartilage 

joints who allow a limited mobility, like the joints in our spine. Because only the synovial joints are 

relevant in our setup, only this type of joint will be explained in more detail. 

 

Figure 4: Structural classification of joints [Operatie-inzicht.nl] 
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1.5 MOVEMENTS IN SYNOVIAL JOINTS [1] 
Table 3: Types of movement 

Movement Opposite movement Degrees of freedom 

Flexion (bending) Extension 1 

Abduction (opening) Adduction (closing) 1 

Pronation (rotate palm 
of your hand 
downwards) 

Supination (rotate palm 
of your hand upwards) 

1 

Circumduction 
(describing a cone) 

/ 2 

Endorotation (rotate 
inwards along the 
longitudinal axis) 

Exorotation (rotate 
outwards along the 
longitudinal axis) 

1 

Anteversion (flexion 
from the anatomical 
position) 

Retroversion (extension 
from the anatomical 
position) 

1 

Dorsiflexion (hand 
moving towards back 
hand) 

Palmar flexion (hand 
moving toward the 
palm)1 

1 

 

 

Figure 5: Types of movement [Operatie-inzicht.nl] 

                                                           
1 Shown in the picture as plantar flexion, which is a movement of the ankle joint. 
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1.6 TYPES OF SYNOVIAL JOINTS [1] 

 Ball joint: The head of one bone is ball-shaped and rests in the bowl-shaped part of the other 

bone. This way, movements are made possible along three axes: flexion-extension, adduction-

abduction and internal rotation-external rotation. Example is the shoulder joint. 

 Hinge joint: By a hinge joint articulated bones can only move relative to each other along a 

single rotational axis. An example of the hinge joint is the joint between ulna and humerus. 

 Flat joint: The two articulating bones can only translate relative to each other. Examples are 

the joints between the ossa carpi in the wrist. 

 Rotary joint: Rotates a bone along a single axis by pressing it through a loop-shaped ligament 

to another bone. This joint is not used in our setup, but is mentioned for completeness. 

Example of this is the rotation of the head. 

 Ellipsoid joint/condyloid joint: This kind of joint allows flexion-extension, abduction-

adduction and circumduction possible by the rest of the condyle (smooth and rounded 

projection of a bone) to rest in an egg-shaped cavity in another bone. The wrist is an example 

of a condyloid joint. 

 Saddle joint: The articulating bones fit together like a man on a saddle. One example is the 

base of the thumb between the os trapezium of the wrist and the first os metacarpi. 

 

 

Figure 6: Synovial joints [Operatie-inzicht.nl] 
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1.7 MOST IMPORTANT SYNOVIAL JOINTS IN OUR SETUP [1], [2] 
In Table 4, all the relative joints in our setup are analyzed regarding the type of joint and the number 

of degrees of freedom. 

Table 4: Joints in the upper extremities 

Joint Type of joint Degrees of freedom Comments 

Shoulder joint Ball joint 3  

Elbow Hinge joint 1 Humero-ulnar joint 

 Ball joint2 2 Between radius and 
humerus, one degree of 
freedom suppressed by a 
ligament 

Radio-ulnar joint3 Rotary joint 1 Rotation along longitudinal 
axis ulna 

Wrist  radiocarpal Condyloid joint 2  

Wrist - mediocarpal Flat joint 2  

Thumb Saddle joint 3 Makes the thumb opposable 

 Hinge joint 1  

 Condyloid joint 2  

Fingers Condyloid joint 2  

 Hinge joint 1 Connecting phalanges 

 

  

                                                           
2 The radio-ulnar joint consists of a proximal and a distal part. The proximal part is located near the elbow while 
the distal part is located near the wrist. The ball joint mentioned is the proximal radio ulnar joint. 

3 The rotary joint mentioned is primarily a result of the distal radio ulnar joint, which connects the ulna, radius 
and the ossa carpi.  
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1.8 CONSTRAINTS IN THE UPPER EXTREMITIES. [4] 
All joints mentioned above only have a limited freedom of movement, often limited by the shape of 

the joint itself but also partly by the supporting and actuating muscles. See the attached images for 

joint angle references. 

Table 5: Constraints in the upper extremities 

Joint Movement Angle Opposite 
movement 

Angle Figure 

Shoulder joint Abduction 
(elevation) 

90° Adduction 
(depression) 

40° Figure 8 

 Anteversion 
(flexion) 

90° Retroversion 
(extension) 

40° Figure 8 

 Endorotation 
(rotation 
medial) 

60° Exorotation 
(rotation 
lateral) 

70° Figure 8 

Shoulder and clavicle 
joint 

Abduction 180° Adduction 40° Figure 8 

 Anteversion 170° Retroversion 40° Figure 8 

 Endorotation 90° Exorotation 100° Figure 8 

Elbow Extension 10° Flexion 150° Figure 8 

 Pronation 90° Supination 90° Figure 8 

Wrist Ulnar 
abduction 

30° Radial 
abduction 

30° Figure 7 

 Dorsal 
extension 

60° Palmar flexion 60° Figure 7 

Saddle joint thumb Extension 30° Flexion 40° / 

 Abduction 10° Adduction 40° / 

Metacarpophalangeal 
joint4 

Dorsal 
extension 

30° Palmar flexion 90° Figure 7 

 Ulnar 
abduction- 

20°-40° Radial 
abduction 

20°-40° Figure 7 

Proximal 
interphalangeal joint5 

Palmar 
flexion 

100° / / /  

Distal interphalangeal 
joint6 

Palmar 
flexion 

90° / / / 

                                                           
4 Joint between metacarpals and phalanges. 

5 Joint between first two phalanges. Palmar flexion is the only movement possible. 

6 Joint between the last two phalanges. Palmar flexion is the only movement possible. 
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Figure 7: Finger and wrist movement [handsurgery.com] 

 

Figure 8: Elbow and shoulder movement [oandplibrary.org] 
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1.9 MUSCLES AND TENDONS IN THE UPPER EXTREMITIES [1], [2] 
Analyzing the tables in Annex 1, we can see that the human body uses numerous muscles that often 

help each other to perform certain movements. These muscles are often large and powerful, allowing 

them to lift or move heavy loads. Different muscles are grouped according to their function, placing 

the flexors anterior while the extensors are located posterior in the body. All of this can be of 

importance in the design of the mechanical robot arm, where we can start using one single actuator 

for each degree of freedom.  

The muscles responsible for the movement of the fingers can be found in the hand as well as in the 

forearm, using tendons to get to the fingers. The muscles in the forearm provide force and powerful 

movements while the muscles located inside the hand provide precise movements like handling a pen 

for example. 

The tendons actuating the fingers have their origin in the respective muscle and their insertion at the 

base of the fingers they need to actuate. E.g. the tendon responsible for the flexion of the proximal 

interphalangeal joint of the index finger has its insertion at the base of the intermedial phalanx. Each 

of the four fingers is actuated by a combination of five tendons, two for extension and three for flexion. 

The extension of the proximal and distal interphalangeal joint is provided by a single tendon while the 

flexion of these joints is provided for by two tendons. 

The tendons for the movement of the hand are guided from their origin in the forearm to their 

insertion in the hand, through synovial sheaths containing synovial fluid to reduce friction. Two 

retinacula or ligaments guide the tendons through the wrist. One on the dorsal side of the hand to 

guide the tendons responsible for extension and one on the palmar side of the hand to guide the 

tendons responsible for flexion. 

In the kinematic chain from shoulder to fingertip of the thumb, the human arm counts a total of 12 

degrees of freedom spread across a chain of six joints. In total, the human arm counts 28 degrees of 

freedom. Considering this is a very complex setup, the following sections will handle the necessary 

movements and degrees of freedom for single-hand sign language. 

1.10 CONCLUSION 
A couple of key elements, relevant to designing a humanoid robot were stated. To conclude, a brief 

summary of these aspects will be given. 

First of all, and also a very important element is the general architecture of the upper extremity. The 

bones connecting each joint, but more importantly the joints themselves. The different kind of joints 

with their respective degrees of freedom and the constraints imposed by the ligaments and cartilage. 

A second element is the movement of the different joints by the muscles and the position of these 

muscles in the arm. For powerful hand movements the muscles are positioned in the upper arm while 

muscles responsible for precise hand movement are located in the hand itself. Also, since the distal 

joints of the fingers are passive and move relative to the proximal joint in the human hand, these joints 

will also be designed to be passive in the robot. This saves us four motors to control the robot. 

The muscles actuating the wrist, elbow and shoulder are located proximal to their respective joint and 

have connection points proximal and distal to the joint. 

  



40 
 

2. Convention and abbreviations used in the 
further course of this work [2], [3] 

2.1 INTRODUCTION 
Guy Fierens - In the remainder of this paper a general convention will be used regarding the used joints. 

This does not only make it easier for the reader to grasp the overall picture, but it will also make the 

calculations clearer given the created recognizable index. 

The structure of the convention is inspired by [3] and is based on the clinical terms used in medical 

literature such as [2] and [4] 

2.2 GLOBAL COORDINATE SYSTEM 
The global coordinate system or base coordinate system is chosen to be located at the shoulder joint. 

This coordinate system is fixed and all desired coordinates will be described using this coordinate 

system. When describing rotations, the position and orientation of the local coordinate system of the 

end-effector will be compared to the base coordinate system. 

The orientation of the different axis of the base coordinate system will be chosen according to the 

Denavit-Hartenberg convention. The convention states that the z-axis must be oriented along the axis 

of rotation of the link it describes. Because this is a fixed coordinate system and therefore doesn’t 

rotate, the z-axis will be chosen along the first axis of rotation of the shoulder joint. The x-axis will be 

along the longitudinal axis, pointing to the front of the body. Finally the y-axis will complete the right 

handed coordinate system. 

2.3 LOCAL COORDINATE SYSTEM 
Both for the end effector (fingertips) and each joint, a local coordinate system can be defined according 

to the Denavit-Hartenberg convention. As mentioned above the z-axis is oriented along the axis of 

rotation of link i+1. The x-axis is oriented perpendicular to both zi and zi-1. The y-axis again completes 

the right handed coordinate system. 
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2.4 JOINT INDICES 
In calculations, when talking about joint variables (joint coordinate systems or joint angles) an index 

will be added to the variable to make clear which joint is described. The used indices are explained in 

Table 6. 

Table 6: Joint indices 

Joint Index 

Shoulder joint S 

Ellbow E 

Radio-ulnar joint7  RU 

Wrist W 

Metacarpophalangeal joint MCP 

Proximal interphalangeal joint PIP 

Distal interphalangeal joint DIP 

Interphalangeal joint8 IP 

Trapezoimetacarpal joint TMC 

 

For example a rotation angle in the shoulder along the x-axis: ӨSx 

2.5 CONCLUSION 
This brief chapter defines a clear convention for further use in this work. Using this convention, it is 

always clear to the reader which part of the robot is addressed through the index of the variable. The 

definition of the joints coordinate systems shall be of further use in the next chapter on kinematics. 

As a result of this chapter, Figure 9 shows the coordinate systems for the human arm. Since the 

coordinate systems of the little, ring, middle and index finger are identical, only the coordinate systems 

of the little finger are displayed. 

                                                           
7 Anatomically a part of both the elbow and the wrist, mechanically not necessarily 

8 Specifically for the joint in the thumb 
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Figure 9: Coordinate systems of the human arm 
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3. The Flemish sign language alphabet 

3.1 INTRODUCTION 
Jasper Slaets - The Flemish sign language is too complex to deal with at the start of the project, so we 

limit ourselves (on advice of MobilAnt) to the Flemish sign language alphabet and counting from one 

to ten. This way, we can gradually add more complexity to our robot. In Annex 2 a list of each letter of 

the hand alphabet can be found. There is also a description of the finger movements for each 

character. Some fundamental characters will be described in following paragraph. Next an analysis 

regarding the degrees of freedom of the Flemish sign language alphabet will be made and at the end 

an overall conclusion. 

3.2 SOME FUNDAMENTAL CHARACTERS 
To understand the movements as a result of the sign language alphabet, a few fundamental characters 

will be explained. The reason they are fundamental is because these character are a result from basic 

movements (flexion, extension, adduction, abduction, rotation TMC, W, RU, E, S). This explanation is 

based on the previous mentioned coordinate systems and chosen joint indices. 

The first character of the Flemish sign language alphabet, “A”, looks like a fist with an extended thumb. 

Translated to chosen joint indices results in flexion for MCP, PIP and DIP joints (fingers) and extension 

for MCP and IP joint (thumb). This character is visualized in Figure 10. 

Character “B” is the counterpart of character “A”. All fingers are extended and the thumb is flexed. 

This results in extension for MCP, PIP, DIP joint (fingers) and flexion for MCP and IP joint (thumb). This 

character is visualized in Figure 11. 

Character “C” is something between character “A” and “B”. The fingers and thumb are half flexed, half 
extended and the thumb is rotated perpendicular to the palm of the hand. This results in half flexion, 
half extension for MCP, PIP, DIP joints (fingers) and for MCP, IP joint (thumb). The TMC joint will be 
subjected to rotation of 90 ° relative to the palm of the hand (Figure 12). 

 
Figure 10: Character "A" 

 
Figure 11: Character "B" 

 
Figure 12: Character "C" 

 

Character “R”, visualized in Figure 13, is an example of adduction and abduction for the index finger. 

Little, ring finger and thumb are flexed and middle and pointer finger are extended. Middle and pointer 

finger also need to be crossed, which is a result from abduction. These movements results in flexion 

for MCP, PIP, DIP joints (little and ring finger) and MCP, IP joint (thumb), extension for MCP, PIP, DIP 

joints (middle and pointer finger) and abduction for MCP joint (pointer finger). 
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Character “Y”, visualized in Figure 14, is an example of the characters for which movements of wrist, 

elbow and shoulder are necessary to complete. Ring, middle and pointer finger are flexed and little 

finger and thumb are extended. In order to complete the character, the hand must go down. This 

results in an additional flexion and extension in E joint (elbow) and W joint (wrist). 

 

Figure 13: Character "R" 

 

Figure 14: Character "Y" 

3.3 DEGREES OF FREEDOM ANALYSIS 
As explained, each character has its movements. How the movements are realized can be explained as 

follows. Joints on their own can’t move, but when combined with muscles the result will be actual 

movement. Each joint represents a degree of freedom (DOF). As shown in Figure 9: the shoulder has 3 

DOFs, the elbow has 2 DOFs, the wrist has 2 DOFs, saddle joint has 2 DOFs, the thumb has 3 DOFs and 

each of the remaining fingers has 4 DOFs. The total sum of the DOFs is 28 DOFs. It is necessary for our 

application to exclude as many DOFs as possible, because the more DOFs we have the more complex 

the application will become.  

3.4 REDUCING DEGREES OF FREEDOM 
To determine the DOFs that can be excluded, an analysis of the Flemish sign language alphabet had to 

be done. The method to determine the needed DOFs is explained below: 

Take the first character: “A”. It takes 3 DOFs for each finger to flex except for the thumb. So 12 DOFs 

in total. Next take the second character: “B”. It takes 2 DOFs to form this letter. Now are already 14 

DOFs in use. Next take the third character: “C”. It takes 3 DOFs for each finger to flex, thumb included. 

Then compare the used DOFs of character “C” with the used DOFs of characters “A” and “B”. In total 

it takes 15 DOFs for character “C” and 14 DOFs for characters “A” and “B”. When taking a closer look 

at the DOFs, it can be seen that the 14 DOFs used for characters “A” and “B” are exactly the same 14 

DOFs used for character “C”. So, 1 DOF more is needed to form character “C” and the total used DOFs 

are increased by 1 from 14 to 15. 

This method can be repeated for each character. The results of the analysis can be found in Table 7. 
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Table 7: Results simplification DOFs 

Part Joint DOFs Excluded Result Amount 

Fingers MCP9 2 1 1 3 

 PIP 1 0 1 4 

 DIP 1 0 1 4 

Thumb TMC 2 1 1 1 

 MCP 2 1 1 1 

 IP 1 0 1 1 

Wrist W 2 1 1 1 

Elbow E 1 0 1 1 

 RU 1 0 1 1 

Shoulder S 3 0 3 1 

Total  28 6 22  
 

The analysis has pointed out that 2 DOF in the thumb can be excluded by giving the thumb a different 

offset, 3 DOFs in little, ring and middle finger (abduction/adduction) can be excluded and 1 DOF in the 

wrist can be excluded which we can compensate by using other DOFs. This results in a total reduction 

of 6 DOFs from 28 DOFs to 22 DOFs. 

3.5 CONCLUSION 
It can be seen that the Flemish sign language alphabet already is very complex. The analysis done to 

exclude as many DOF as possible approves this by leaving a result of 6 DOFs that can be reduced from 

28 DOFs in total to 22 DOFs. It is not much, but it simplifies our application a bit. 

Practical, more DOFs will be excluded due a lack of time. 2 DOFs in the shoulder will be excluded and 

the remaining DOF (abduction and adduction) will be executed at the elbow, so the elbow has 3 DOFs 

instead of 2 DOFs. 

  

                                                           
9 The MCP joint of the pointer finger still has 2 DOFs. 
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4. Inverse Kinematics 

4.1 INTRODUCTION 
Guy Fierens - Controlling a robot to move it to a goal position, a set of joint positions have to be 

calculated. To do this, inverse kinematics are used. During the past few years, a lot of research has 

been done on inverse kinematic algorithms for robot manipulators. 

In the following chapter the topic of inverse kinematics will be discussed. Six of the most frequently 

used solving methods are presented and evaluated regarding our topic. 

4.2 LIST OF FREQUENTLY USED SYMBOLS 
Table 8: List of frequently used symbols 

Symbol Meaning/connotations 

X Cartesian position of the end-effector  X(x,y,z,δx, 
δy, δz) 

P Desired position of the end-effector P(x,y,z,δx, 
δy, δz) 

Ө Joint states Ө(Ө1,Ө2,…,Өn) 

�̇� Lineair velocity vector of the end-effector (dx/dt, 
dy/dt, dz/dt) 

𝐽(𝜃) Jacobian matrix 

𝐽† Moore-Penrose pseudinverse Jacobian 

�̇� Joint rotational velocity 

E(Ө) Error function 

e Positioning error 

F Force 

f(Ө) Forward kinematics function 

α Gain 

 

4.3 INVERSE KINEMATICS 
As we concluded the research on the human anatomy in chapter 1, we can model the human skeleton 

as a structure consisting of a serial chain where joints are linked to each other through the human 

bones. The origin of this structure is defined to be right before the shoulder. This way we have a fixed 

base origin without losing the degrees of freedom of the shoulder. 

When trying to model this system, a first step is to define the forward kinematic model where the 

position X is determined from known joint angles Ө using a function f(Ө). (Equation 1) The next, and 

more complex step of the process is inverting this function to calculate joint angles for a given position. 

(Equation 2) The complexity in this step lies in the inversion of non-linear equations or the inversion of 

a redundant system, which we will discuss later. 

𝑋 = 𝑓(𝜃) 

Equation 1 
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𝜃 =  𝑓−1(𝑋) 

Equation 2 

 

 

Figure 15: Forward and inverse kinematics [Robot Arms – A. Rehiara] 

As we learned in chapter 2, each joint has its own coordinate system. Using different reference 

techniques, transformation matrices can be created. These matrices describe the transformation of 

the joints coordinate system relative to the coordinate system of the previous joint or the base 

coordinate system. [5] The combination of these matrices leads to the forward kinematic function f. 

4.4 REDUNDANCY 
When a robot has more degrees of freedom than the ones necessary to define the position of its end-

effector it is kinematical redundant. In the kinematic chain we will model, there are eleven degrees of 

freedom from shoulder till one of the fingertips. To define the position of the end-effector we only 

need six degrees of freedom: x, y, z and rotations about these three axis, what makes our system 

kinematical redundant. 

The order of redundancy determines the amount of configurations a robot can describe. As we see in 

Figure 16 the robot can reach multiple configurations without moving the end-effector. The obvious 

advantage of a redundant robot is increased functionality and performance. A major disadvantage is 

the increased complexity of the kinematic system. Calculating times increase due to the inversion 

problem, making the robot slower. 

 

Figure 16: Configurations of a redundant robot [Patent US4999553A] 
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4.5 DIFFERENT SOLVING METHODS 
To solve redundant systems, literature offers numerous solutions. Generally speaking we can divide 

these solutions into two categories: explicit and implicit solutions. When solving a problem explicitly 

the robot is considered as a whole whereas the implicit method will divide the robot in different non-

redundant pieces. The implicit method is frequently used in the modelling of mobile manipulators, 

where the mobile platform and the surmounted robot arm are considered different parts. 

Because we are studying and analyzing a solid kinematic chain, we will be using the explicit method to 

keep our calculations structured. In the following paragraphs some frequently used explicit solving 

methods will be weighed against each other. 

4.5.1 Algebraic methods 
The most graphical and easy to understand way to solve a kinematic system is to use the analytical 

method [6], [7]. By using a graphical representation of the robot setup and basic geometrics we can 

easily calculate the coordinates for a given joint rotation. After some extra calculations, the inverse 

equations can be easily derived. 

The analytical method is mostly used in short, serial mechanical chains in a two dimensional space. 

When analytically solving a more complex setup an overview becomes more difficult to preserve, 

which makes this method not suitable for longer serial chains in 3D space. 

4.5.2 Iterative methods 
The more complex setups are mostly solved using iterative solution methods where we gradually work 

towards an optimal solution. The most-used frequently used solving methods described in [7] are 

compared in the following paragraphs. 

4.5.2.1 Jacobian 
The Jacobian matrix of a robot J(Ө) creates a transition between the joint space and the Cartesian 

space or ‘task space’ from the end-effector. Looking at Equation 3, we can see this transition is carried 

out by linking the time-derivatives of both variables.  

�̇� = 𝐽(𝜃)�̇� 

Equation 3 

Most of the mentioned solution methods use the Jacobian matrix. However the Jacobian not always 

offers a ready-to-solve equation. When calculating redundant systems, the Jacobian cannot be 

inverted to calculate the joint rotations for a desired end-effector position (Equation 5). The Jacobian 

is rectangular for redundant systems, making this matrix impossible to invert. 

As mentioned above, the Jacobian matrix creates a transition between joint space and Cartesian space. 

This transition becomes more clear in the definition of the Jacobian matrix itself. In [8] the Jacobian 

matrix is described as a function of Ө. Each term of the matrix describes the change of a coordinate 

𝜕𝑋 in function of a changed joint angle 𝜕𝜃𝑗: 

𝐽(𝜃) = (
𝜕𝑋

𝜕𝜃𝑗
)𝑖,𝑗 

Equation 4 
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4.5.2.2 Jacobian inversion method 
To calculate the joint rotations starting from Equation 3, we have to invert the Jacobian to get to: 

�̇� =  𝐽−1(𝜃)�̇� 

Equation 5 

Starting from this equation the Jacobian inversion method consists of two stages, as shown in Figure 

17. In the first phase we look at the problem using Equation 3. The purpose of this first phase is to 

calculate the Jacobian matrix and the location of the end-effector using the current joint angles. The 

second phase consists of the inversion of the Jacobian matrix and adjusting the joint angles according 

to Equation 5. This process is repeated until an optimal result is reached. 

 

Figure 17: Jacobian inversion method [7] 

The biggest obstacle solving a problem with this method is the inversion of the Jacobian matrix. When 

the number of degrees of freedom of X is not equal to the number of DOF Ө (what happens in 

redundant kinematic chains), the Jacobian matrix is rectangular and therefore not invertible. To deal 

with this problem, the Jacobian’s Moore-Penrose pseudoinverse [9] is often calculated. This leads to a 

square matrix which we can use to calculate X. Since this method is an approximate and local solution 

numerical errors can appear, leaving us stranded without a solid solution.  

Another problem arises when the rank of the Jacobian is not equal to the required DOFs and the matrix 

cannot be inverted. This happens when some rows of the Jacobian are linearly dependent, often 

occurring when joints are in an extended position relative to each other. In this singular state shown 

in Figure 18 a change in either the first or the second joint will result in the same movement of the 

end-effector. This can be resolved by preventing these states using constraints. 

 

Figure 18: Extended state – Singularity [7] 

Related to the problem with singularities are the “ill conditioned states”. These states occur when the 

robot is in a configuration between singular and non-singular. When a robot is in an ill conditioned 

state a distance in Cartesian space can be small, while the distance in joint space is rather large as seen 

in Figure 19, comparing configuration I and II. 
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Figure 19: Ill conditioned state [7] 

4.5.2.3 Optimization based method 
The principle of the optimization based method starts from Equation 2 which is looked at as a 

minimization problem. We rewrite this equation to the following error function E(Ө) where P is the 

desired end-effector position and X the current position:  

𝐸(𝜃) = (𝑃 − 𝑋)2 

Equation 6 

Using this function, standard optimization methods can be used to minimize the error function. 

4.5.2.4 Cyclic coordinate descent (CCD) 
The CCD method is similar to the optimization based method. The main difference between these two 

methods is that the CCD methods uses the minimization process from Equation 6 on each joint 

separately. The kinematic chain is calculated from the most distant joint back to the first joint from the 

base. Each time the chain is calculated only a single joint value is changed. This way the problem is 

approached in a more analytical way, what makes it faster to solve. 

This method is better not used for longer kinematic chains, because the algorithm calculates each joint 

individually in each loop. An increasing number of joints will increase the computation time drastically. 

Also by changing just a single value each time the algorithms calculates all the joints, makes the 

movement less natural. 

4.5.2.5 Genetic algorithms 
The fifth frequently used solving method are the genetic algorithms who can be divided in a local and 

a global solution. The local solution can also be used as a minimization process using Equation 6. 

The main difference between the local and the global approach lies in the way the end-effector travels 

before reaching a certain configuration. The local approach only focuses on the end-effector position 

whereas the global approach also takes in mind the way the end-effector has to travel to reach its 

desired position. This implies that more complex movements like walking or jumping can be calculated 

using the global approach. 

As the name suggests, genetic algorithms partially work as the algorithms controlling our body. 

Through a couple of parameters a calculated solution is evaluated and compared with other solutions 

to select the best solution. The next generation will then be a mutation of the best solutions and the 

process can be repeated, until a satisfying solution is found.  

Although complex movements can be realized using genetic algorithms, the calculation is not only 

time-consuming but it is also not always certain that an appropriate solution can be found. 
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4.5.2.6 Jacobian transpose method 
The transpose Jacobian method solves the problem of inverting the Jacobian when dealing with 

redundant systems. To do this we need to use the principle of virtual work and generalized forces. An 

external force vector consisting of a pulling force and a twist force which is applied to the end-effector 

generating forces and torques in each joint, leading to: 

�̇� =  𝐽𝑇𝐹 

Equation 7 

This equation can be used in combination with the error function E(Ө) (Equation 6) leading to: 

 

Figure 20: Solving a kinematic model using the Jacobian transpose method [7] 

Using the transpose Jacobian method instead of the Jacobian inverse method solves the problem of 

the Jacobian inversion. But other bottlenecks like singularities and ill conditioning remain. 

4.6 CONCLUSION 
When trying to spell words using the alphabet of the Flemish sign language it is sufficient to program 

the sequences and joint angles of the different movements. The same is true for counting from one to 

ten and some one hand word symbols. 

The desired joint positions can be calculated with Cartesian coordinates for each letter of the alphabet 

using the techniques mentioned above, but this unnecessarily creates a more complex model. 

At the moment the project will be expanded to a dual hand robot and the complete Flemish sign 

language will be performed it might come in handy to define each position using Cartesian coordinates. 

The option of simply programming the sequences still stands, but might require more functions or 

code to program each static word. When programming words where the two hands need to interact 

with each other dynamically, a mathematical model becomes more interesting. Using a mathematical 

model in this situation, trajectory planning can be implemented and the interaction between the two 

arms becomes more clear to define. 
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5. Mechanics 

5.1 INTRODUCTION 
Jasper Slaets - In this chapter the overall mechanics behind our application will be explained. First the 

movement system will be handled, to see which possibilities there are to execute the right movement. 

Second, there will be a pre-calculation to estimate how big the acting forces and torques will be. Third, 

the right electro motors will be chosen based on the pre-calculations. Fourth, when the electro motors 

are chosen it is possible to calculate the acting forces and torques based on them. The final part of 

mechanics is choosing the right cables based on the chosen movement system. In this last part, the 

material, structure, extension in the cable extension as result of the construction will be handled. 

5.2 MOVEMENT SYSTEM 

First must be looked at the possible bottlenecks, to decide which movement system can be used. Those 

bottlenecks were first of all, the mass of the structure. The more weight as result of increasing mass is 

a problem to actuate the construction properly. The further away the point representing the mass of 

the structure is from the joint, the bigger the needed torque will be to move the structure. Second, the 

accuracy of the movements, which is directly connected to previous bottleneck and the actuation 

system. Third, the movement system must fit in the construction, so the shape of the structure is also 

very important. 

In next paragraph, the different methods to control a joint will be handled. Next, the different joints 

will be explained. After these two paragraphs, there will be room for actuation architecture and at the 

end an overall conclusion considering the movement system. 

5.2.1 Methods 
There are currently three methods to control joints. In-site actuation, remote actuation with cables or 

belts or shape memory alloys (SMA). In the following paragraphs these different methods are 

described.  

5.2.1.1 In-site actuation [10] 
In-site actuation can be described as the actuator is located inside on of the two links related to the 

joint which must be actuated or is located directly inside the joint. This method can be achieved in two 

different ways. First, direct-drive actuation: the actuator is placed inside the joint without any 

transmission components (Figure 21). Second, link-hosted actuation: the actuator is placed inside one 

of the two links related to the joint (Figure 22). But either way the joint is driven, so it’s called an active 

joint. 

 

Figure 21: Direct driven actuation 
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Figure 22: Link-hosted actuation 

Direct driven actuation is regularly used in industrial robots, because it simplifies the transmission 

chain. Actually there is no transmission at all when the actuator is directly connected to the joint axis. 

Unless the transmission is located inside the actuator. In this case it’s possible to move heavy robot 

arms, like industrial robots. There are also negative aspects about this method. The mass of the 

actuator is focused on the joint itself. If the joint needs to be moved as well (along with the mass of 

the actuator), it takes more power in the previous joint. Another issue is the wiring. The cables from 

the actuator in the joint also produce a relative large torque disturbance in the previous joint. 

Link-hosted actuation is almost the same as the previous actuation. The only difference is that now 

there is some kind of transmission between the actuator and the joint, because the actuator is placed 

on one of the two links connected to the joint. The advantages and disadvantages are for this method 

the same as for the direct-drive actuation method. 

5.2.1.2 Remote actuation [10] 
Because of the previous mentioned method’s disadvantages, it is necessary to look for alternatives. 

Remote actuation is one of the two alternatives. The actuator is now placed outside the two links that 

are connected to the joint (Figure 23). For this reason, transmission is necessary. This transmission can 

be anything, but basically they can be divided into two groups:   flexible-link transmission and rigid-link 

transmission. 

Flexible-link transmission is based on deformable connections. Translation and rotation can be 

provided by changing the transmission path. 

Rigid-link transmission is mainly based on articulated linkages (mainly gear trains). These transmissions 

can be divided into two groups: parallel and non-parallel axes gear trains. Respectively a car 

transmission or worm gears. 

Rigid-link transmission isn’t possible for our application because of the weight that comes along with 

it. Flexible-link transmission is a very good alternative, because we can compensate weight by using 

light weighted cables or belts.  

 

Figure 23: Remote actuation 
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5.2.1.3 Shape memory alloy [11] 
A last method to control joints is shape memory alloys (SMA’s). This method can be seen as a whole 

new type of actuation or as direct driven actuation. The difference between both views is where the 

SMA’s are used in the structure. When the SMA is used only on the joint it can be seen as direct driven 

actuation. When whole the structure is a SMA it can be seen as a new form of actuation. 

The SMA’s are alloys or groups of metallic materials that have the ability to return to a previous defined 

shape of size when subjected to a specific thermal process.  

This process is called: shape memory effect (SME). The SME occurs due to a temperature and stress 

dependent shift in the material’s crystalline structure. There are two different phases called Martensite 

and Austenite. Martensite is the low temperature phase of iron and is relatively soft. Austenite is the 

high temperature phase of iron and is relatively hard.  

In order to understand this phenomenon, it is useful to consider the simplified two-dimensional 

representation of the material’s crystalline arrangement shown in Figure 24.  

 

 

Figure 24: SME crystalline structure [11] 

SME can also be created by applying a certain voltage. Not with metallic materials or any alloys, but 

with polymers. Actuators made from polymers seems to provide many advantages over traditional 

actuation. Some crucial aspects such as feasibility, stability and durability are still being questioned. 

However, considering the development progress, the debate might not be the limitation or failure of 

the technology but the consequences for improvement. But this technology is still in a research phase, 

which means that it would take a lot of time before this method can actually applied. [12] 

These methods can also be used to control joints or in best case there is no need for joints anymore 

because the SMA remembers any position it was given before. There are so much possibilities with this 

SMA but it is still in a research phase. Precise control of joints or positioning in general is not possible 

at this present day. For this reason SMA are not suitable for our application. 
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5.2.2 Joints [13] 
As told in the previous paragraph, it is recommended to use the remote control system, so the mass is 

reduced at all the points furthest away from the shoulder joint. Since chains and belts are too big and 

too heavy, so cables will be the lightest and most compact solution to actively move a joint. 

The next thing needed to take a look at, is which movement the fingers need to make. In chapter 3 is 

talked about the DOFs of the fingers. Each finger had four DOFs, of which three are actively moved and 

one passively. For flexion and extension only three DOFs are needed of which are two actively moved 

(MCP and PIP) and one passively (DIP). The difference between an actively and a passively moved joint 

will be explained in next two paragraphs. 

5.2.2.1 Active joint 
An active joint is a joint which is driven. As previously mentioned in paragraph 5.2.2.1, there are three 

different ways to move a joint. For example if an axis is directly connected to a motor or when one of 

the two links that are connected to the joint is driven by cables (Figure 25), the joint is actively driven. 

As can be seen in Figure 25, joints MCP and PIP are actively controlled by cables with force F1 and F2. 

For flexion, upper forces F1 and F2 are used. For extension, lower forces F1 and F2 are used. 

 

Figure 25: Active joints connections 

5.2.2.2 Passive joint 
A passive joint is a joint that moves as a result from another joint and isn’t directly controlled. An 

example from a paper related to this subject is given in Figure 26. In this figure, cables T4 and T3 

represents the connection for the actively moved joints and cable T5 represents the connection for 

the passive joint. T5 starts at the opposite side of the end of T3 and T4 end on the opposite side of the 

end of T5. This is because first there must be a cable extension, otherwise there won’t get any 

movement from the passive joint. If the finger is about to flex, T3 will be pulled and there will be a 

cable extension on the opposite side of the joint in T5 in the PIP joint. This extension needs to be 

compensated by a cable reduction that will occur in the DIP joint. This cable reduction has the effect 

that a pulling force will occur. All parts of the finger will flex. So the DIP joint will be the passive 

controlled one and the PIP joint is the active controlled one. Same explanation can be given for the 

extension of the finger. Only the active controlled joint is the DIP joint and the passive controlled joint 

is the PIP joint. 
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Figure 26: Example passive joint [13] 

In our application there is one major difference. The proximal and intermedial part need to be actively 

controlled because of the movements we want to make. This includes the passive joint (DIP) for flexion 

and extension is the same. Therefore a connection from the proximal part to the distal part of the 

finger is needed for the passive movement. The principle of the passive movement is the same as 

previously mentioned.  

 

 

Figure 27: Cable connections 
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5.2.2.3 Active and Passive joints 
In Table 9 can be seen which joints of the human hand and arm need to be actively or passively driven 

based on analyzing the motion of the human hand and arm. All excluded DOF are also excluded in this 

table (chapter 3). 

Table 9: Active and passive joints 

Part Joint DOFs 
Active or 
passive 

Part Joint DOFs 
Active or 
passive 

Fingers DIP  1 Passive Thumb DIP  1 Active 

 PIP  1 Active  MCP  1 Active 

 MCP10  1 Active  Saddle  1 Active 

Wrist  1 Active Shoulder  3 Active 

Elbow  2 Active     

 

5.2.3 Actuation Architecture [10] 
All previous mentioned methods to control a joint can be applied according to different types of 

structure. For example by using more than one actuator the joint can be controlled differently.  

In general, a number N can be considered for all the joint in a robotic hand and a number M for all the 

actuators that are used to drive the joints in any way. There are three main categories of actuation 

schemes: 

 M < N: some joints are passive, coupled, or under actuated; 

 M = N: each joint has its own actuator and there are no passive, coupled or under actuated 

joints; 

 M > N: more than one actuator is operating on a single joint. 

These configurations depend on the type of actuators, in this case type of motors. Two main actuation 

modalities can be recognized: single-acting actuators and double-acting actuators. 

Single-acting actuators are motors which can generate a controlled motion in one direction only. The 

reverse motion must be generated by an external action. This external action can be passive or active. 

Respective examples are a spring and an antagonistic actuator (Figure 28). 

Double-acting actuators are motors which can generate a controlled motion in two directions. Such 

actuators can be used to drive a joint all by itself. But when such actuators are used, they can be 

combined as well. This functional redundancy can allow sophisticated drive techniques, like a complex 

push-pull system. 

 

                                                           
10 The MCP joint of the pointer finger has two DOF that are actively driven. 
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Figure 28: a) Passive single-acting b) Active single-acting [10] 

The biggest advantage of this system is the flexibility, because of the compensation of different path 

length in case of remote control. The biggest disadvantage is feedback from the actuators. It is difficult 

to host two actuators. In other words a higher control complexity is necessary which results in a greater 

cost. For remote controlled systems, three different configurations can be used. Two for single-acting 

actuators (Figure 29b & c) and one for double-acting actuators (Figure 29a). 

To minimize the control complexity and to use as less actuators as possible to reduce mass and volume, 

double-acting actuators will be used. For this reason an N-type architecture will be used. 

 

 

Figure 29: Remote actuation connections [10] 
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5.2.4 Conclusion 
In previous paragraphs is told what possibilities there are to obtain the most optimal movement 

system for our application. The only bottleneck that appeared was the mass. The mass need to be as 

less as possible and it must be centered as close as possible to the shoulder. This is necessary to reduce 

the motors power that is directly proportional the size of the motors. In other words, the joints 

controlled on the axis of the joint itself is not an option here. The SMA’s and electroactive polymers 

are still in a research phase, therefore this method cannot be used.  

For these two reasons and the fact that chains and belts are too big and heavy, it is recommended to 

use remote actuation with lightweight cables. Though there is one exception. The saddle joint, which 

is simplified in our application to one DOF instead of two, will be in-site actuated. This is because it 

simplifies the rotational control of the thumb. 

When decided which joint needs to be actively or passively driven, it is possible to choose the most 

optimal actuation architecture. As can be seen in Table 9, the actuation architecture for the four fingers 

is M < N. This is because there are three or four joints to control with only 2 or 3 actuators. The 

remaining joints have an M = N architecture because they are actively driven and most of the time in 

depended from each other. 

Because everything in our application needs to be as light and compact as possible, it is recommended 

to use as less actuators as possible. Which lead to integrate double-acting actuators. This results in an 

N configuration for the cable system. The only disadvantage to this configuration is the fact that the 

actuation in both directions need to be the same, but this will be handled more specific in paragraph 

5.8.3. 

When the optimal configuration is chosen, it is possible to proceed with pre-calculations to decide 

which actuators can be used. 
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5.3 PRE-CALCULATIONS 

5.3.1  Introduction 
In order to decide the actuation of our application, some pre-calculations had to be done. These pre-

calculations will be based on an estimation, because a point to start from is needed. The volume of 

every part of the finger will be estimated. When this information is obtained, the torque on each joint 

can be calculated. From these calculated torques it is possible to search the right category of actuator 

to actuate our application. 

5.3.1.1 Estimation 
In an estimation it is usual to take average values for all the used factors. 

The average density of PLA and ABS is approximately 1230 kg/m³ and 1110 kg/m³ (paragraph 7.3.6.3). 

These average densities are needed, because these are the only materials that can be printed with. 

Because of reducing the mass, it is logical to take into account an average degree of filling (50%). Of 

this 50% is 80% printing material and a remaining small percentage of 20% steel cable. This is because 

when the mass of an object is so little that the mass of the cables through the object will matter, it is 

necessary to take this mass also in account. 

The average lengths of the fingers, the palm of the hand, the lower arm and the upper arm are also 

given. The only element remaining to calculate the estimated torque is the volume. Therefore a volume 

experiment was needed and explained in Annex 3. The results of this experiment can be seen in Table 

10. 

Table 10: Estimated volumes 

Pointer finger Distal 5 cm³ Middle finger Distal 4 cm³ 

 Medial 5 cm³  Medial 9 cm³ 

 Proximal 10 cm³   Proximal 11 cm³ 

Ring finger Distal 5 cm³ thumb Distal 8 cm³ 

 Medial 5 cm³  Proximal 8 cm³ 

  Proximal 6 cm³   TMC 50 cm³ 

Little finger Distal 3 cm³ Palm of the hand  373 cm³ 

 Medial 3 cm³ Lower arm   580 cm³ 

  Proximal 4 cm³ Upper arm   843 cm³ 

 

5.3.1.2 Calculation estimated torque 
Now it is easy to calculate the mass of each part of the hand and arm. Physics tells us that the mass of 

an object is equal to the volume of the object multiplied by the density of the used material Formula: 

 

𝑚𝑜𝑏𝑗𝑒𝑐𝑡 = 𝑉𝑜𝑏𝑗𝑒𝑐𝑡 ∗ 𝜌𝑜𝑏𝑗𝑒𝑐𝑡  

Equation 8: Mass object 

Because the fingers, hand and arm are going to be 3D-printed, it is needed to take into account a 

certain degree of filling. To keep it average, the degree of filling will be 50%. Of that 50% is 80% PLA or 

ABS and 20% steel, as previously mentioned. With all these factors chosen, it is possible to calculate 

the mass of each part. With Equation 8, it is possible to convert this mass to weight.  
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When the weight is calculated it is possible to calculate torque, because the weight and the average 

length (Table 27) of each part is given. For the remaining joints it is necessary to take the weight of the 

previous part in account to have realistic torque calculation. This calculations is schematically 

represented in Figure 30 for each joint in a finger. Same calculation can be applied to the wrist elbow 

and shoulder joint. 

 

Figure 30: Torque calculation example finger 

To continue with the example, take the distal part of the pointer finger and the two previous 

mentioned configurations. Configurations one (80% PLA, 20% steel) gives a mass of 6.3 g. The average 

length of the distal part is 2.5 cm. These two factors result in a torque of 0.00077 Nm (≈ 0.0079 kgcm) 

for the DIP joint. Same can be done for configuration two (80% ABS, 20% steel). The mass of the distal 

part is 6.1 g and the average length is 2.5 cm. This two factors result in a torque of 0.00074 Nm (≈ 

0.0076 kgcm) for the DIP joint. The reason to convert Nm to kgcm is the fact that some small electro 

motors have this unit for torque. All the results of the estimated torques can be found in Annex 4. 
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5.4 ACTUATORS 

When the pre-calculations are done, it is possible to take a look at which actuators could be used. In 

our case it will be electrical motors, because other types of actuation are too “industrial sized” to apply. 

For example pneumatic or hydraulic actuation. When chosen electrical motors it can be predicted that 

these actuators must meet certain requirements. With these requirements it is significant to choose 

the right electrical motor. Two types of electrical motors turn out to meet these requirements and will 

be explained and compared in next paragraphs. 

5.5 REQUIREMENTS ELECTRICAL MOTORS 

The electro motors needed for our application meet certain conditions. Low voltage is the first one. 

For this reason only one power supply can be used for the chosen motors and the control of them. The 

electro motors also need to be small, because there isn’t much space in our arm structure. They also 

need to be light because otherwise the structure will become too heavy for the electro motors to 

handle. Next, the electro motors need to have a reasonable torque to be able to move the 

construction. Also a holding torque is required to hold the construction in the right position. The last 

condition is that the motors needed for our application must be controllable. It is necessary to achieve 

the right positions. In next paragraph all these requirements will be compared with each electrical 

motor to choose the best possibility for our application. 

5.5.1 Choosing the right electrical motor 
To start this chapter it is necessary to know what types of electrical motors there are. As known, there 

are a lot of electrical motors, different sizes, controllable or not, high speed / low speed and so on. But 

most of the times they are divided into three groups. The first group of electrical motors includes the 

alternating current-motors (AC-motors). These motors can be directly connected to the electric grid. 

The second group includes the direct current-motors (DC-motors). These motors can be directly 

connected to a battery or a DC-source like the power supply of a computer. The third group includes 

the stepper motors. 

AC-motors are often used in industrial applications, which involve high power motors because a 

constant rotational torque and speed is required to control large loads, for example pumps or motors 

in electric cars. Light duty DC-motors and stepper motors are often used for position control, micro 

processing and robotic circuits. [14] 

The motors needed for our application must be controllable, specifically angular controllable. For this 

reason the speed of the motors is not significant, but the position of the motor axis is. When the 

position of the motor axis can be controlled, the right angle and respectively the right motion can be 

achieved. As previously mentioned, only light duty DC-motors and stepper motors suitable for our 

application. These two types of electrical motors are explained in next paragraphs, starting with 

stepper motors and followed by light duty DC-motors. 
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5.5.2 Stepper motors [15] 

5.5.2.1 Introduction 
All stepper motors can be viewed as brushless motors. Because the rotor has no windings, brushes or 

commutator, they are robust and inexpensive. The rotor is cylindrical and has external poles. The rotor 

often includes a permanent magnet. The stator has electromagnets, these are windings are disposed 

in laminated steel. Only the can stack structure is an exception. There are no disposed windings here. 

The number of windings can change from 2 to 5. A winding is also called a "phase” (Figure 31). 

 

Figure 31: Cross section stepper motor [designworldonline.com] 

 

Stepper motors work differently from other motors. Rather than voltage being applied and the rotor 

spinning smoothly, stepper motors rotate in response to individual control pulses applied to its 

windings. Every change in this process, moves the motor by an exact angle. These small angle 

increments are called "steps", hence the name "stepper motor". The motor can be held in any fixed 

position as well. 

The order in which those electromagnets are activated determines the rotation direction. Each step 

covers a specific range of "swing". The step angle is related to motor construction details: number of 

coils, number of poles or number of teeth. It can be from 90° to 0.75°, corresponding to 4 to 500 steps 

per rotation. Typically a stepper motor has 200 steps/rot, or 1.8 degrees per step.  

To move the rotor, the electric magnets on the motor must be activated in the right order. This 

commutation is handled externally by the stepper motor controller. One digital input pulse to the 

controller corresponds to one step. The frequency of the digital input signal controls the speed of the 

motor. The rotation speed is low, normally below 300-350 rpm. The very maximum speed limit is about 

2000 rpm. 

5.5.2.2 Types of stepper motors 
Stepper motors come in three variations, permanent magnet (PM), variable reluctance (VR) and hybrid 

(combination of both PM and VR) stepper motors. When there is no label on the stepper motor that 

tells us which kind of stepper motor it is, it is still possible to determine which motor it is. When no 

voltage is applied, it is possible to feel the difference by manually rotating the motor’s axis. If it is a PM 

stepper motor, it tends to “cog” because of the residual magnetism in the rotor.  
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If it is a VR stepper motor, it will spin freely. They may “cog” a little bit because of a little residual 

magnetism. Another difference between PM and VR stepper motors is the amount of windings they 

have. A VR stepper motor regularly have three (or more) windings, with a common return and PM 

stepper motors regularly have two independent windings, with or without center taps. [16] 

In next paragraphs only PM and VR stepper motors will be discussed, because the hybrid version is a 

combination from both types. 

5.5.2.3 Permanent magnet 
A permanent magnet type stepper motor, has a cylindrical permanent magnet rotor. The stator usually 

has two windings as previously mentioned. In the Figure 32you can find the basic principles of a PM 

stepper motor, with one pole pair in the rotor and one pole pair per phase in the stator. The stator has 

two phases, divided into two parts (one per pole), which are connected in series. The rotor is a 

permanent magnet with two poles. The step angle will be 90 degrees. 

 

 

Figure 32: Permanent magnet stepper motor [15] 

If phase 1 is actuated the rotor has set itself according to the 

axis line of this phase: different magnetic poles attract each 

other so the poles of the stator electromagnet brings the 

permanent rotor magnet in a horizontal position. 

If phase 2 is actuated, the rotor will focus according to the 

vertical axis of this phase. The rotor has been rotated 

clockwise through an angle of 90 °. 

If phase 1 is actuated with a negative current, the poles of 

the electromagnet will be magnetized opposed to the 

position 1 and the rotor rotates further clockwise 90 °. 

Finally, when phase 2 is actuated with a negative current, the 

rotor rotates clockwise another 90 °. 
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This principle can be applied to PM stepper motors with a larger number of poles to result in a smaller 

step angle. Figure 33 shows a PM stepper motor with twenty-four poles, but with only two windings 

(the same as pervious example). Each winding is wrapped in a mild steel shell, with fingers brought to 

the center. These alternating north-south fingers will attract the PM rotor. When the polarity of the 

phase is reversed, the rotor would jump 360° / 24 poles = 15°. The direction is not known, which is not 

efficient. But, if phase 2 is energized directly after phase 1, the rotor will move 7.5°. This is due to the 

offset of 7.5° of phase 2 relative to phase 1. 

 

Figure 33: PM stepper motor 24 poles [15] 

5.5.2.4 Variable reluctance [17] 
The VR stepper motor usually has three (or more) windings and are typically connected as shown in 

Figure 34. The end of each winding is connected to a common terminal. When used, the common 

terminal is typically connected to the positive side of the power supply and the windings are energized 

in sequence. 

The cross section shown in Figure 34 is of 30 degree per step variable reluctance motor. The rotor in 

this motor has 4 teeth and the stator has 6 poles. Each winding is wrapped around two opposite 

poles.  

 

Figure 34: VR stepper motor 30° step [17] 
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The working sequence is as follows: 

When winding 1 is energized, the rotor teeth (marked with X) are attracted to winding 1 its poles. 

When winding 2 is energized after winding 1, the rotor will rotate 30 degrees clockwise so that the 

teeth (marked with Y) will line up with winding 2 its poles. If this process is continued to winding 3 and 

start over from winding 1, the stepper motor will continuously rotate clockwise. In Table 11 is the 

applied sequence shown, with a logic 1 (current applied to winding) and a logic 0 (no current applied 

to winding) for 12 steps or 1 revolution. 

Table 11: Sequence VR stepper motor 30° step 

Steps => 1 2 3 4 5 6 7 8 9 10 11 12 

Winding 
1 

1 0 0 1 0 0 1 0 0 1 0 0 

Winding 
2 

0 1 0 0 1 0 0 1 0 0 1 0 

Winding 
3 

0 0 1 0 0 1 0 0 1 0 0 1 

 

There are also VR stepper motors with four and five windings which requires five or six wires (four or 

five windings plus one common terminal wire). These motors are driven with the same principle as 

previously mentioned. But it is very important to work out the correct sequence of energizing the 

windings so the motor will step nicely.   

The VR stepper motor with 30 degrees per step, uses the fewest number of rotor teeth and stator 

poles that performs nicely. When more motor poles and more rotor teeth are used, it is possible to 

make smaller steps. Toothed faces on each motor pole and a respectively toothed rotor allows for step 

angles as small as a few degrees. 

5.5.3 RC Servomotors 

5.5.3.1 Introduction [18] 
The basic principles of the ‘radio controlled’ servo motors are based on the same principles as a regular, 

controlled brushless DC-motor. Except a servo motor has 2 components: a brushless DC-motor and a 

gearbox to reduce the speed (Figure 35). 

 

Figure 35: A RC servo motor [Princeton.edu] 

A brushless DC-motor is a machine that converts DC-energy to rotating mechanical energy. A DC-motor 

is based on the Lorentz-force. When current flows through a conductor in a magnetic field, a force will 

occur. The direction of the force can be found by ‘the left hand rule’ (Figure 37). This force will push 

the conductor out of the magnetic field. The amplitude of the force depends on the amplitude of the 

magnetic induction (B), the length of the conductor (L) and the amplitude of the current trough the 

conductor (I) (Figure 36). 
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𝐹 =  𝐼 . 𝐿 𝑥 𝐵 

Equation 9: Lorentz force 

 

Figure 36: Lorentz force DC-motor [19] 

 

 

Figure 37: Left hand rule [Wikipedia.org] 

Because of the Lorentz force generated by live conductors in a magnetic field on a distance “d” from 

the center axis in the DC-motor, the DC-motor generates a certain torque T. 

𝑇 = 𝐹. 𝑑 

Equation 10: Torque 

As told in the previous paragraph, the Lorentz force depends on the amplitude of the magnetic 

induction (B), the length of the conductor (L) and the amplitude of the current trough the conductor 

(I). For an angle of 90° the sinus will be always 1 (Figure 36): 

𝐹 = 𝐵. 𝐼. 𝐿. sin(𝛼) = 𝐵. 𝐼. 𝐿. 1 

Equation 11: Lorentz force simplified 

If Equation 10 with Equation 11are combined, the result is: 

𝑇 = 𝐵. 𝐼. 𝐿. 𝑑 

Equation 12: Torque as result of Lorentz force 
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Now the crucial factors are known to determine the torque that will be generated. For example how 

smaller the DC-motor, how smaller the generated torque will be.  

5.5.3.2 Servo principle 
As told in the introduction, the servo principle is based on a regular, controlled DC-motor. To control 

the RC servo motor it is needed to know how these RC servo motors are wired. As can be seen in Figure 

38, there are 4 wires. A brown, a red, an orange and a white wire. The brown wire is the ground, the 

red wire is for power (± 5V), the orange wire is the signal wire and the white wire is for analog 

positioning feedback. 

 

 

Figure 38: Servo motor wiring [adafruit.com] 

 

The brown and red wire provide the servo of power. The orange and white wire are the signal wires 

for positioning the servo. The general signal applied to the servo motor is an ordinary logic ‘square 

wave’ with a specific wave length. When a ‘square wave’ with a specific length is applied, the servo 

goes to a particular angle. In other words: 

The wavelength (duty cycle) directly maps to servo angle (Figure 39). 

 

Figure 39: Command signal servo motor [Princeton.edu] 
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5.5.3.3 Analog VS digital [20] 
There are 2 ways to control the servo motor. The first one is the analog way and the second one the 

digital way. In order to choose which way is the best way for our application, it is necessary to compare 

them. 

5.5.3.4 Analog 
An analog controlled servo motor contains several components to convert the incoming signals to a 

voltage that controls the DC-motor. 

 

Figure 40: Analog control servo motor [sailservo.co.uk] 

As can be seen in Figure 40, the incoming ‘square wave’ from the receiver is converted into a positive 

voltage and the invertor inverse it polarity. This way a voltage is presented at the negative side of the 

comparator. The positive voltage produced by the variable resistor, also called the feedback voltage, 

represents the servo’s axis rotational position. These 2 voltages come together in the comparator. 

When these 2 voltages are equal, the comparator will give a zero output. The servo motor remains off. 

Two unequal voltages will give either a positive or negative voltage output that will result in 

respectively rotating forwards or backwards. When these two voltages are equal again, the servo 

motor will turn off. 

The amplifier will alter the servo motor’s speed when approaching the turn off point to anticipate 

overshooting. Two output signals are sent to the H-bridge driver to control motor direction and speed.  

5.5.3.5 Digital 
In a digital controlled servo motor, there is an Integrated Circuit-chip (IC-chip). This IC-chip is actually 

a microprocessor. The IC-chip normally has a program on board to control the rotation and speed of 

the servo motor. Some servo motors can be re-programmed with a servo programmer or servo tester 

for a specific application. The input ‘square wave’ signal and feedback are converted into numbers. 

The difference between these numbers is used to modify rotation and speed. 

5.5.3.6 RC Servo motor control 
The actual control of both digital and analog RC servo motor are the same, as shown in Figure 41. The 

input signal is compared to the internal feedback signal produced by the position sensor. As result of 

this comparison the motor will rotate until the input signal and the feedback signal are equal.  
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Figure 41: General RC servo motor control [14] 

Still there is one difference between both digital and analog RC servo motor. The frequency of pulses 

that can be applied to the servo motor. The frequency of an analog servo is 50Hz or 50 pulses per 

second and the frequency of a digital servo motor is maximum 300Hz or 300 pulses per second. This 

results in a period of 20ms for an analog servo motor and a period of 3,3ms for a digital servo motor. 

(Figure 42) 

 

 

Figure 42: input signal duty cycle < 50% [sailservo.co.uk] 
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5.5.4 Conclusion 
Stepper motors have many advantages: they are relatively cheap and brushless, so no (or less) 

maintenance is required. It is also simple to control stepper motors. The position is very accurate even 

when no feedback is required. Another advantage is high torque at low speeds and a relatively high 

holding torque. And finally they can easily switch from rotation direction.  

Stepper motors also have disadvantages. For industrial applications sometimes it is not enough to have 

a power of 1kW and a maximum speed of 2000 revolutions per minute. They are also less suitable for 

applications with a strongly varying load torque or large accelerations. Another disadvantage is for 

small robotic applications as ours, they are quite robust, heavy and big in size. For this reason it is 

necessary to take a closer look at the servo motors. 

The RC servo motors are also cheap and the DC motors inside are also brushless. The control of the RC 

servo motors is also simple. In this aspect both motor types are the same. But the huge advantage of 

RC servo motors over stepper motors is the fact that they are not robust, not heavy and not big in size 

when compared. For this reason it is recommended to use RC servo motors. 

In fact there is no big difference between the digital and analog RC servo motor except for the 

frequency of pulses applied to the internal motor unit. But since an analog feedback signal is required 

to the controller for future adjustments and more precise control over the needed motions and analog 

RC servo motors are simpler to control, it is recommended to use analog RC servo motor. 

5.6 POST-CALCULATIONS 

Now the type of actuators have been chosen, it is necessary to decide which size of RC servo motor 

can be used in our application. There are a few standard sizes of RC servo motors: micro and standard 

size [21]. Details can be found in Annex 5. With these specifications it is possible to further work out 

the remote actuation cable system, starting with the transmission. Then the size and location of the 

forces on the cables can be determined. And finally the whole calculation will be made again but this 

time with real values of the prototype that is made. 

5.6.1 Transmission  
To see which electro motors are able to deliver the needed torque to move the joints, the largest 

torque from Annex 4 is taken. For the same force the difference in torque will give a difference in 

distance (Equation 13). 

  

𝐹 =
𝑇1

𝑟1
=

𝑇2

𝑟2
↔

𝑇1

𝑇2
=

𝑟1

𝑟2
 

Equation 13: Difference in distance 

With 𝑇1  as needed torque on DIP joint, 𝑇2  as applied torque from the possible RC servos and 

 
𝑟1

𝑟2
 as the transmission radius. 

To calculate the minimum transmission, the smallest RC servo is taken which is the Micro RC servo 

with torque = 1.6 kgcm (Annex 5) and the largest needed torque (Annex 4). The largest torque is from 

the MCP joint of the middle finger (≈ 0.16 kgcm). When Equation 13 used the result is a minimum 

transmission of 1:10 for both configurations (paragraph 5.3.1.2 ). For example when a radius of 1 cm 

is taken at the RC servo motor, the radius at the MCP joint of the middle finger will be 0.1 cm ( = 1 

mm). 
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These radiuses are small enough to fit into the construction (paragraph 8.5.2). For this reason, to keep 

it simple and because there are standard discs with this size, a radius of 1 cm at the RC servo motors 

will be taken. 

5.6.2 Force on cables and locations [22] 
In this paragraph the acting forces on the cables and the location of them to generate the needed 

torque will be handled. As calculated in previous paragraph is maximum torque needed for the finger 

≈ 0.16 kgcm (≈ 0.016 Nm). This torque can be provided by the micro RC servo with a torque of 1.6 kgcm 

and the standard RC servo with a torque of 6.5 kgcm. Because of the 1 cm radius the force on the cable 

will be respectively ≈ 16 N and ≈ 64 N. 

To calculate the location of the forces needed to counter the torque of the fingers, it is necessary to 

make a few statements. First, the X-axis is always the direction of the finger and the Z-axis is always 

the rotation axis. Second, flexing the fingers is the positive direction of the torque (Figure 43). 

 

Figure 43: Statement 1 & 2 

Third, a joint can take forces and torques in every direction except the rotation axis. This is why the 

joint is only a rotation point [22]. Fourth, the force on the cable only works in the direction of the cable. 

Fifth, the applied forces are horizontally constraint, because the singularity [paragraph 4.5.2.2] are 

compensated by mechanic constraints (Figure 44). The reason for this mechanical constraints is that 

the motors and cable system are not accurate enough, so this is the safest way to handle the 

singularities. Therefore, only the Y-component of the location is important (Equation 14). 

 

Figure 44: Mechanical constraints 

Now the statements are made, so it is possible to calculate the minimum location of the force (Figure 

44): 
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𝑌 =
𝑇

𝐹
 

Equation 14: Location Force 

With Y as the location, T as torque needed to move certain joint and F as the force on the cable 

provided by the micro RC servo. 

In Table 12 are the locations of the forces given for the little finger. When the distances of the two 

configurations are compared, it can be seen that the difference is not significant. For this reason there 

is no preference in printing material. 

Table 12: Minimum location forces estimated 

Location (mm) MCP PIP DIP 

80% PLA, 20% steel 0.322 0.138 0.028 

80% ABS, 20% steel 0.310 0.133 0.027 

 

In Annex 6 are all the results of the locations of the forces. These locations are minimum values, 

because when the same force is applied further away from a rotation point, the torque get bigger. 

5.6.3 Real values 
In this paragraph the exact same calculations will be done as in previous paragraph, but this time with 

the weight values of the printed parts. This is because an exacter calculation of the acting forces can 

be made and because it is vital to dimension the motors needed to move arm, elbow and shoulder. 

After a few times the little finger is printed, because it is the smallest finger and take less time to print, 

the mass of the three parts are weighted. The scale used had an accuracy of ± 0.001g, which is 

necessary because the parts only have a mass of a few grams. The parts are weighted with a piece of 

the cable equal to the sum of the cables trough the weighted part. An average mass was taken for each 

part from three printed fingers. Results are shown in Table 13. 

Table 13: Weighed mass 

PLA printed               

Pointer finger Distal 0.002433 kg Middle finger Distal 0.002433 kg 

 Medial 0.003339 kg  Medial 0.003817 kg 

  Proximal 0.004195 kg   Proximal 0.004839 kg 

Ring finger Distal 0.002433 kg Thumb Distal 0.003339 kg 

 Medial 0.003339 kg  Proximal 0.004195 kg 

  Proximal 0.004195 kg   TMC 0.020000 kg 

Little finger Distal 0.002433 kg Palm of the hand  0.127540 kg 

 Medial 0.002489 kg       

  Proximal 0.003228 kg         
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Table 14: Torque weighed parts 

Torque PLA Printed        

Pointer finger DIP 0.00030 Nm 0.003042 kgcm 

  PIP 0.00101 Nm 0.01026 kgcm 

  MCP 0.00332 Nm 0.03385 kgcm 

Ring finger DIP 0.00030 Nm 0.003103 kgcm 

  PIP 0.00109 Nm 0.011163 kgcm 

  MCP 0.00337 Nm 0.034323 kgcm 

Little finger DIP 0.00028 Nm 0.002848 kgcm 

  PIP 0.00084 Nm 0.008608 kgcm 

  MCP 0.00223 Nm 0.022753 kgcm 

Middle finger DIP 0.00030 Nm 0.003079 kgcm 

 PIP 0.00126 Nm 0.012899 kgcm 

  MCP 0.00396 Nm 0.040414 kgcm 

Thumb DIP 0.00047 Nm 0.004743 kgcm 

 MCP 0.00191 Nm 0.019469 kgcm 

  TMC 0.00786 Nm 0.043682 kgcm 

Wrist   0.24754801 Nm 2.524287 kgcm 

Elbow   1.611388914 Nm 16.43159 kgcm 

 

Now the mass of every part is calculated, the acting torque of each joint can be determined (Table 14). 

With the five statements, as in paragraph 5.6.2, it is possible to calculate the location of the forces 

here. In Table 15 are the results show. 

Table 15: Minimum location real forces 

Min Distance PLA Printed               

  Pointer finger Distal 0.019008 mm Middle finger Distal 0.019236 mm 

   Medial 0.064102 mm  Medial 0.080589 mm 

    Proximal 0.211493 mm   Proximal 0.252499 mm 

  Ring finger Distal 0.019388 mm Thumb Distal 0.029634 mm 

   Medial 0.069743 mm  Proximal 0.121642 mm 

    Proximal 0.214444 mm   TMC 0.500815 mm 

  Little finger Distal 0.017791 mm Palm of the hand  0.112066 mm 

   Medial 0.053783 mm       

    Proximal 0.142158 mm         
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5.7 CONCLUSION 

As calculated in this paragraph, the torques are very small. For this reason the torques applied by the 

RC servo’s are enough. Due to the radius of 1 cm of the servo arm that was chosen. The acting forces 

can be horizontally applied, when fingers are mechanically constrained for possible singularities 

(paragraph 4.5.2.2). This is because the locations of the forces is very small, which is an advantage not 

only for the structure but also for the applied torque. Remarque: forces are not everything. Cable 

reduction and extension is also very important. This subject will be discussed in next paragraph. 

5.8 CABLES 

As previously mentioned a remote actuated cable system will used in our application. To execute the 

right movements it is vital to make the cable system as accurate as possible. Two bottlenecks that 

occur are the own extension of the cables and the extension as result of the construction in which the 

cable system is applied. To determine the grade of influence of the chosen material to the own 

extension, a comparison will be made between the two fundamental material groups followed by 

specific examples that could be qualified to use of both fundamental groups in our application. Next 

the extension as result of the construction will be explained in general, applied to our application and 

will be calculated. The actuation method is something very important to take into account before the 

calculation can be made. Finally an overall conclusion concerning the “total extension” will be made. 

5.8.1 Kind of material 
There are a lot of materials in the world. To choose the right materials, it is recommended to look from 

a (general) group of materials to specific kinds of materials. This will be done based on certain 

properties of the materials. To decide which properties are necessary, a few statements will be made. 

The cable must be strong enough to bear the load on it. A minimum of extension and flexibility are also 

important. These three demands can be found in the physical properties of the materials. 

5.8.1.1 Metallic VS synthetic materials 
Materials in general can by divided into two groups. On the one hand there are metals and on the 

other hand there are synthetic materials. Before comparing the physical properties of these two 

groups of materials, it is necessary to understand the structure their made of. 

Metals are constructed from atoms, which are ranked in a certain grid. Synthetic materials are 

constructed from macromolecules consisting out of a variety of atoms which are whether or not 

connected. This is called an amorphous structure. The different structures of metals and synthetic 

materials are shown in Figure 45. 

 

 

Figure 45: Structure difference [23] 
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The atoms in a given grid plane of a metal have to move along the atoms in an adjacent grid plane 

during deformation. This is because of the large primary bonding forces between the atoms, so a large 

force is needed to move them, which makes metal materials that have good mechanical properties. 

The molecules in a thermoplast first have to aim for the direction of the force, and then have to move 

along each other. This is because of the small secondary bonding forces between the molecules, so 

less force is required. The molecules in a thermoset can’t aim for the direction of the force and can 

move along each other after the bindings are broken, which happens relatively fast. The left diagram 

in Figure 46 is the general stress-strain diagram for metal and the right diagram is for the synthetic 

materials. 

 

Figure 46: General stress-strain diagram [24] 

Now an overview of the physical properties can be made which are useful for our application (Table 

16). Because it are cables that are needed, the Young’s modules is the most important property. The 

Young’s modulus is the ratio of stress over strain in the elastic part of the curve. Tensile strength is the 

strength needed to break the cable. Then there is the specific density, which needs to be as low as 

possible, to calculate the additional mass to the construction. As previously mentioned, flexibility is 

also an important factor. The only problem with this factor is that there is no standard physical 

property for it. It can be deducted from other factors such as structure, density, and diameter. This is 

why tests of the different materials in the construction are needed. 

Table 16: General physical properties 

Properties Metal Synthetic 

Young’s modulus (GPa) Very high Low, high11 

Tensile strength Very high Low, high13 

Specific density (kg/m³) Very high Low, high13 

 

The materials used are twisted and non-twisted steel cable, twisted and non-twisted Nylon and twisted 

Dyneema. The full specifications of these materials can be found in Annex 7. But the useful properties 

are given in Table 17. 

Table 17: Physical properties used materials 

                                                           
11 Depending on which synthetic material 
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Properties Steel [25] Nylon 6 [26] Dyneema sk65 [27] 

Young’s modulus 200 GPa 2.8 GPa 116 GPa 

Tensile strength 660 MPa 78 Mpa 2.95 GPa 

Specific density 7900 kg/m³ 1130 kg/m³ 970 kg/m³ 

5.8.2 Extension [28] 
When the own extension of the cable is significant, it will result in deviations of the motion in the 

fingers. This is a result of the own extension of the cable. Because the cable itself also has extension 

when loaded with a certain force it is necessary to calculate its own extension. Depending on the kind 

of material the cable is made of (Young’s modulus), the extension will be different. To calculate the 

own extension, two formulas are needed: 

 

𝜎 =
𝐹

𝐴
 

Equation 15: Tension in cable 

With 𝜎 as tension in the cable, F as loaded force on the cable and A as surface of the cross-section of 

the cable. 

𝜎 = 𝐸 ∗ 𝜀 

Equation 16: Hooke’s Law 

With E as Young’s modulus and 𝜀 as extension. 

𝜀 =
𝐹

𝐴 ∗ 𝐸
 

Equation 17: Extension 

It can be seen that there is a direct connection between the load F and the extension 𝜀.  

To determine the actual extension of the cables, the calculation will be done twice. First, with the force 

applied from the micro RC servo (=16 N) and second with the force applied from the standard RC servo 

(=64 N). 

When Equation 17 is applied to the physical properties from previous paragraph and to both forces, 

the results for a cable with a diameter of 1 mm are: 

 

 Steel Nylon Dyneema 

Extension 𝜀, force 16N 
(mm)  

0.102 7.276 0.176 

Extension 𝜀, force 64N 
(mm) 

0.407 29.103 
0.702 

 

Table 18: Extension results 

As can be seen in Table 18the extension of Dyneema rivals that of a steel cable, which is almost nothing 

in comparison to the extension of Nylon. Because the extension needs to be minimalized, a Nylon cable 

is not suitable for our application. 
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This calculation is only for full cylinders. When the cable exists out of twisted fibers, it will have effect 

on the own extension of the cable. Figure 47 gives us an example of this twisted fiber cable. In this 

figure the radius of the big cylinder is three times bigger than the radius of a fiber (green), so R1 = 3 * 

R2. To make the comparison between the extension of the fibers and the extension of the cable 

possible, it is necessary to make some statements. First, same force is applied on both fibers and cable. 

Second, the force on the fibers can be divided by the number of fibers: F1 = 7 * F2. Third, the total 

extension of the fibers is equal to the extension of one fiber. Fourth, the same material is used for both 

cable and fibers, so E1 = E2 = E. 

 

 

Figure 47: Twisted fiber cable 

𝜀1 =
𝐹1

𝐴1 ∗ 𝐸
 

Equation 18: Extension Cable 

𝜀2 =  
𝐹2

𝐴2 ∗ 𝐸
 

Equation 19: Extension fibers 

 

When previous statements, Equation 18 and Equation 19 are combined the result will be: 

𝜀1

𝜀2
=

7 ∗ 𝐹2 ∗ 𝜋 ∗ 𝑅2
2

𝐹2 ∗ 𝜋 ∗ 9 ∗ 𝑅2
2

=
7
9

 ≈ 77.78 % 

Equation 20: Difference cable and fibers 

It can be seen from Equation 20 that the extension of the fibers is bigger than the extension of the 

cable. To approach the same extension as the cable, the total sum of surfaces (green) must to be equal 

to the surface of the cable. The same surface can be achieved by enlarging the number of fibers. The 

surface of each fiber will be smaller, but the overall sum of the fiber surfaces will approach the surface 

of the cable. 

Now the extension of both fibers and cable is the same, so what is the advantage of the twisted fibers 

over the regular cable? The answer is flexibility [29]. This is because the fibers can move relative to 

each other when making a sharp turn. This property is vital for our application, because the cable 

system needs to fit in the construction. 
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5.8.3 Extension & reduction in the system 
From previous paragraph can be learned that the own extension can be excluded because there are 

so little in comparison to the construction dimensions. But this is no proof that there will be no 

extension or reduction at all. It is possible that the construction itself can be the cause of multiple 

extensions or reductions. In next paragraph will be explained how a construction can be the cause of 

these “system extensions & reductions”. Then the actual system extensions will be explained and 

calculated and finally there will be an overall conclusion of the cables extensions. 

5.8.3.1 Introduction 
When, in our case, cables are used in a remote actuated system, these cables will pass several joints. 

Every time when a cable passes a joint, this cable can extend or reduce depending on the actuation of 

each joint. An example is given in Figure 48, which contains a system with two joints and two cables 

and both cables are fixed at the end. Then the system will be moved (green part) and the effect of the 

movement on the cables is marked with a red circle. The results are reduction in the upper cable and 

extension in the lower cable. When the system is moved in the opposite direction, the reduction will 

be in the lower cable and the extension in the upper cable.  

 

 

Figure 48: Extension and reduction 

It can be seen that the total reduction and extension is the sum of the local reductions and extensions. 

5.8.3.2 General calculation 
This calculation is an approach to reality, so in other words it means that this calculation can be done 

very accurately, but in reality it is always different. For this reason it is necessary to take into account 

a certain tolerance on the calculations. But the greatest factor of influence is the construction itself. 

The positions of the cables, the shape of the used joints and the movements done in the construction 

will determine the reduction or extension. Since the cables are situated in the construction, it is clear 

that the position of the cables only depends on the shape of the construction itself. Next, an example 

of cable extension depending on the shape of a joint is given in Figure 49. For this reason it is important 

to choose the shape of the joint wisely. The last factor is the maximum and minimum position of the 

construction, which is directly connected to the minimum and maximum angle of the joint. 
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Figure 49: Influence shape joint 

Now is known which factors must be taken into account, so the general calculation can be started. 

Suppose that link 1 is fixed, link 2 can rotate over a certain angle due to the local joint and the minimum 

angle is 0 °. This situation will be the start position (Figure 50). To simplify the calculation distances Y1, 

Y2 and X1, X2 will be equal and the joint will be positioned half way X1, X2. For example: Y1 = Y2 = 5 mm, 

L1 = L2 = 10 mm and the tolerance will be ±0.01 mm. 

 

 

Figure 50: General calculation position 1 

Now link 2 will be rotated over a certain angle due to the local joint, in this case 45 ° (Figure 51). First 

the reduction in the upper cable will be calculated. Due to geometry, the X, Y component of point P1, 

P2 can be determined. When these components are known, it is possible to calculate XL1, YL1 and 

therefore L1.  

𝑋𝐿1 = 𝐿1 + ( [cos (tan−1 (
𝑌1

𝐿2
) + 𝛼)] ∗ √𝐿2

2 + 𝑌1
2) 

Equation 21: X-component upper extension 

𝑌𝐿1 = ( [sin (tan−1 (
𝑌1

𝐿2
) + 𝛼)] ∗ √𝐿2

2 + 𝑌1
2) − 𝑌1 

Equation 22: Y-component upper extension 

𝐿1 = √𝑋𝐿1
2 + 𝑌𝐿1

2 

Equation 23: Total upper extension 
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In this case XP1 = YP2 = 3.54 mm and YP1 = XP2 = 10.61 mm relative to the local joint, so XL1 = 10 mm + 

3.54 mm = 13.54 mm and YL1 = 10.61 mm – 5 mm = 5.61 mm. The result for L1 will be 14.66 mm, which 

gives a reduction of 5.33 mm in comparison to the start length of 20 mm. Second, the extension in the 

lower cable will be calculated. This calculation is a little more complex, because the cable will touch 

the joint (red line in Figure 51), this means that α is greater than  tan−1(
𝑌2

𝐿2
) .  When α is less 

than tan−1(
𝑌2

𝐿2
), the formulas will be: 

𝑋𝐿2′ = 𝐿1 + ( [cos (𝛼 − tan−1 (
𝑌2

𝐿2
))] ∗ √𝐿2

2 + 𝑌2
2) 

Equation 24: X-component lower extension 

𝑌𝐿2′ = 𝑌1 + ( [sin (𝛼 − tan−1 (
𝑌2

𝐿2
))] ∗ √𝐿2

2 + 𝑌2
2) 

Equation 25: Y-component lower extension 

𝐿2′ = √𝑋𝐿2′
2 + 𝑌𝐿21′

2 

Equation 26: Total lower extension 

When α is equal to tan−1(
𝑌2

𝐿2
) , the maximum extension is reached in theory. Following example will 

proof this. Therefore the calculation will be done in two steps. Step one, from link 1 to joint and step 

two from joint to point P2. Step one is easy to calculate because, XL2 = X2 / 2 = 10 mm and YL2 = Y2 = 5 

mm. Therefore L2 will be 11.18 mm. X and Y component of P2 are necessary to start step two, which 

are already calculated to determine L1. Because the X and Y component of P2 are calculated relative to 

the local joint, XL3 = XP2 = 10.61 mm and YL3 = YP2 = 3.54 mm. Therefore L3 will be 11.18 mm, which is 

exactly the same as L2, because maximum extension is reached. The sum of L2 and L3 will be 22.36 mm, 

which results in an extension of 2.36 mm in comparison to the start length of 20 mm. Still the extension 

depends on the shape of the joint which is used. Due to this shape additional extension could occur. 

It is remarkable that there is a difference between the reduction and extension. In this case it was 5.33 

mm reduction and 2.36 mm extension, this results in a difference of 2.97 mm. This element could be 

a very important bottleneck depending on the type of auction (paragraph 5.2.3).  

 

Figure 51: General calculation position 2 
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5.8.4 Actual system reduction & extension 
Previous paragraph mentioned the theory behind the so-called “system extensions and reductions”. 

This paragraph will explain how the theory has been applied in practice. To encounter the previously 

mentioned bottleneck, it is vital take a close look at the used actuation architecture (paragraph 0). For 

several reason a double actuation method was chosen, in other words one RC servo motor is used to 

execute extension and flexion in the corresponding links (paragraph 3.5). The extension and reduction 

as result from a double actuation architecture is shown in Figure 52, in which can be seen that L1’ must 

be equal to L2’ to have an accurate actuation method. If L1’ is not equal to L2’, one of the two cables 

will relax and the actuator will move without executing any movement at the corresponding links until 

the cable is re-strained. For this reason it is necessary to keep the cables strained while executing 

movement. This can be achieved by ensuring that the cable extension and reduction is the same in 

each joint the cable passes. This property is most important when designing the actual remote control 

cable system. 

 

 

Figure 52: Extension & reduction double actuation 

5.8.5 Designing the cable system 
The designing will be done from fingertip until the lower arm, starting with the little, ring and middle 

finger. Next, the MCP joint of the pointer finger will be handled following by the TMC joint of the 

thumb. When all hand joints are explained, the connection will be made from these joints to the 

actuators and finally an overall conclusion will be made concerning the design of the cable system. 

5.8.5.1 Designing the hand joints 
The little, ring and middle finger are the same, because they execute the same movements. The only 

difference is the length of the proximal and medial part of the fingers. The explanation will be done 

with the little finger (Figure 53).  

  

Figure 53: Cross section little finger 
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The minimal angle of the DIP, PIP and MCP joint is 2 ° and the maximum angle 78 °, because of the 

singularities. Because the position of the force was not significant it is possible to take only the 

extension and reduction of the cable into account (paragraph 0). Every part of our application is drawn 

in Autodesk Inventor. This gives a big   advantage, because the lengths between the corresponding 

links of a certain joint can be measured. This way the previous calculations can be simplified to 

measuring in Autodesk Inventor. 

Because of the structure [paragraph 8.5], all the results will have a tolerance of ±0.01 mm and the 

shape of the joint with corresponding links will be the same for DIP, PIP and MCP joint. For this reason 

it is enough to explain only one joint, starting with the reduction in the upper cable. The maximum 

distance is shown in 

Figure 54 and the minimum distance is shown in Figure 55.The results are respectively 9.53 mm and 

3.31 mm. Therefore the cable reduction will be 6.22 mm.  

 

Figure 54: Flexor cable maximum position 

 

Figure 55: Flexor cable minimum 
position 

 

Next, the extension of the lower cable will be determined. The minimum distance is shown in Figure 

56 and the maximum position is shown in Figure 57 . The minimum distance is measured 6.79 mm. As 

explained in paragraph 5.8.3.2 the maximum distance needs to be calculated in two steps, because the 

cable will touch the joint. The shape of the joint is a rectangle, for this reason the distance is measured 

from link 1 to the edge of the joint and from the same edge of the joint to link 2. The results for step 

one and two are respectively 7.34 mm and 5.72 mm. Therefore the cable extension will be 6.30 mm. 
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Figure 56: Extensor cable minimum position 

 

Figure 57: Extensor cable maximum position 

When the reduction and extension is calculated, both results can be compared. A reduction of 6.22 

mm and an extension of 6.30 mm results in a difference of 0.08 mm, which is almost none. Keep in 

mind that these are measurements from a 3D-model! Practice has turned out that even when a model 

gives 0 mm difference, there will always be a small amount of backlash! 

Previous measurements are the same for MCP, PIP, DIP joint of the little, ring and middle finger, for 

PIP, DIP of the pointer finger and MCP, IP for the thumb. Details of these measurements can be found 

in Annex 8. 

 

Next, the MCP joint of the pointer finger will be handled, because this joint is different compared to 

previous joints. This joint has 2 DOFs (paragraph 3.5). The MCP joint is partly the same, DOF 1 ensures 

flexion and extension and DOF 2 ensures the abduction and adduction of the pointer finger (paragraph 

1.5). The cable reduction and extension as result from DOF 2 is easy to measure, because the shape of 

the joint is symmetric and within a boundary of ± 20° there is a difference in cable length of ± 0.2 mm 

which is tolerable. DOF 1 is something else, because there is an extra joint between the corresponding 

links. For this reason it is not possible to use previous method, so an approach was necessary. The best 

approach was a reduction of 8.77 mm and an extension of 6.28 mm, which results in a difference of 

2.49 mm. Details of the measurements can be found in Annex 9. This result is not tolerable, because 

of the ±0.01 mm tolerance chosen.  
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To make this part work properly it is very important to search a method which ensures a minimum of 

difference between extension and reduction. A solution had not been found due to a lack of time. 

To recreate the saddle joint of the thumb, a simplification had to be done. In reality, this joint has two 

DOFs, but one DOF is compensated by another offset of the thumb structure (paragraph 8.5.4). This 

DOF is in-site actuated by a RC servo motor, because executing a rotation of 136 ° from a remote 

controlled cable system is to complex. The only disadvantage of this solution is the major difference in 

reduction and extension of the cables to actuate the MCP and IP joint of the thumb. The minimum and 

maximum position are shown in Figure 58. 

 
Figure 58: Minimum position TMC 

 
 Figure 59: Maximum position TMC 

 

As can be seen in Figure 58 the minimum length of the upper and lower cable are approximately the 

same (7.27 mm ± 0.08 mm). When the TMC joint is rotated to maximum position, the upper cable has 

an extension of 3.15 mm and the lower cable has also an extension of 10.75 mm (8.42 mm added to 

an arc length of 9.60 mm coming from an arc 110 ° and a radius is 5 mm which results in 18.02 mm). 

Details can be found in Annex 10.  

Remarkable to this calculation is the fact that there are two extensions instead of an extension and a 

reduction. For this reason it is not possible to actuate the MCP and IP joint properly. Two possible 

solutions can be applied: one, use two single actuators instead of using double actuation and two, 

make a different construction where this bottleneck can be solved. Option one’s disadvantage is the 

complexity of the control and option two’s disadvantage is the complexity of the structure. These 

solution could not be examined due to a lack of time. 

5.8.5.2 Connecting joints to actuators 
The actuators of most joint are located in the arm because of several reasons: first, the mass of the 

actuators mas be as close to the shoulder as possible to reduce the necessary torque to move the 

structure. Second, the actuators could not all fit at the location of the joint with one exception: the 

TMC joint as previously mentioned. Another exception is the second DOF in the MCP joint of the 

pointer finger (abduction and adduction). This joint is still remote actuated but from the palm of the 

hand instead of the arm. Therefore the joint could be more accurately actuated. Detailed images can 

be found in Annex 11. 

The connection from the joints to the actuators must be as smooth as possible to reduce the amount 

of friction the cable could experience from the structure. Therefore the cable must follow the 

straightest possible path. The explanation will be done for the little finger because the longest distance 

between PIP joint and actuator. The same method is used for all remaining joints. First, the connection 

from the PIP joint to the palm of the hand will be made. As shown in Figure 53, the cable follows a 

straight path from the medial part, through the proximal part to the palm of the hand, which is ideal. 

Next, the cable follows a straight path through the palm of the hand as shown in Figure 60. 
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Figure 60: Path through the palm of the hand 

Then the cable must cross the wrist joint. As a human wrist joint, our wrist joint has a rotation angle 

of 100 ° of which the angle of 90 ° is the vertical position. To ensure a minimum cable extension and 

reduction, an extra bar will be printed (Figure 61). The end of the bar will be provided with a fillet to 

guide the cables properly. Close calculations in the 3D-model have turned out that the extension and 

reduction is approximately 0.5 mm which can be tolerated due to the structure’s backlash in reality. 

 

 

Figure 61: Extra bar wrist joint 

A disadvantage is more friction in the joint. To keep the friction as less as possible both cables are 

separated and instead of holes there is a sleeve provided in the arm. Practice has turned out that the 

amount of friction in the wrist joint is tolerable. The finger movements can be executed even with a 

wrist angle of 90 °. 

 

When the cables crossed the wrist joint, they enter the arm. From here they only need to reach the 

actuators. It requires precision to place all RC servo motors nicely arranged in the arm to make the 

connection as smooth as possible. There are additional guidance provided to ensure exactly the same 

extension and reduction for each RC servo motor.  The green line represents the cables from actuator 

to corresponding guidance in Figure 62.  
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Figure 62: Location actuators in the arm 

As can be seen in Figure 64 A is the distance from guidance to center of the RC servo disc, S is the 

length of the cable at a certain angle α, inner radius r and outer radius R of the RC servo disc. A 

standard RC servo motor disc will be used, because this is a standard disc and must not be custom 

made. This method will be used to calculate the location of the actuators and minimum, maximum 

extension and reduction. Within this method the influence of the distance A will be also determined 

related to the angle α for an outer radius of 10 mm and an inner radius of 3.45 mm and the length of 

the cable. From the model can be concluded that the maximum distance from the center of the RC 

servo motor disc to the guidance is 70 mm. The maximum extension and reduction will be 20 mm, 

because the cables are tied to the discs. As previously mentioned it is vital the keep the cables 

strained! Therefore the right knots must be used. Several knots are tested and the “eight” knot gave 

the best results because this knot is a self-straining knot (Figure 63). Even when the knot is self-

straining it is still very difficult to strain the cables correctly. This is because when one of the two 

cables is a bit overstrained it could result in relaxation in the other cable and a malfunction in the 

finger movements. For this reason it might be useful the search another straining system the strain 

the cables very accurately. 

 

 

Figure 63: "Eight knot" 

When the distance A is determined, the link between the extension in the cable and the angle of the 

RC servo motor is made. Details and results can be found in Annex 12. 
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Figure 64: Situation method equal extension and reduction 

In order to check the calculations an approach will be made (Figure 65). The approach is based on the 

cosines rule for random chosen triangles. The difference between the exact calculation and the 

approach is the vertical distance of 1 mm shown In Figure 64. To determine the difference in accuracy 

between the exact calculation and the approach a comparison is made and can be found in Annex 13. 

From these results can be concluded that the difference is minimum and gets less when the distance 

A is increased, so the distance A must be maximized. 

 

Figure 65: Approach of the exact calculation 

5.8.6 Conclusion 
The conclusion of this chapter is easy. It is very difficult to adjust the cable system to have the correct 

finger movements, because this is the most crucial part of the project. It is also the part which requires 

the most accuracy and precision. 

When read this chapter several bottlenecks occurred. The MCP joint of the pointer finger, the TMC 

joint of the thumb and straining the cables in the arm. These three problems must be further 

examined. Few possibilities are given through this chapter, but due to a lack of time they could not be 

examined now. 
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6. Communication and position feedback 

6.1 INTRODUCTION 
Guy Fierens - A humanoid robot has a lot of degrees of freedom. These degrees of freedom do not only 

have to be actuated but there are also sensors necessary to monitor the position, movement and 

surroundings of the robot. 

To process all this data, there needs to be a sophisticated controller capable of reading a lot of sensors 

and writing to a lot of outputs while making the necessary calculations. Currently, there doesn’t exist 

a controller capable of doing all these tasks by itself. Therefore we need to use multiple devices capable 

of communicating with each other. 

The following paragraphs will discuss the I²C-bus protocol, which is the most frequently used and 

implemented communication protocol in devices, and the processing of the large number of analog 

inputs necessary. 

6.2 I²C- BUS COMMUNICATION 
Created by Philips Semiconductor in 1979, (known today as NXP semiconductor) the inter-integrated 

circuit bus or I²C-bus provides a low-cost, high speed communication protocol. The applications of I²C-

bus include chip-to-chip communications in our everyday products like computers, radios or 

televisions. In addition to chip-to-chip communication between chips on the same circuit board, I²C is 

also frequently used as a communication protocol between separate devices with a cable. 

The main features of the bus protocol include:  

 low-cost system because only two bus lines are necessary (SCL and SDA lines)12, 

 adjustable baud rate, 

 master/slave communication (Figure 66) as well as master/master communication (Figure 67), 

 half-duplex communication, 

 every connected device has its own address, programmable using software or selectable with 

jumpers on the circuit board, 

 low current consumption. 

 

Figure 66: One I²C master with multiple slaves [Philips Semiconductors I²C handbook] 

                                                           
12 A reference voltage and ground are also necessary in order to reference the received signal as a logical 0 or 1. 
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Figure 67: Master/Master communication [Philips Semiconductors I²C handbook] 

In our application, a system with only one master will be used. Therefore the master/master I²C 

communication will be neglected in the following paragraphs. In case the reader is interested in 

networks with multiple masters, I refer him to [30]. Using a single-master I²C network, the 

communication protocol stays quite simple. We do not have to take arbitration or collision detection 

into account because the network will only be used when the master wants to read or write 

information to its slaves. 

As mentioned before, the I²C-bus only needs two wires to function properly: a clock line (SCL) which 

synchronizes the sender and the receiver and a data line (SDA) to transfer the data. [31] Each one of 

these bus lines needs to have a pull-up resistor connecting the line to a positive supply voltage. These 

resistor are frequently integrated into I²C-devices and can be enabled or disabled using jumpers. When 

the bus is not in use, both lines will have a positive voltage or a logical one across it. To create a logical 

zero the I²C device will have to connect the bus line to the connected ground. As a reference for the 

logical one and zero, two wires are added: a reference voltage Vref and a GND. 

An I²C-message has a certain structure. A start condition is followed by the slave destination address 

and a read/write condition. After the start condition, slave address and read/write condition an 

undefined number of data bytes can be sent each followed with an acknowledge. When all data has 

been sent or received the master ends the message with the stop condition. A master can: write data 

to a slave (Figure 68), read data from a slave (Figure 69) or read/write data to multiple slaves in one 

message (Figure 70). 

 

 

Figure 68: A master writes data to a single slave [30] 
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Figure 69: Master reads data from a slave [30] 

 

Figure 70: Master reads or writes data to multiple slaves [30] 

6.3 POSITION FEEDBACK 
Getting position feedback from the servo motors used in the robot is essential for a decent control and 

safety of the device. Without feedback, knowing the position of the different joints is impossible as 

well as checking for movement errors. The situation where the robot wants to reach a certain position 

but is obstructed, has to be monitored in order to avoid damage to the robot as well as his 

environment. 

To obtain this information, we can use the same mechanism the servo uses as an input for its 

comparator, as seen in Figure 71. This input can either be a potentiometer or a decoder. Since every 

servo used in the Aslan robot uses potentiometer feedback, where the potentiometer is mounted on 

the output axis, we can simply use the same signal the servo uses to determine the position of the joint 

(Figure 71). Although this leaves us with a problem: many microcontrollers do not have enough analog 

inputs to monitor each joint position separately. The Arduino Due, used in our application, only has 

12, while we need at least 16 inputs to monitor every joint. 

To solve this problem and expand the number of analog13 inputs we have 4 options: 

1. Use another Arduino as an I2C slave 

2. Use an IO expansion card 

3. Expand the number of inputs with a multiplexer chip 

4. Use the servo control cable to get real-time feedback from the servo. 

 

                                                           
13 Using shift registers is another way to expand the IO-range but is not available for expanding the analog IO 
range. [33] 
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Figure 71: Servo mechanism [32] 

6.3.1 Defining every option 

6.3.1.1 Arduino microcontroller as an I²C slave 
If we want to use an extra Arduino microcontroller as an I²C slave, we have to choose an Arduino board 

with an I²C communication availability and a high number of analog inputs regarding its price.  

Only 5 Arduino boards come with an I²C interface: the Uno (€23.9, 6 inputs), Ethernet (€47.99, 6 

inputs), Mega2560 (€51.99, 16 inputs), Due (€44.99, 12 inputs) and Leonardo (€25, 12 inputs). 

Comparing the boards regarding the cost per extra input, we can see the Leonardo board becomes the 

most interesting option with €2,10/input, the next best option is the Mega with €3,25/input followed 

bij the Uno with €3,98/input. In the comparison below we will use the Leonardo as reference.  

The downsides of using an extra Arduino is the decreasing usability of the end-product. The extra 

controller has to be programmed as well as connected to the I²C network. Other controllers like the 

Parallax Propeller board could also be used, but these controllers work with another software platform 

or programming language enlarging the downsides mentioned before.  

6.3.1.2 IO expansion card 
An IO expansion card is a fairly straightforward solution to our problem. Designers created IO 

expansion shields, compatible with Arduino, as well as I²C expansion boards. 

The major downside to this solution however is the availability of these boards. Most of these boards 

are only available in the United States. This means that an order has to be shipped across the ocean, 

leading to longer delivery times and an unnecessary amount of environmental waste. 
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6.3.1.3 Expanding the number of inputs with a multiplexer chip 
The number of analog inputs can also be expanded using a multiplexer chip or multiplexer. These chips 

enable us to guide input traffic from multiple sensors to a single analog input on the Arduino. 

Multiplexer chips are available in 8-channel or 16-channel versions. [33]  

Using 3 or 4 digital output pins we are able to set a 3 or 4-bit binary address (8 or 16-channel 

multiplexer). This way, we can choose one of eight different inputs to read at the time. Figure 72 

illustrates this principle. 

 

Figure 72: Multiplexer principle [Arduino.cc] 

Frequently used multiplexers are: CD74HC4067 (16-channel), CD74HCT4047 (16-channel) and the 

CD74HCT4051E (8-channel) from Texas Instruments. These IC’s are available in almost every web shop 

or DIY electronics store, either as the chip itself or mounted on a breakout board, simplifying the 

assembling process. 

Comparing the 16-Channel and 8-Channel multiplexer regarding its price we can see a significant 

difference. A CD74HCT4067 IC costs around €0.9 while a CD74HCT4051 IC costs only around €0.70 for 

the IC only (i.e. not mounted on a breakout board). Adding the costs of a PCB, mounting pins and solder 

to this we can calculate a price of around €6 for a 16-channel and €5.7 for an 8-channel multiplexer. 

Neglecting the fact that multiple multiplexers could be mounted on a single PCB. Breakout boards are 

less available. 

The major downside of the 16-channel multiplexer, and the reason we will be using an 8-channel 

multiplexer, is the fact that the 16-channel chips are only available in a SOIC-version (Small Outline 

Integrated Circuit, for surface mounting). This makes it almost impossible for the common man to 

solder such a chip to a PCB. The 8-channel multiplexer is available in a PDIP-version (Dual in-line 

package, for through hole mounting), making it easier to assemble. See Figure 73 for the difference 

between these two versions. The extra upside of the PDIP 8-channel multiplexer is the possibility of 

quick replacement when using an IC-socket.  

 

Figure 73: PDIP and SOIC chip version 

6.3.1.4 Real-time servo feedback using the inverter-fed power lines 
Real-time servo feedback with this technique is only possible when using encoder-based servo 

systems. The servo-motors used in our setup use potentiometers as an internal feedback mechanism, 

making this method unusable for these motors. 
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6.3.2 Conclusion: Choosing the best option 
The best option for our application is the option which: 

 has a high input/€-coefficient,  

 sufficiently available, 

 easy in use, 

 easily expendable. 

In order to choose the best option we will compare the four options regarding these requirements. In 

annex 13 we used ‘Analytic hierarchy process’ in combination with Saaty’s scale of relative importance 

to determine the best option. 

Table 19: Decision table 

 Weights 
Arduino I²C 

slave 
IO expansion 

card Multiplexer 
Real-time servo 

feedback 

Low cost 0,04 0,06 0,00 0,15 0,01 0,27 0,01 0,52 0,02 

Expandability 0,33 0,06 0,02 0,15 0,05 0,27 0,09 0,52 0,17 

Usability 0,10 0,31 0,03 0,40 0,04 0,52 0,05 0,25 0,02 

Availability 0,33 0,40 0,13 0,33 0,11 0,52 0,17 0,25 0,08 

Implementatio
n 0,21 0,31 0,07 0,40 0,08 0,52 0,11 0,25 0,05 

Score:   0,25  0,28  0,43  0,35 

 

Concluding from the data collected in Table 19, the best available option is using a multiplexer. Besides 

a good availability, it is the cheapest and most expendable option. Therefore we will use the 

CD74HCT4051E 8-channel multiplexer from Texas Instruments to expand our analog IO range.   
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7. Prototyping and rapid modeling 

7.1 INTRODUCTION 
Stijn Huys - A humanoid arm, with the purpose to translate every word into an actual sign, needs to 
have a smooth and clear design so that the audience has no problems to recognize the words and 
letters that are presented by it. It should however also be dimensioned correctly to make a tight fit for 
every motor and part that should be assembled. A clever design, where only as much material is used 
as needed, can greatly decrease the motor loads for actuating every movement the arm is supposed 
to make.  

The design should also be optimized for manufacturing tasks. There are a few options when it comes 
to producing (complicated) designs. In the next chapters we will discuss two frequently used 
contemporary methods: milling machines for the subtractive fabrication and 3D-printers for the 
additive fabrication. We will also compare them, supported by their pros and cons. 

7.2 MILLING 
Being a rather traditional method of manufacturing, these machines are almost at the top of their 
development. They are fast (for example: EMCO Linearmill 600 [34] has rapid motion speeds of up to 
60 m/min), precise and they are able to work with a wide selection of materials. This method of 
prototyping has a big shortcoming: the fact that some operations and shapes are impossible to 
accomplish. This will become a crucial point for a decent design of our robotic arm. A list of pros and 
cons can be found in Table 20. 

Table 20: Pros and cons of using milling machines 

Pro Contra 

Manufacturing itself is fast  Huge amount of material goes to waste 

Mature technology Very hard/Impossible to make complicated 
structures  

Wide knowledge Complex software preparation (CAM) 

Available at our university  

Possibility to make big parts in one piece 
(arm) 

 

Precise  

 

 

  



96 
 

7.3 3D-PRINTING 

7.3.1 Introduction 
In the last two decades, 3D-printing was one of the fastest growing technologies. In 20 years it evolved 
from an idea and a project at MIT to a technology that can be found in modern households more 
frequently. Nevertheless there is a lot of space for improvement in this additive prototyping 
technology. 

In the field of 3D-printing we can define four big sections: 

– Stereolithography (SLA) 
– Polyjet 
– Selective Laser Sintering (SLS) 
– Fused Deposition Modeling (FDM) 

 
These sections will be explained in the next paragraph. 
This technology gives us the opportunity to easily design and manufacture complex shapes but it can 
also be quite useless considering the fact that the available printable materials are limited and the 
printable dimensions are rather small. 
It starts with the design of a CAD-model of the object you want to print. This file must be converted 
into an STL-file (Standard Tessellation Language) afterwards. This type of file only represents the 
geometry of the part divided in separate layers and does not contain any information about colors or 
specific textures.  

Most of the following information was provided by Toon Roels14, who is Research & Development 
Manager at Materialise. We met him after a lecture about 3D-printing the 19th of November 2014, 
where he agreed to provide us with up-to-date information about 3D-printing. 

In the upcoming chapters we are going to encounter some terms that need some explanation: 

– Build material: This is the material used for creating the actual part. The properties of the used 
material will become the properties of the finished product. The product properties also depend on 
for example: extruding temperature, wall thickness and percentage of infill. 

– Support material: This material’s main purpose is to support the build material in places with 
overhang. Some printers can print overhanging structures without support material but they can 
suffer from collapsing structures, unevenness, variant forms and worst case scenario: total failure of 
the final product. The support material can be the same type of material as your build material or it 
can be a different type. Some support materials are water solvable and can easily be removed by 
adding water, while other materials need some more post-processing after the printing is done 
(pliers, sandpaper, acetone, …). If it is a different material, you will need a second extruder to be 
able to alternate between the support and build material where needed. 

 

  

                                                           
14 Toon.Roels@materialise.be 
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7.3.2 Types of additive manufacturing 
 

As described in the introduction, we have four big groups which can be divided as seen in Figure 74. 

 

 

 

 

 

 

 

 

 

 

Explanation of used terms: 

– Bed-based: The printing will happen in a bath filled with the working material. This material can be 
a powder or a liquid, depending on the process.  

– Selective deposition: A print head will deposit material on the ground level (first layer) or the 
previously printed layer.  

– Chemical processes: This process turns a liquid into a solid polymer part. 
– Physical processes: This process transforms polymer material (powder or solid filament) into a solid 

polymer part. 
 
These technologies all have their strengths and weaknesses. For example: these days, Fused 
Deposition Modeling is most frequently practiced with ABS (Acrylonitrile Butadiene Styrene) or PLA 
(PolyLactic Acid). On top of that there is a huge difference concerning mechanical strength, porosity, 
surface quality, etc. 
 

7.3.3 Stereolithography 
Stereolithography (photopolymerization), also referred to as SL or SLA, is a technique where a UV laser, 
or another type of energy source, turns a photo-reactive resin into a polymer part, layer by layer.  

An STL-file of the desired object is loaded into the Stereolithographic device where a computer-
controlled laser or light cures the surface of the resin of your choice. This turns a first layer of resin, 
that has a thickness which can be defined according to the possibilities of the used machine, into a first 
solid structure which is currently attached to the platform. Once this first layer is finished, the platform 
will lower as much as the thickness value and the built level is refilled with resin. This layer will also be 
treated by the computer-controlled laser beam or light before lowering again. The depth of the light 
curing is a bit bigger than the step of the platform because the new layer needs to be adhesive to the 
previous level. This process repeats itself until the part is completely finished. A visualization is shown 
in Figure 75. 

Bed-based
Selective 

deposition

Chemical 
processes

Stereolithography Polyjet

Physical processes
Selective laser 

sintering
Fused deposition 

modeling

Figure 74: General representation of additive manufacturing types 
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There are quite a few printable materials in this printing technique. In Annex 14 you can find a 
datasheet of the properties of some Stereolithography-printable materials available at Materialise 
[35]. 

Positive aspects of Stereolithography: 

- high level of accuracy (± 0.2% accurate, Annex 14) 
- high surface quality 
- wide range of part dimensions (from switch components to car dashboards in one piece) 
- wide range of materials (Annex 14) 
- wide range of finishing options 

 

Negative aspects of Stereolithography: 

- expensive 
- available on the market but to a lesser extent than Fused Deposition Modeling 

 

 

 

Figure 75: Basic set-up of a Stereolithography-based printer [36] 

7.3.4 Polyjet 
Using the same chemical process of transforming a liquid into a solid polymer part, the rapid 
prototyping technology named Polyjet shows a lot of similarities with the already explained 
Stereolithography.  

The big difference between Stereolithography and Polyjet is the addition of minimum one print head 
and the removal of the liquid bath around the piece. The print heads will extrude support or build 
material, depending on which one is needed. Immediately after the extrusion of the liquid, an 
energetic light source will transform the liquid into a solid part. When a layer is finished, the platform 
will lower and the leveling blade removes excess material and imperfections. A visualization is shown 
in Figure 76. 

The build and support material are fed to the print heads from external reservoirs.  
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There are quite a few printable materials in this printing technique. In Annex 15 you can find a 
datasheet of the properties of some Polyjet-printable materials available at Materialise [37]. 

 

Figure 76: Basic set-up of a Polyjet printer [38] 

7.3.5 Selective Laser Sintering 
This type of additive manufacturing method uses a powdered form of the chosen building material to 
create the desired part. This process has a few other names: granular material binding, selective laser 
melting or electron beam melting.  

Before each new layer, a roller delivers powder from the powder reservoir to the printing space with 
a thickness of one layer. Once this step is finished, a laser starts to cure the layer of powder where 
needed. When the layer is finished, the printing bed is lowered and the roller starts adding new powder 
so the process can start all over again. A visualization is shown in Figure 77. 

The powder that has not been cured has the additional function of supporting the workpiece. This 
powder can be reused but manufacturers recommend to cast away the excess powder because it has 
been kept at a temperature right below its melting point. This will cause some particles to fuse together 
and this will have an influence on the precision of the next part. So there is quite a bit of waste of 
material after each print. 

 

Figure 77: Basic set-up of Selective Laser Sintering [39] 
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7.3.6 Fused Deposition Modeling 

7.3.6.1 General 
Being the most commercialized and cheapest type of additive modeling, this method will be described 
a bit more extensively.  

Fused Deposition Modeling (FDM) is also referred to as Fused Filament Fabrication (FFF) or Molten 
Polymer Deposition (MPD). 

A feeder transports filament from a spool with the material of choice to a heated extruder. This printing 
head tries to keep its temperature as stable as possible near the set temperature. This temperature 
depends on the type of material and other additional factors (glow in the dark filament, manufacturer 
dependent, ...). The extruder melts the filament and deposits the liquid polymer onto the print bed 
(first layer) or the previously printed layer. A visualization is shown in Figure 78. 

As stated before, this type of 3D-printers is getting more and more commercialized and this causes 
manufacturers to make new models different than others, bringing a lot of innovations to these 
printers. Some examples are: multiple extruder heads, heated beds, closed rooms and different 
positioning systems. These innovations will now be explained. 

 

 

 

Figure 78: Basic set-up of Fused Deposition Modeling [40] 
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7.3.6.2 Multiple extruder heads 
Nowadays FDM printers are often built with two extruder heads instead of only one. This has two 
possible applications: one for a specific color and the second one for another color, or one for build 
material and the other one for support material.  

While the support extrusion is useful to print the supporting structure in water soluble material like 
PVA (polyvinyl alcohol), it is not essential for a decent print. You can print without support, but with 
risk of imperfections or structure collapse, or you can print the support structure in your building 
material, but some post-processing will be necessary or desired. 

A second extruder for a second color of build material is only preferable if it is really needed for a visual 
purpose.  

7.3.6.3 Materials  
Fused Deposition Modeling generally uses 3 types of material: ABS, PLA and PVA. 

ABS: 

Acrylonitrile Butadiene Styrene is a frequently used filament because of various reasons: 

- great impact resistance and toughness 
- easy to sand for post-processing 
- after being treated with acetone, two parts can be glued together for a bigger result 
- after being treated with acetone, the part gets a very smooth surface 

 
ABS also has a few negative points: 

- recommended to use a heated bed to prevent warping of your workpiece 
- causes health problems if you melt it in a closed room without proper ventilation 
- requires higher temperatures than other frequently used FDM materials, which causes the 

printer to wear off faster 
 

More properties of ABS can be found in Table 21 and Annex 16. 

Table 21: Main properties of ABS 

Density (103 kg/m3) 1,01 – 1,21 

Average extrusion temperature (°C) 215 - 250 

Young’s modulus (GPa) 1,1 – 2,9 

Tensile strength (MPa) 27,6 – 55,2 

Solubility in water (Yes/No) No 
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PLA: 

PolyLactic Acid or polylactide is a frequently used filament because of various reasons: 

- biodegradable 
- extrusion at a lower temperature requires less effort for printing 
- heated bed is not required 
- stiffer than ABS 

 

PLA also has one major negative point: 

- can warp during cooling 
 

More properties of PLA can be found in Table 22 and Annex 16. 

Table 22: Main properties of PLA 

Density (103 kg/m3) 1,21 – 1,43 

Average extrusion temperature (°C) 160 - 220 

Young’s modulus (GPa) 3,45 – 3,83 

Tensile strength (MPa) 48 – 60 

Solubility in water (Yes/No) No 

PVA: 

PolyVinyl Alcohol is a frequently used support filament because of the following reason: 

- When printing complex 3D-parts where post-processing by hand with tools is impossible, PVA 
can be used to print the support structure. Placing the part with PVA support structure in water 
afterwards causes the PVA to dissolve. 

 

PVA also has a negative point: 

- PVA absorbs water, making printing difficult in high-humidity environments 
 

More properties of PLA can be found in Table 23. 

Table 23: Main properties of PVA 

Density (103 kg/m3) 1,19 – 1,31 

Average extrusion temperature (°C) 190 

Solubility in water (Yes/No) Yes 

Others: 

There are other options to use but these are used less frequently or are inapplicable for the project. 
Two examples: chocolate and clay.  
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7.3.6.4 Heated bed and closed room 
Keeping the unfinished print at a certain temperature has a big, positive influence on the build quality 
both visually and structurally.  

There are two common methods to do this: using a heated bed and a closed room. 

The print bed is the surface on which the part is printed. Typical advised print bed temperatures are: 

- ABS: 90 – 103 °C 
- PLA: ambient – 60 °C 
- PVA: 50 °C 

 
A closed room is advised for the same reasons: this way the printed part stays at a stable temperature 
for a longer time and the part will not start to warp. 

7.3.6.5 Position  
FDM printers often come with one of the following positioning systems: moving extruder, moving bed 
and deltabot: 

- Moving extruder: The extruder moves in a planar motion (X- and Y-axis) while the bed moves 
along the Z-axis. An example of this system, the Ultimaker 2 [41], is shown in Figure 79. 

- Moving bed: The bed moves in a planar way (for example X- and Z-axis) while the extruder 

moves along the remaining axis. An example of this system, the BEETHEFIRST [42], is shown in 

Figure 80. 

- Deltabot: Like a delta robot (which is an example of a parallel robot), this 3D-printer uses three 

kinematic structures that are connected to the extruder (universal joint). Thanks to the 

construction method of the three arms, the extruder will always keep the same orientation 

while printing. An example of this system, the Deltabot 3D-print manufactured by Biohazard 

[43], is shown in Figure 81. 

 

  
Figure 79: Ultimaker 2 
(Moving extruder) [41]  
 

  
Figure 80: BEETHEFIRST (Moving bed) [42]  
 

  
Figure 81: Biohazard Deltabot [43] 
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7.3.6.6 Settings 
Standard drawings, like .ipt-files designed in Inventor, cannot be loaded into 3D-printing software. 
These files have to be converted and exported to an STL-file first. One should make sure to choose the 
next settings when converting your file: 

- Format: Binary. 
- Units: The same units used while creating the drawing. In our designing phase, we will use 

millimeters. 
- Resolution: High. 

 
Loading that STL-file into a 3D-printer will not give any extra information to the printer but the 
movement path of the extruder. In a separate program (often Cura or Slic3r) the user must fill in some 
parameters. The most important settings are: 

- Layer height: This setting determines the thickness of each layer and thus the overall quality 
of your print. The smaller this value, the higher the quality. 

- Fill-in density: 100% fill-in will result in the strongest part but also results in a waste of material 
and an addition of weight. If the fill-in is lower than 100%, the empty space is strengthened by 
a quadrangular structure, proportional to the chosen percentage. 

- Wall thickness (shell, bottom and top): When the fill-in percentage is lower than 100%, the 
wall thickness will also have an important role for the strength of the part. Most programs 
have the possibility to choose a separate side and top/bottom thickness.  

- Scaling: This factor comes in handy when a smaller prototype of a part must be printed. 
- Orientation: Sometimes it is desirable to rotate a part. There can be different reasons to do 

this, for example: less support material required, vertical printing in one direction must be 
avoided (Z-axis forces will have a bigger chance to tear the layer apart), … 

- Print speed: This is the speed at which the printhead can move while extruding material. A 
faster print will result in a lower print resolution and a print of lower visual and structural 
quality. 

- Travel speed: This is the speed at which the printhead can move without extruding any 
material, like engaging or moving from one place to another without having to print anything. 

- Platform adhesion type: This option can prevent corners from lifting due to warping. There are 
three different options: 

- None: No special layer is added. 
- Brim: One single layer is added under the object. 
- Raft: Respectively a thick raster and a thin interface are added between the print bed 

and the part. 
This setting may not be confused with a skirt. A skirt is an outline surrounding your part. That 
skirt has the purpose to help with priming your extruder and establishing a smooth flow of 
filament. Moreover, this line can indicate a print bed that is leveled incorrectly. 

Once these settings are chosen, everything will be saved into a G-code that can be loaded into every 
kind of 3D-printer. This code will contain all the information needed to start printing except a few 
parameters that need to be changed in the printer settings: 

- Used filament: Most printers have predetermined settings for PLA and ABS. These can still be 
changed afterwards. 

- Extruder temperature: The temperature at which the print head will extrude the filament. This 
factor depends on the type of filament, the manufacturer, room temperature, … 

- Printing bed temperature: More information can be found in paragraph 7.14. 
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7.3.7 Conclusion 
While all technologies are applicable for the Aslan project, there is only one affordable way of additive 
manufacturing: Fused Deposition Modeling.  

The same argument can be used for the amount of extruders: two extruders will give a better result 
(thanks to the solubility of the support material PVA in water), but is not necessary. Thus in order to 
reduce the total cost of our project, one extruder will suffice. A closed room and heated bed are both 
desirable but also not necessary: only one of the two will have a big impact on the final product.  

Considering material choice, tests should point out which one (ABS or PLA) is best for our application. 

The positioning system is a choice of preference, but there are two remarks in favor of choosing the 
moving extruder: 

- It requires less energy to only move the extruder than move the entire bed and workpiece. 
- This way of positioning is the most commonly used and is therefore also more frequently 

available on the market. 

7.4 FINAL CONCLUSION OF THE RESEARCH 
Considering the fact that our project requires lots of little complex pieces and only little time is 
available, we prefer to go with 3D-printing. More precisely: Fused Deposition Modeling. Having a 
printer in our workshop is a huge advantage thanks to the possibility of adapting and printing small 
parts in a very short period of time when needed. If we would use milling however, the process would 
be more difficult, it would require more time and we would need to follow a strict schedule of when 
to use the milling machine. 

7.5 CHOICE OF ADDITIVE FABRICATION AND DEVICE 
Looking at the types of 3D-printers, it is quite clear which option we have to take. Stereolithography, 
Polyjet and Selective Laser Sintering are still too expensive for our available budget which was limited 
around €4000. The only method that would be suitable is Fused Deposition Modeling.  

After reading a lot of reviews, descriptions and forums, three big contenders were taken into 
consideration: Ultimaker 2 [41], Cubify CubeX [44] and MakerBot Replicator 5th Generation [45]. 

With the help of a decision matrix (Annex 21.1) and some criteria, our printer for the project was 
chosen. 
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These were the criteria: 

- Price: The sponsor, Sint-Augustinus NKO, gave us a nice budget to start the project (paragraph 
11.3 ). The 3D-printer would be the greatest cost but we were told to keep the price as low as 
possible. 

- Printing dimensions: The bigger the printing platform, the better. But a bigger buildplate will 
lead to a decrease of printing resolution and an increase of the price. Looking at printers on 
the market right now, a print volume around 250mm x 250mm x 250mm had to be the target 
value. 

- Resolution: For our application, the resolution should be as high as possible (low value) to be 
able to print the functional surfaces. On top of that, our sponsor asked to choose a printer 
which can also be used by them for printing very precise parts like little bones inside the ear. 
Making an estimated guess concerning the printing resolution, 100 microns would be a decent 
value but the application of our sponsor could always use a better resolution. The better the 
resolution, the more the prints will resemble real human parts. 

- Price of the filament: As mentioned before, the cost of everything should be as low as possible. 
- Delivery Time: Because the budget was only available in February, there was not very much 

time left to finish the project so every extra day was important. 
 

The best 3D-printer considering these criteria was the Ultimaker 2, which can be seen in Figure 82. 

 

Figure 82: Ultimaker 2 

7.6 ATTENDING RAPIDPRO: 3D-PRINTING CONVENTION 
The 4th of March 2015 we attended the 3D-printing convention RapidPro in Veldhoven, The 
Netherlands. Here we received a lot of information and knowledge about 3D-printing in both the home 
professional and industrial sector. A lot of suppliers and companies were present, which gave us the 
opportunity to ask different distributors about their opinion on the Ultimaker 2. They all gave positive 
reviews and moreover the Ultimaker 2 was the most represented printer, not only at stands of resellers 
but also at stands of hobbyists and 3D-artists. This confirmed our choice. 
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7.7 PROPERTIES CHOSEN PRINTER 
The chosen 3D-printer, with the properties that resemble the requirements in most ways, is the 
Ultimaker 2. It is a printer designed for hobbyists who make small prints at home. The price fluctuates 
around a price of €1900 (around €2300 with Belgian VAT included). Our printer was bought at Trideus15 
where we received €100 of filament for free. 

It is a Fused Filament Fabrication (FFF-based), also known as a Fused Deposition Modeling (FDM) 
printer with a capacity of printing volumes with maximum dimensions 230 x 225 x 205 mm. This will 
cause problems considering the fact that forearms are most likely larger than these dimensions. This 
must be taken into account when designing the bigger part of the project.  

Next to the few big parts that have to be printed, there are a lot of smaller part that need quite some 
precision. While the diameter of filament has a standard size of 2.85 mm, the nozzle that extrudes the 
heated material only has a diameter of 0.4 mm. The Z-resolution is more important to the print quality. 
This particular printer has a layer resolution of up to 20 micron which is considered very good for a 3D-
printer for use at home. 

Another important factor is the print speed and precision of the printer. Considering the little amount 
of time, in which we have to complete the project, we must be able to get the prints rather fast, but 
still of good quality. The print and travel speeds go from 30 mm/s to 300 mm/s. But if the extruder 
head would print faster, the print quality would drop. The Ultimaker 2 has a movement precision of 
12.5 microns in X- and Y-direction while the Z-direction can move with a precision rate of 5 microns. 

The Ultimaker 2 also offers a wide range of obtainable temperatures. The nozzle can heat up from 180 
up to 260 degrees Celsius. The heated bed can vary from 50 to 100 degrees Celsius but it can also be 
turned off so its temperature approaches room temperature (around 20 degrees Celsius). In order to 
get the optimal result, the manufacturers recommend a room temperature between 15 and 32 
degrees Celsius. 

In operational mode, the Ultimaker 2 causes average noise of 49dBA. According to the ARAB [46] 
(Algemeen Reglement voor de ArbeidsBescherming, general regulations for labor protection in 
Belgium), measures must be taken to protect the employees when exceeding 85 dBA. The Ultimaker 2 
doesn’t approach this limit so no safety equipment needs to be provided. 

The entire datasheet of the Ultimaker 2 can be found in Annex 22.5. 

                                                           
15 www.trideus.be 
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7.8 CURA SOFTWARE 
Cura is the standard supplied software by Ultimaker. Once the STL-file is loaded into the program, 
settings like orientation, scaling and printing quality properties can be adjusted as desired.  

Although Cura is a program developed and maintained by Ultimaker, it is still possible to load different 
printers, even printers from other companies. This option loads all the basic settings into the program 
to be able to get a clear view of the possibilities of the used printer. These basic settings contain build 
volume, build plate shape, printer head size, …  

Once these properties are known, they will be used to design the lay-out of the printer. This way, Cura 
can calculate the maximum volume of the chosen part and it can also calculate whether or not the 
axes will interfere with previously printed parts on the same print bed. If this is the case, Cura will write 
a G-code such that the printer will print a layer at the same height for both part A and B before starting 
the next layer. This way, the printing time will be longer because of the increased distance the 
printhead has to travel. This is called ‘Print all at once’ and is shown in Figure 83. 

If the parts are small enough, Cura will adjust its G-code by first giving the command to print part A 
before starting to print part B. This last method is called ‘Print one at a time’ and it is shown in Figure 
84. 

 

  
Figure 83: 'Print all at once'-function 

 

 
Figure 84: 'Print one at a time'-function 

 

 

Once every setting is chosen as desired, the file can easily be saved as a G-code on the sd-card which 
is needed to load the printing task into the Ultimaker 2. 
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7.9 DEVELOPMENT OF THE SETTINGS 
After the arrival of our Ultimaker 2, we have tested several settings for creating the optimal set-up for 
the project. The quality was not allowed to suffer because of the limited amount of time on our hands, 
but choosing settings with the slowest printer speeds and a 100% fill-in would take a huge amount of 
time. Also, a 100% fill-in would make the parts a lot heavier which is disadvantageous for dimensioning 
the strength of the servo-motors and it would require a lot more material and money. 

Cura offers the option to choose between a quick print or a full expert mode. The quick print mode is 
a way to give hobbyists an easy choice when it comes to printer settings. This mode contains four 
choices: fast print, normal print, high quality and ulti-quality. The order in which we tried the settings 
was: normal print, ulti-quality, high quality and afterwards the personal settings for project Aslan were 
created. The most important values for all settings are listed in Table 24. 

While the normal print gave us a rather fast print, the quality was not good enough if we look at the 
functional axes of the finger joints. This is a problem caused by the layer height of 0.1 mm. 

The high and ulti-quality gave a better quality print because they offer a layer height of 0.06 and 0.04 
mm respectively. This would however lead to a very long printing time. Moreover, the thickness of the 
shell is set to 0.8 mm and the bottom and top thickness is set to 0.6 mm which will lead to a rather 
weak part.  

Because of the fact that the orientation of the parts is in function of the functional parts and not in 
function of the appearance, the bottom, top and shell thickness should be the same. Moreover, the 
shell thickness must be a plurality of the nozzle size. The standard nozzle that comes with the Ultimaker 
2 has a nozzle size of 0.4 mm. This leaves values as: 0.4, 0.8, 1.2, 1.6, 2, … mm. Most of the walls in the 
design of the robotic arm have a thickness of 3 mm. This led to the choice of 1.2 mm as thickness for 
the shell, top and bottom. 

We also printed a small cone with every setting to compare the visual results, which can be seen in 
Figure 85. The best results were achieved using the high quality settings and our own settings, while 
the ulti-settings, which should give us the best quality, ruined the top of the cone. 

Table 24: Most important values of various printing settings 

 Fast Normal High Ulti 
Personal 
settings 

Layer height (mm) 0.15 0.1 0.06 0.04 0.08 

Shell thickness (mm) 0.8 0.8 0.8 0.8 1.2 

Bottom/Top thickness 
(mm) 

0.6 0.6 0.6 0.6 1.2 

Printing time (Distal 
phalanx index) 
(minutes) 

12 28 47 71 55 

Amount of material 
(meters of filament) 

0.28 0.28 0.28 0.28 0.40 
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Figure 85: Visual comparison of every setting. From left to right: Fast print, normal print, high quality, 

ulti-quality and our custom settings  

7.10 DESIGN RULES FOR 3D-PRINTING 
Putting some thoughts into 3D-printing can save a lot of precious time. Choosing correct settings and 
orientation will decrease the print time drastically, while thinking about some frequently made 
mistakes can save a lot of failed prints. 

One of the biggest factors that should be taken into consideration when starting to 3D-print is 
overhang. Overhang is a problem that occurs when a structure has to be printed above an empty space. 
This means that a new layer has to be printed onto the previous layer but that layer is not there 
because it is not present or needed in the drawing of the part that needs to be printed.  

To solve this problem, Cura can create a support structure. This a temporary structure, which can easily 
be removed after the print is finished. Some tools like pliers and knifes can be used to ease the removal 
of the support. There are three options available in Cura: ‘none’, ‘touching build plate’ and 
‘everywhere’: 

- ‘None’ will add no extra material, but overhanging structures will most likely collapse and ruin 
the print unless no overhanging structure is present in the part. Looking at Figure 86, neither 
the red or green structure will be printed for this letter “A”. 
 

- ‘Touching build plate’ will only add support material where there is an empty space between 
the build plate and an overhanging structure. If there is overhang above a previously printed 
surface, Cura will not provide any support. This will avoid remaining spots of the support 
material but the probability of the overhanging part collapsing will still be present. Looking at 
Figure 86, only the green structure will be printed for this letter “A”. 
 

- ‘Everywhere’ will add support material where needed. This contains both overhang above the 
build plate and overhang above previously printed surfaces. It will avoid collapsing of the 
overhanging structures.  Looking at Figure 86, both the red and green structure will be printed 
for this letter “A”. 

 

Figure 86: Example for support settings 

The downside of this last option will always be that the clean-up of the printed part will take a while. 
The rough parts of the support are easily removed by using pliers but the remaining adhesive spots 
need some extra attention with a sharp knife, especially when the overhanging structures are 
functional surfaces like finger joints.  
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The support material added by Cura are vertical planes which are connected by stringy structures 
(visible in Figure 87). These are fixed to the part using little spots as a connection. These spots are the 
weakest places and this is where the material will break. The spots will leave little dots that will need 
to be removed afterwards, especially on the functional surfaces. 

 

Figure 87: Forearm with a lot of support material 

The overhanging structures contain impurities, even when they are printed with support material all 
around. This is disadvantageous for functional surfaces where a correct fitting is needed.  

The decision was made to focus on avoiding overhang and support material at the functional surfaces 
because this will cause more friction and resistance while rotating the joints. This is caused by the first 
layers that are printed on top of the support material. These layers will lower a bit between the vertical 
planes of the support material because of the gravitational force, causing the axis to be a little bit 
bigger than designed, which leads to the extra friction. Moreover, avoiding support material on these 
surfaces leads to less clean-up afterwards and it will guarantee a better print quality of those important 
surfaces.  

Looking at the joints between the phalanx bones, it would be better to rotate the parts 90 degrees 

around the longitudinal axis. This way the axis and C-shape will stand up, giving us a clean printing 

result without any big irregularities. This orientation is shown in Figure 88 and Figure 89. The outlook 

can be less smooth this way, but the function of the joint is more important than the exterior of the 

finger. This last one may contain some irregularities that can still be deleted with some post-

processing. 

  
Figure 88: Orientation for good functional 

surfaces 

 
Figure 89: Sliced view of a 3D-print structure 
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The same logic can be applied to the wrist and every phalanx bone except those who belong to the 
index finger. Because the index finger has to be able to abduct and adduct, a special joint has been 
designed to make both abduction/adduction and flexion/extension possible. This is visible in Figure 90 
and is explained more extensively in paragraph 8.5. 

 

Figure 90: Abduction and adduction joint of the index finger 

This joint has two functional surfaces with both axes perpendicular, so only one surface could be 
printed without any disfiguration. Because the index finger should flex/extend more than it should 
abduct/adduct, the axis describing the flex/extend rotation, should have the best quality. This is the 
cylinder. The C-shape shall be a bit more rough, even after clean-up, but that does not really matter 
because the unevenness will prevent the index finger from tilting, but it will not hinder the 
abduction/adduction enough to prevent that motion. 

Because of this index finger joint, i.e. for the added abduction/adduction motion, one axis located at 
the palm shall have another orientation than the other three. To ensure a good rotation around each 
joint, the palm has been split into two parts: a part for the middle finger, ring finger and little finger 
and another part for the index finger and the thumb. Looking at Figure 91, it is clear that all functional 
axes, except one joint for the wrist (which can be cleaned more easily because of its bigger size), are 
pointing upwards. 

 

Figure 91: Orientation of functional axes 
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7.11 PRINTING TIMES 
Once the printing settings and the printing positions were determined, the printing times could have 
been computed. The printing position is an important factor of the printing time because with a high 
layer resolution there will be more layers and the bigger the distance is between the print bed and the 
top of the part, the more layers the print will need. These layers extend the printing time enormously.  
Printing the whole assembly of the robotic arm will take 138 hours and 54 minutes. 

A  brief list of the printing times, with correct orientation and settings, can be found in Table 25. 

A complete list of the printing times, with correct orientation and settings, can be found in Annex 17. 

Table 25: Brief list of printing times 

Name Time Material (meter) 

Middle finger Distal 48 min 0,35 

Middle finger Intermedial 1h21 0,55 

Middle finger Proximal 1h40 0,69 

Palm 2 fingers 12h43 6,11 

Palm 3 fingers 15h59 7,57 

Wrist side hand 1h2 0,4 

Wrist side motor 1h3 0,39 

Ring finger Distal 48 min 0,35 

Ring finger Intermedial 1h10 0,47 

Ring finger Proximal 1h31 0,63 

Abduction/Adduction joint of the index finger 15 min 0,08 

Forearm back 37h53 21,49 

Forearm front 53h 27,01 

   

 

7.12 MATERIAL 
The standard filaments delivered by Ultimaker are PLA and ABS, additionally, one spool of PLA was 
included with the printer itself. When the decision was made to use Fused Deposition Modeling, we 
also decided to do some testing both with PLA and ABS. Due to the budget being available rather late, 
we had to consider our choice very well, very quickly and most importantly without the time for testing 
both of them. 
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The criteria that made us go for PLA are: 

- Stiffness: PLA is stiffer than ABS. This is useful for our project because the motors inside the 
forearm will be clamped inside a tight fit and any tolerance caused by elastic deformation 
should be avoided as much as possible. 

- Poisonous gasses: Our workspace is a rather small room in a cellar with mediocre ventilation 
so poisonous and irritating gasses should be avoided. ABS would thus be a bad choice. 

- Load on the printer: The printer should be able to last with the project and the sponsor for a 
few years. When printing with a higher extrusion temperature, the extruder will wear off 
faster. While ABS is printed at temperatures around an average of 230 degrees Celsius, PLA 
only requires a temperature around 190 degrees Celsius.  

- Early testing: While working with the spool of PLA that was given to us together with the 
printer, we achieved good results. After tweaking some of the settings, we analyzed the prints 
and concluded that the realized quality would certainly suffice for our project. 

7.13 FILAMENT 
PLA being the material of our choice, we ordered filament to start our project. One reel of silver PLA 
was included with the printer. Besides that, we ordered three more reels of PLA: orange, dark gray and 
pearl white.  

The orange, silver and pearl white filament were all of the brand Ultimaker, while the dark gray 
filament was manufactured by ICE filaments. All these filaments are pictured in Figure 92. 

Tests showed that the filaments delivered by Ultimaker printed better at a temperature of 210 degrees 
Celsius while the ICE filament printed best at a temperature of 205 degrees Celsius. We will mostly 
print the pearl white filament at a temperature of 210 degrees Celsius. 

 

Figure 92: Used spools of filament 
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7.14  PRINT BED 
The first prints were all printed on a heated bed of fifty degrees Celsius with a layer of glue, as 
recommended by the manufacturer. This gave us good printing results but sometimes it was rather 
hard to separate the part from the build plate without the part being damaged. Even when the part 
got loose, there would still be glue stuck on the part which was hard to remove. On top of that, after 
three prints, the print bed had to be cleaned because of the previous layers of glue which created an 
uneven layer that could have an unfavorable influence on the printing. 

The distributor who sold us the Ultimaker 2 also mentioned using painter’s tape, without heating the 
print bed, to keep the part from warping and moving. After some research we bought Tesa Masking 
Tape (Figure 93). This tape gave perfect prints which came loose easily when removing the finished 
print and it only has to be changed once every ten prints. 

 

Figure 93: Used painter's tape 

7.15 PROBLEMS 
Using the Ultimaker 2, we encountered a few problems. Most of the time these problems were caused 
by bad settings or by the filament. 

The reel of ICE filament caused the biggest printer problem of the project. The filament was not 
wrapped around the reel very well, which led to the filament tightening itself onto the reel (Figure 94). 
This caused the material feeder on the printer to scrape through the same spot on the filament (Figure 
95). 

  
Figure 94: Badly wrapped spool of filament 

 

  
Figure 95: Scraped filament 

 
This happened two times in a row, so we changed the ICE filament to a reel of Ultimaker filament. 
Because the filament got stuck, the material inside the print head got clogged a bit without us noticing. 
Adding the new filament only made it worse, causing the print head to clog entirely. After two hours 
of cleaning with a needle and an extruder head at 260 degrees Celsius to make the material as liquid 
as possible, we managed to unclog the printer and to start printing again. 
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Unfortunately, after the next small print, the nozzle got clogged again and the difficult decision was 
made to disassemble the entire printer. Both the printhead and the feeder were opened up to clean 
and remove all the PLA that was left behind.  

When opening up the feeder (Figure 96), we found a lot of powdered PLA that got left behind when 
the cable got scraped. It got stuck behind the bearing and the moving parts. After blowing every piece 
of contamination away, the problems in the feeder were solved. 

 

Figure 96: Disassembled and assembled feeder 

While disassembling the printhead (left and middle picture of Figure 97), we had to remove the 
temperature sensor and the heating element. The heating element came loose very easily but the 
temperature sensor, to keep the printing nozzle at a stable temperature, was stuck. While pulling it 
out, the cable snapped and the sensor broke off (right picture of Figure 97). After calling the distributor 
of the Ultimaker 2, we learned that this was a common problem and we received a new sensor in 
warranty.  

     

Figure 97: Disassembled Ultimaker 2 and broken sensor 

Disassembling the printhead completely revealed the biggest problems: the nozzle was clogged 
entirely and the Teflon tube had a small deformation and burning marks (Figure 98). This was probably 
caused by the filament that could not go anywhere and thus always got a heat treatment going from 
room temperature to 260 degrees Celsius (when trying to extrude the clogged material). 
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The deformation in the Teflon tube can cause friction between the inside of the tube and the filament 
and this friction will make it even harder to extrude the material through the nozzle. The right picture 
of Figure 98 shows the new tube we received in warranty (left side), the old tube with the deformation 
(right side) and the nozzle made out of brass (top of the picture). We unclogged this nozzle by placing 
it into acetone for the night and cleaning it with a needle the next day. 

 

Figure 98: The new Teflon tube and the old one. 

To replace the broken sensor, we had to open the electronics compartment at the bottom of the 
printer to disconnect the old cable and connect the new one.  

While it was a big inconvenience causing us to lose a lot of precious time, we still learned a lot about 
the working principles of the Ultimaker 2.  

7.16 MESHMIXER 
Meshmixer is freeware delivered by Autodesk. It is mostly used to clean up STL-files (after scanning an 
object) or meshing two STL-files together into one part. But the feature that seemed most interesting 
was the overhang analysis.  

Meshmixer [47] detects all overhanging surfaces starting from an angle of your own choice. Afterwards 
it creates a special form of support structure that saves as much filament as possible. It uses a special 
algorithm to create a tree-like structure (Figure 99). This would be interesting for our project because 
of the limited budget, but it was not applicable to our drawings because the parts are too small to 
create this special structure effectively. 

 

 

Figure 99: Tree-like support structure created by Meshmixer [47] 
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7.17 FINAL CONCLUSION 
Besides the problems we had with our 3D-printer, caused by the ICE-filament, we still think this method 

of manufacturing was very fitting. The results were good and the overall printing times were short. All 

of this was achieved thanks to the Ultimaker 2 that gave us those high quality prints. 

After tweaking some of the printing preferences and analyzing previous prints, we were able to get the 

most fitting setting for our project. 

Even though the research told us to opt for a heated bed or a closed room, we obtained cleaner results 

while using painter´s tape on a print bed that is not heated rather than applying a single layer of glue 

on a print bed that is at least 50 degrees Celsius. 

PLA, being the choice of building and support material, gave us good looking, strong and stiff results. 

Opting an overall wall thickness of 1.2 millimeters, layer resolution of 0.08 millimeters and a part infill 

rate of 20% resulted in a very strong part that kept everything in place and that could take a lot of hits 

or drops without breaking. That is an important property considering the arm should be able to be 

transported quite a lot.  

So overall, the only remark that should be kept in mind is: rather pay more to buy genuine Ultimaker 

filament instead of filament manufactured by ICE. It can save a lot of problems and time. 

In Figure 100, our Ultimaker 2 can be seen while printing one of the parts of the forearm. 

 

 

Figure 100: Our Ultimaker 2 while printing 
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8. Mechanical design 

8.1 INTRODUCTION 
Stijn Huys – In this chapter, the complete mechanical design process of the Aslan robot will be 

described. Starting from researching existing robotic arms and the adaptation of existing technologies 

and progressing to dimensioning our own robotic arm. When designing every single component, our 

goals like easy-to-assemble and a human-like design, will be applied as much as possible to create a 

working prototype. 

8.2 EXISTING HUMANOID ARMS 

8.2.1 Introduction 
Building a humanoid arm is a very hard task if you have to start from scratch. Getting inspiration from 
other robotic technologies can give an enormous boost in time and efficiency.  

In the upcoming chapter, we will talk about a few existing robotic hands and arms. Only the most 
important properties and technologies will be mentioned, using some illustrations to support my task 
as mechanical designer of our project.  

A big problem we will encounter is the confidentiality of other robotic projects: only few information 
can be found so most of the gathered information will come from reading brief papers and observing 
several pictures. 

8.2.2 Anthromorphic 20-DOF Robotic Hand 
Being a 3D-printed hand, this robotic hand [48] (Figure 101 and Figure 102) resembled our own project 
the most. There are three types of joints in this model (thumb excluded): DIP, PIP and MCP. The DIP 
and PIP joint both got one degree of freedom while the MCP joint has two degrees of freedom.  

The fingers are being assembled with snap-on joints (Figure 103). The engineers working on this robotic 
hand were inspired by LEGO mechanics. This type of joints makes it easier to (dis)assemble and replace 
broken pieces.  

The different parts of each finger are created in a way such that they block the path for specific 
movements. This way they created a mechanical safety for their robot. 

The rest of this interesting paper does not provide us any more useful information because it focusses 
on the tactile sensing and the force behaviors of the robotic hand. 

  
Figure 101: Assembled anthromorphic 20-DOF 

robotic hand with visible joints [48] 
 

  
Figure 102: Final product of the anthromorphic 

20-DOF robotic hand [48] 
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8.2.3 TBM–Hand 
This is a robotic hand [49] (Figure 106) created in 2001 by the university of Toronto. The most 
important technology to remember is the spring used in the thumb to force it back to the default 
position. They use rigid-link transmissions to make the grabbing motions possible. The thumb (Figure 
105) has four links, the other four fingers (Figure 104) have six links per finger. 

 
Figure 104: Composition of one finger of the 

TBM-hand [49] 
 

 
Figure 105: Composition of the thumb of the TBM-

hand [49] 
 

 
Figure 106: Final product of the TBM-hand [49] 

 

8.2.4 DLR Arm Hand System 
The DLR Arm Hand System [50] (Figure 107), designed by DLR robotics and 
mechatronics, comes very close to what project Aslan should become, being a 
set-up from hand to shoulder with a torso included. This gives us the opportunity 
to compare their properties with ours. 

Their main properties are: 

- 27 degrees of freedom 
- 50 motors 
- 108 position sensors 
- Weight: 13.5 kg 

  

  
Figure 103: Snap-on joints of the anthromorphic 20-DOF robotic hand [48] 

 

Figure 107: The 

DLR Arm Hand 

System [50] 
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8.2.5 Tuat/Karlsruhe hand 
The Tuat/Karlsruhe hand [51] (Figure 108) is especially designed to grasp and hold objects. They 
focused on the flexion/extension of the fingers while a big force was applied on the hand. The clean 
and easy design of the index finger (Figure 109) makes it worth mentioning this project. 

 
Figure 108: The Tuat/Karlsruhe hand [51] 

 

 
Figure 109: Design of a finger of the Tuat/Karlsruhe 

hand [51] 
 

8.2.6 Gifu III Hand 
This model [52](Figure 110) has 16 degrees of freedom in total. The thumb has four joints and four 
degrees of freedom while each other finger has four joints and three degrees of freedom. Looking at 
the design of this hand together with the sign language motions, the idea about the amount of degrees 
of freedom we should use in our hand, was constructed. 

 

Figure 110: The Gifu III Hand [52] 
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8.2.7 IH2 Azzurra Hand 
The IH2-Azzurra hand [53] (Figure 111) is designed by Prensilia (Grasping Innovation). Although there 
is little information, this robotic hand is worth mentioning because of its lightweight: 640 grams. This 
is a good target to aim for with Project Aslan. It does however only have 11 degrees of freedom in 
total. 

 

Figure 111: The IH2 Azzurra Hand [53] 

8.2.8 Open Hand Project 
Being an open-source project [54] (Figure 112), this one gave us quite some ideas for the design of our 
project. Drawings of this hand can be found on their website16 for free. 

 

 

Figure 112: Exploded view of the Open Hand Project [54] 

  

                                                           
16 http://www.openhandproject.org/ 
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8.2.9 Inmoov Robot 
The Inmoov robot [55] (Figure 113) created by a French model maker, Gael Langevin, is an Open Source 

life-sized robot. The smart design of the thumb, where it rotates around an axis parallel to the palm, 

will make it possible to create all the needed movements of the thumb to resemble every letter of the 

Flemish Sign Language alphabet, if however some tweaks are made.  

 

Figure 113: Inmoov robot [55] 

 

8.2.10 MA-I Hand 
MA-I Hand [56] (Figure 114) is mentioned for the same reasons as the Inmoov robot: the position and 
design of the thumb make it possible to form every letter that is needed. 

 

Figure 114: MA-I Hand [56] 

8.2.11 Conclusion 
While most of these humanoid arms and hands are made for grasping, I was still able to gather some 
valuable information considering our project. 

Doing this research about existing robotic arms and hands, it became very clear that most of these 
projects are very secluded and if they release some information about their findings or techniques, it 
will be rather limited and vague.  
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8.3 ADAPTING EXISTING TECHNOLOGIES 

8.3.1 Introduction 
In this paragraph we will shortly consider whether it would be better to start from scratch or to modify 
an existing technology. 

8.3.2 Adapting a prosthetic arm 
Prosthetic arms, like the Bebionic [57] in Figure 115,  are becoming more and more advanced and high-
tech, but there are two major problems: 

- They are only designed to grab daily things like a pencil, a can,… This means they can only do 
one grabbing motion. The index finger for example can’t adduct or abduct, which is needed in, 
for example, the letter “V”. Another example: the index finger and thumb got to be able to 
make a circle, the letter “O”, but the index finger should also be able to be pressed against the 
palm of your hand, which is a required motion to form the letter “S”. 

- These arms only exist of a hand and a forearm. For some motions we need the degrees of 
freedom of the elbow and shoulders as well. 

 

Fixing these problems will raise the costs of our project. 

 

Figure 115: Bebionic [57] 
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8.3.3 Adapting a robotic spider 
Somebody gave us the idea of modifying a robotic spider: the T8X Robotic spider from Robugtix [58] 
(Figure 116). This robotic device gives us all the degrees of freedom we need, but we still stumble upon 
two problems: 

- Assuming we can convert the spider to a working humanoid hand, we will still need an arm, 
elbow and shoulder. The oldest model costs $2950 and the newest one $675. Creating the arm 
and shoulder would still cost a lot and the total cost will probably exceed the costs of 3D-
printing the structure and designing the electronics ourselves. 

- The oldest and most expensive model isn’t available anymore and the newest one can only be 
pre-ordered with unknown delivery dates.  
 

Some of the key features of this robotic spider are: 

 Wirelessly controlled via Wi-Fi 

 Powered by 26 advanced Robugtix servo motors with PID control and customization features 

 Built-in battery charging system 

 Rechargeable battery pack and power adapter included 

 

Figure 116: T8X Robotic spider [58] 

 

8.3.4 Conclusion 
The modification of existing technologies will probably cost more than making it ourselves. On top of 
that we will need to solve difficult problems with limited funds. 
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8.4 DIMENSIONS OF THE HUMAN ARM 

8.4.1 Introduction 
One of the goals of the project is to build a humanoid hand that resembles the reality of sign language 
as close as possible. This requires a life-sized hand with average dimensions. 

8.4.2 General 
Georgia Tech Research Institute gathered data [59] of these dimensions from British adults ages 19 to 
65. The resulting averages are listed in Table 26. 

Table 26: Average hand dimensions gathered from British adults 

Dimensions Gender Millimeters 

Hand length Male 178-189 

 Female 167-174 

Palm Length Male 107 

 Female 97 

Thumb Length Male 51 

 Female 47 

Thumb Breadth Male 23 

 Female 20-21 

Index Finger Length Male 72 

 Female 67 

Hand Breadth Male 87 

 Female 76 

 

8.4.3 Conclusion 
After comparing these dimensions for the male sex with the corresponding dimensions of our team 
members, we concluded that we came very close to these average results. Therefore we will be using 
dimensions derived from our own limbs to design our humanoid arm. 
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8.5 MECHANICAL DESIGN OF PROJECT ASLAN 

8.5.1 Introduction 
In the early stages of the project, the team chose a few objectives to guide the process in the right 
direction. Designing everything to create parts that can easily be assembled by an adult while still 
keeping the human outlook, was one of those big objectives. Since Project Aslan is a new project and 
we only had one year to build something, our main goal this year was to create a robotic hand that is 
able to produce every letter in the Flemish Sign Language alphabet. These goals should lead to a 
working prototype that can be optimized over the next years. 

8.5.2 Dimensions of the parts 
The outlook of the humanoid arm and hand should resemble a real human arm and hand as much as 
possible, both by the exterior form and the motions. This way, every sign will be recognized more easily 
and the transition between a human interpreter and our robot will be less difficult.  

The most important factors to keep in mind will be weight and strength. Increasing the weight of a few 
parts will lead to bigger motors to be able to actuate the bigger loads. When these bigger motors are 
located furthest from the fixed point, every motor in between those two spots will need to be stronger 
and thus will increase the overall weight even more. This phenomenon will continue throughout the 
entire arm. The other important factor is strength. The humanoid arm will be a practical device that 
will need to be carried around quite a lot and must be able to take a few hits without breaking 
immediately.  

A part of these factors is already determined in paragraph 7.9, where wall thickness, bottom thickness, 
top thickness and infill were determined. Every thickness was chosen to be 1.2 millimeters while the 
infill would be 20 percent. This way the parts will be able to take quite a hit, considering the Young’s 
modulus of PLA lying between 3.45 - 3.83 GPa (Annex 16). The infill of 20 percent will keep the part 
stiffer and stronger than a hollow part while still being a lightweight.  

Every finger is designed to be the same shape but with a different length. The shape of every finger is 
based on a square of 15 millimeters by 15 millimeters with two types of fillets (Figure 117): two fillets 
of 4 millimeters at the dorsal side of the finger and one fillet of 7.5 millimeters to round the ventral 
side of the finger. 

 

Figure 117: Top view of the distal phalanx of the ring finger 
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The lengths of all parts of each finger are listed in Table 27 below. While most of the people have index 
and ring fingers with approximately the same length, our lengths are different. These values are not 
the same because of the special joint created to make the adduction and abduction of the index finger 
possible (paragraph 7.10). 

Table 27: Lengths of finger measured from axis to C-shape 

 Thumb Index Finger Middle Finger Ring Finger Little Finger 

Distal Phalanx 30 mm 25 mm 25 mm 25 mm 25 mm 

Intermediate 
Phalanx 

N/A 27 mm 31 mm 27 mm 21 mm 

Proximal 
Phalanx 

36.5 mm 35 mm 40 mm 36.5 mm 28 mm 

 

The general dimensions of the palm are quite basic: the overall length is 100 millimeters and the width 
of the front of the palm is 80 millimeters while the widest part approaches 94 millimeters. The top 
view of the palm, which was split to achieve decently printed surfaces for the rotation axes, is 
illustrated in Figure 118. 

 

Figure 118: General dimensions of the palm 
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Due to the limited size of the print volume of the Ultimaker 2 (230 mm x 225 mm x 205 mm), the 
forearm had to be split into two smaller parts. The front, being the narrowest of the two, has a length 
of 190 millimeters while the back part has a length of 110 millimeters (Figure 119).  

 

 

Figure 119: Dimensions of the forearm 

 

The forearm is a transitional shape starting from a rounded rectangle with width 60 millimeters and 
height 30.31 millimeters and ending in a rounded square with width 80 millimeters (Figure 120).  

The fillets are not approaching human-like values because this would have a negative influence on the 
functionality of the fabricated forearm. 

 

 

Figure 120: Shape of the forearm 
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8.5.3 Snap-on joints 
One of the goals set at the start of the project was to create a modular robotic arm 

which can be rebuild at home for everyone who downloaded the plans and 

drawings. Another goal was to design everything in a way that it would be easy to 

assembly, disassemble and replace every part in a short time. As seen in paragraph 

8.2.2, a good solution for this problem is the use of snap-on joints.  

To simplify every actuation, we replaced every ball joint by using two perpendicular 

snap-on joints. Thus for every movement one or more C-shape snap-on joints will 

be used. 

A paper released by Ticona [60], Design calculations for snap fit joints in plastic 

parts, states for a ball and socket snap-fit (Figure 121):  

𝜀 =
𝐷𝑔 − 𝐷𝑘

𝐷𝑘
× 100% 

Equation 27 

With: 

𝜀 = 𝑒𝑙𝑜𝑛𝑔𝑎𝑡𝑖𝑜𝑛 (%)  

𝐷𝑘 = 𝑠𝑜𝑐𝑘𝑒𝑡 𝑜𝑝𝑒𝑛𝑖𝑛𝑔 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (𝑚𝑚)  

𝐷𝑔 = 𝑏𝑎𝑙𝑙 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (𝑚𝑚)  

PLA has an average elongation of six percent. With a ball diameter of, for example, 3 millimeters, this 

will give us a socket opening of approximately 2.8 millimeters using Equation 27. 

These values were not entirely in line with our findings.  This was caused by the 3D-printing 

imperfections and the transformation from a ball to a cylinder. The final values have been chosen as 

follows: 

- The snap-on joints of the fingers:  

- The radius of the axis: 3 millimeters 

- The radius of the C-shape: 3.1 millimeters 

- The opening of the C-shape: 2.5 millimeters 
 

- The snap-on joints of the wrist: 

- The radius of the axis: 7.3 millimeters 

- The radius of the C-shape: 7.5 millimeters 

- The opening of the C-shape: 6 millimeters 
 

A simple C-shape without any reinforcements is not able to hold on to the axis tight enough because 

of the imperfections caused by the overhang of the 3D-printing and the lack of stiffness. This problem 

is shown in Figure 122.  

Reinforcing the sides of the C-shape and extending the end a bit solved this problem completely and 

gave us the final design of the snap-on joint which can be seen in Figure 123. 

Figure 121: Ball and socket 

snap-fit [60] 
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Figure 122: Unreinforced C-shape 

 

 
Figure 123: Reinforced C-shape 

 
 

8.5.4 Design of the thumb 
The thumb is a very complex digit with a lot of possible positions it can be in. If we would replicate the 

real human thumb it would make the design and actuation unnecessary difficult. For our application 

we simplified it to three degrees of freedom instead of the five degrees of freedom a real human thumb 

has. 

The TMC of the thumb has been reduced to one degree of freedom, as seen by Inmoov Robot 

(paragraph 8.2.9). It has a rotation around an axis parallel to the side of the palm of the hand and the 

four other fingers. This axis will become the axis of the motor. When adding a special attached piece 

that keeps the thumb itself at an angle of 45 degrees relative to that axis of the motor, we will be able 

to reach every needed position for each letter. 

In Figure 124, the assembly of the thumb is shown. The metacarpal I (light grey part) is the piece that 

keeps the proximal and distal phalanx I (dark grey part) rotated 45 degrees relative to the axis of the 

motor that is represented by the blue line. 

In Figure 125, the most extreme positions of the thumb are shown by our own finished product. 

 

 

Figure 124: Assembly of the thumb 
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Figure 125: The most extreme positions of the thumb 

8.5.5 Design of the adduction and abduction of the index finger 
As mentioned before, in paragraph 7.10, the index finger was going to be the only finger in our robotic 

hand that had to be able to perform an adduction and abduction. This is where we introduced a special 

joint that has two perpendicular rotational axes (Figure 126). 

 

Figure 126: Joint for adduction/abduction of the index finger 

The design of the joint itself is already covered in paragraph 7.10, but the implementation of this new 

piece had some influences on the design of the palm. First of all, the axis where the index finger and 

the joint would snap on needed to be rotated 90 degrees to get a correct orientation of the finger. But 

another important factor was that with most people, the index and ring finger approximately have the 

same length. This led to lowering the axis by the distance between the two perpendicular axes of the 

joint because we wanted to keep the same height of axes for extending and flexing the fingers. To be 

able to move the index finger in front of the middle finger, for example to form the letter “R” (Figure 

127), the axis on the palm also had to get an offset closer to the palm of the hand to avoid collision 

between the index and middle finger. 
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Figure 127: The letter R formed by a human hand (left) and by our robotic hand (right) 

The actuation of the abduction/adduction is controlled by a motor in the palm. On the axis of that 

motor, a small, custom wheel is attached to be able to connect the cables to the actuation. 

8.5.6 Design of the wrist 
When starting the project, we decided to reduce the amount of degrees of freedom because it would 

lower the complexity of the robotic arm. For the wrist, this led to keeping the extension and flexion 

but dropping the ulnar and radial deviation.  

We kept the design as simple as possible. The connection between the forearm and the palm is realized 

by placing two C-shaped snap-on joints on the palm and two axes on the forearm, as mentioned in 

paragraph 8.5.3. 

For realizing the extension and flexion of the wrist, we determined to take a 1:1 transmission between 

the palm and the motor located in the back of the forearm. The motor is located here because it is the 

heaviest one and it would minimize the forces on the motors of the elbow.  

The different parts of the total design are: 

- Ball chain: We chose a ball chain because it would be a cheap, strong, flexible and adaptable 

way of driving the palm. The chosen chain has a diameter of 3.6 millimeters and as stated in 

DIN 5280 [61] (Figure 128), the maximum length between the center points of two adjacent 

balls is 4.5 millimeters. Once these numbers were known, the attachments were designed. 

 

 

Figure 128: Ball chains: DIN 5280 [61] 
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- Fixed attachment on the palm (Figure 129): This attachment is fixed to the palm using two 

bolts. It is designed in a way that the center axis of the wheel is coincident with the axis of the 

rotation of the joint. The area where the ball chain is located is an extrusion of the ball chain, 

positioned deep enough so that the chain cannot escape or slip.  

 

 

Figure 129: Fixed attachment on the palm for wrist extension and flexion 

- Gear on the motor (Figure 130): This is the same principle as the attachment of the palm but 

it is designed with an axis that can be mounted on the axis of the motor and be bolted together. 

 

 

Figure 130: Gear on the motor for wrist extension and flexion 

- Tension mechanism (Figure 131): Because the chain has to be strained, we needed a design 

that would make it possible to position the cable correctly and to strain it afterwards. We 

designed a small beam with two holes for bolts and a special hole where the ball chain could 

clinch into. When both pieces are mounted onto each end of the chain, that is cut to the length 

of the outline of the mechanism minus two balls, it can be bolted together as tight as needed 

to put the strain onto the cable. 

 

Figure 131: Tension mechanism used for the ball chain 

- Guidance holes: These are introduced to guide the cable more safely. This is also visible on the 

left side of Figure 130. 
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8.5.7 Open design with lids 
Both the arm and forearm have an open design to be able to connect and manage every motor and 

cable. We opted for a lid made out of clear polystyrene with a thickness of 2.5 millimeters to keep the 

weight low (a total mass of 66 grams) and to be able to spot problems inside the arm like cables that 

are fraying out or on the point of breaking. Obviously, it is also possible to print those lids in colored 

or clear PLA yourself instead of cutting out the shapes. The lids are held in place by bolts (M3, length 

of 10mm) that are screwed into holes of 3 millimeters. 

8.5.8 Assembling the arm  
As mentioned before, the assembly of all fingers and the palm of the hand does not require tools 

because they simply snap on each other. On the other hand, the two pieces of the palm are held 

together by three bolts (M3, length of 10 mm) and 3 nuts.  

The two parts of the forearm, that had to be split because of the limited printing area, are held together 

by 9 pins by a tight fit and are extra secured by the aluminum frame that will connect the arm to the 

motors of the elbow, once this delivery will arrive.  

The clear lids to close the arm and palm are also bolted together in the same way as the two parts of 

the palm are held together. 

The motors are easily placed: the bottom part of the motor fits right into an extrusion of the forearm, 

while the sides of the motor are clamped between two walls. This way, the movement of the motors 

is prevented and they are still easily replaceable.  

The fully assembled arm, without cable management, is pictured in Figure 132 (Inventor) and Figure 

133 (finished product). 

 

Figure 132: Fully assembled arm (Inventor rendering) 
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Figure 133: Fully assembled arm (Finished product) 

8.6 SIMULATIONS 
At the start of this academic year, while writing our thesis description, the plan was made to do a small 
strength analysis using Siemens NX to simulate deformations and stress.  

While doing some research, it became more and more clear that this was not as straight forward as 
expected. 3D-printed parts (can) contain a special quadrangular infill structure, wall thickness, 
deformations, inaccuracies and a layered structure. This causes problems when importing Inventor-
files or STEP-files into NX. It is possible to simulate and analyze everything but it will not resemble the 
reality. Drawings can be adapted by drawing the part again with correct wall thickness and the same 
quadrangular infill but it would take a lot of time.  

If there is an adapted part with correct thickness and infill, the results will come closer to the real 
situation but the biggest problem (the layered structure) is still present. If a force is placed 
perpendicular onto all layers, the weakest link will be the connection between two layers, where it 
would break when the force is great enough. This weak spot is hard to simulate because it is influenced 
by a lot of factors like printing temperature, cooling time and fan speed. On top of that, from 
experience we know that 3D-printing will never be 100 percent accurate and misprints can easily 
decrease the strength of the part. 

The 21th of April 2015, an external expert of CAE in Siemens NX, Christophe Vandevelde, came to the 
university to give a lecture about computer aided engineering. After the lecture, I discussed my 
problem with him and he confirmed the impossibility to analyze a 3D-printed part correctly but he was 
able to tell me that they are working on plugins to approach the stress analysis results of 3D-printed 
parts in Siemens NX. 

8.7 CONCLUSION 
While adapting some existing ideas and adding our own innovations, we were able to create a good 

looking and working robotic arm. We are very pleased with the outcome of the drawings: all of the 

goals that were set at the beginning of the project are completed and we were able to deliver a 

strong product that however can be optimized over the next years. 

The robotic hand is able to form all the gestures of the Flemish Sign Language alphabet, is quite easy 

to assemble and is lightweight. So the main goals of the design are achieved.  
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9 System architecture and programming 

9.1 INTRODUCTION 
Guy Fierens - When designing a robotic system, which can become quite complex, it is important to 

maintain a certain structure or architecture. In this context architecture can be defined as: “The 

division of a system into subsystems and the interactions between these subsystems”. [10] The main 

advantages of designing a robotic system with a certain, well-conceived structure are: an increased 

understandability, facilitates the testing of the different subsystems and an increased reusability of 

functions called on different moments in the program. 

The following chapter will discuss the design and choice of the different subsystems in the Aslan robot. 

In a first part, the general construction of the system and the division into subsystems will be handled. 

Then the VGT ( Flemish Sign Language) will be analyzed in terms of movement timing and in terms to 

reduce the number of different movements.  

9.2 GENERAL SYSTEM ARCHITECTURE 
Figure 134 shows the general setup of our system. As we can see the system can be divided into three 

main parts: an input part, a processing part and a controlling part. The diagram only shows the 

complete flow for the thumb in order to keep the diagram clean. It is clear that for the other joints, 

the diagram follows the same steps. 

The input part will consist of keyboard-input in an initial part of the project. In the future this way of 

obtaining input can be changed into e.g. speech recognition or visual analysis to interact more with 

the other communication partner (i.e. a person who communicates with the robot using sign 

language). The inputs will then be processed in order for further use in the program. Initially, the letters 

from the keyboard will be used to select the right gesture. 

Selecting the right gesture will happen in the processing part of the system. Each symbol the user 

enters with the keyboard will be forwarded to the processing part. Here, the letter or number entered 

will be translated into a set of commands to move the joints to the right position. The commands used 

in the processing parts will be a set of functions written to move specific joints (e.g. a function 

specifically written to move the thumb). Using these functions, we are able to easily identify which 

joints need to be moved to show a certain gesture. By then adding an extra variable to the finger-

movement function, it becomes possible to move all four fingers using only one function. 

On their turn, these functions will consist of a number of possible joint positions. (Figure 135) 

A disadvantage of programming every movement in these functions is that the physical movement of 

the robot becomes sequential. Every movement function will start an average of 100 ms later than the 

last. The global movement of the robot therefore becomes less natural.  An alternative of programming 

with functions would be programming every gesture separately, creating the advantage of a more 

natural movement because the command to move the servo motors will be sent simultaneously. This 

however will make the program much longer and less surveyable. 

Finally the controlling part will monitor two important variables: on the one hand the size of the 

movement error ε, which is the difference of the desired joint angle Ө and the measured joint angle 

Өs. And on the other hand the time it takes to reach a certain position. If one of these two factors 

exceed a certain predefined value, the robot will go into a stop mode triggering an alarm.  

The measured joint angle Өs is obtained converting position feedback data to joint angles.  
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This conversion happens on the basis of a calibration of the joint angles in relation to the position 

feedback during the first usage of the robot. When off course both variables do not exceed the 

predefined value, the program will start to execute the next gesture after a hold-time th wherein the 

robot keeps the current gesture position. 

 

 

Figure 134: General system architecture 
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Figure 135: Program example 
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9.3 FLEMISH SIGN LANGUAGE 
As we’ve learned from Chapter 3 that the Flemish sign language (VGT) has a quite complex structure. 

In order to translate the different gestures into the simplest possible program, the following paragraph 

will analyze the VGT regarding two subjects: movement timing and the decomposition of the gestures 

in a small number of sub-movements. 

9.3.1 Movement timing 
With the movement timing, we mean the amount of time it takes to complete the following sequence: 

 Move each joint to a certain position in a maximum time of tm 

 Keep the joints in this position during a time th 

The total time it takes to execute and show a certain gesture is therefore tm + th. However in reality, 

this time can differ. Some people prefer spelling words fast while others rather take their time to 

clearly transmit their message. [62] 

Because of this timing subjectivity, we made a well-considered choice to fix both times th and tm at one 

second. This way, we create enough time to move to a certain position and give the receptor (person 

watching the gestures) enough time to analyze and determine the gesture. 

9.3.2 Gesture decomposition 
In Annex 18, each letter as well as each number is converted into joint angles for each joint of the 

upper extremity. Joint angles that can be chosen freely are left open.  

In order to analyze these three tables properly, we have to make a few assumptions: 

 The finger movements will be split up into two general functions: a function for flexion and 

extension of the fingers, and a function for the adduction and abduction of the index finger. 

The function for flexion/extension will carry two variables, while the function for 

adduction/abduction only needs one. The first variable of the flexion/extension function, and 

the only variable of the abduction/adduction function, will the position the finger needs to 

move to. The second variable in the flexion/extension function will describe which finger needs 

to move. (Figure 135) 

 The movement of the thumb, wrist, shoulder and elbow will each have its own function. This 

means that for the elbow the elbow joint and the radio-ulnar joint will be combined into a 

single function. 

As we can conclude we can decompose every symbol into the number of positions shown in Table 28. 

These joint angles are ranked in their respective tables in Annex 19. 

Table 28: Number of positions for each function 

Function Number of positions Marked in 

Finger flexion/extension 12 Yellow 

Finger adduction/abduction 4 Green 

Thumb 14 Blue 

Wrist 3 Red 

Elbow 7 Purple 

Shoulder 4 Grey 
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9.4 SOFTWARE SAFETY 
As we mentioned before, the software safety of the robot will consist of two major parts working 

together: a part that checks the amplitude of the movement error ε and a part that checks the time 

necessary to reach a certain position. When either the maximum error εmax or the maximum time tm is 

exceeded , the robot will go into a stop mode, triggering an alarm. A manual or software reset will put 

the robot back in its normal functioning mode. 

The two parts will work together in order to provide a maximum safety. When the movement starts, 

the timer as well as the movement error function will start monitoring. Only if the robot reaches its 

desired position in a reasonable time, the next gesture can be executed. If however only the maximum 

time is reached before reaching the desired position, the robot will stop the current process. (Figure 

134) 

As we can see in Figure 134, every function we have defined, has its own timer and position monitoring. 

Each of these safety systems individually can trigger the stop mode. For structural reasons, the 

mentioned functions will be called in the respective movement functions.  

9.5 PROGRAMMING 

9.5.1 List of used symbols 
…control      Suffix of integer value used to write variables  
       to the servo motors control register. Prefix of  
       the variable is one of the before mentioned  
       joint indices.  
…position      Suffix of integer value used to write variables  
       to the servo motors position register. Prefix of  
       the variable is one of the before mentioned  
       joint indices.  
abduction(int pos)     Function for the abduction of the index finger 
address      Integer value to describe which servo  
       driver needs to be accessed 
elbow(int pos)      Function for the two DOF movement of the  
       elbow 
finger       Integer value describing which finger needs to  
       be moved. 
finger(int finger, int pos)    Finger movement function, first variable 

describing the finger that needs to be moved  
while the second variable defines the position. 

l       Integer length of spell. 
pos       Integer value describing the position. 
Register      Register value to write variables to a servo  

Driver 
shoulder(int pos)     Function for the simplified shoulder  
       movement 
spell       String variable entered with the keyboard. 
symbol[l]      Spell converted to an array of characters. 
thumb(int pos)      Movement function for the thumb. 
Value       Value used to send to the servo driver 
wrist(int pos)      Movement function for the thumb. 
WriteRegister(int address, byte Register, byte Value) Function to write variables to the different 
       servo drivers. 
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9.5.2 Programming log 
For the programming of the robot, a lot of different versions of software have been used and tested. 

All these different versions and their respective contents have been logged in Annex 20. The reader is 

referred to Annex 20 in order to review the software development progress. 

9.5.3 Programming with the Designer Systems DS-DSX18.S servo driver 
Initial testing of the code in combination with the physical setup showed a couple of problems 

regarding the control and movability of the servo motors. The Batan S1123 micro servo motors not 

only seem to have a limited movability of 150° instead of 180°, but also do not always react and move 

as desired.  

In order to resolve these issues, a number of experiments have been conducted, which can be found 

in Annex 24 and Annex 25. 

As a result of these experiments, a new thesis topic has been defined. To resolve not only the limited 

movability of the chosen micro servo motors, but also to simplify the robot’s controls, the feedback 

potentiometers can be mounted directly on the driven joint. This way, the effect of the movement of 

proximal joints referenced to a specific joint becomes negligible. In the current design e.g. the 

movement of the wrist joint will also move the tendons responsible for finger movement. By mounting 

the feedback potentiometer directly on the joint, the servo motor will keep moving until the desired 

joint angle is reached. This however might imply the need of removing the mechanical constraint 

responsible for the limited movement range of 180°. 

9.6 CONCLUSION 
As we learned in this chapter, the software of the Aslan robot will become quite complex. A lot of 

different functions need to be combined with the different servo drivers. An additional difficulty is the 

calibration of each servo individually, making each servo motor in the system unique and disabling the 

possibility of simply replacing motors by other motors. 
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10 Electrical design 

10.1 INTRODUCTION 
Guy Fierens - The hardware design of the robot is at least as important as the software design. The 

selection of the right components in combination with their correct placement in the system is key to 

making the robot work.  

This chapter will discuss the design of the electrical hardware of the robot. All the key parts will be 

selected and the electrical schematics will be discussed regarding the fuses, connectors and heat 

dissipation of the components. 

10.2 COMPONENTS 

10.2.1 Microcontroller 
The main processing part of the robot will be the microcontroller. This component is responsible for 

analyzing and processing the data. Every input, either coming from the user or the sensors inside the 

robot, will be processed by this component. 

In the last few years, a lot of new companies and open source projects have been started all over the 

world. A few examples are the Raspberry Pi foundation17, Arduino18, Udoo19, and the Galileo projects 

from Intel20. These companies all offer their own microcontroller platform to control different kind of 

projects.  

The requirements the microcontroller needs in our application are a large available number of analog 

inputs, I²C communication available, a large available memory and a good usability/availability. Ten 

different microcontroller models from different manufacturers have been compared in order to 

choose the most compatible controller for our application. 

In Annex 21.2 each of these models have been compared using ‘Analytic hierarchy process’ in 

combination with Saaty’s scale of relative importance to determine the best option. As a result of this 

analysis, the Arduino Due has been selected. Although this model has only a small advantage of 2.6% 

compared to the second best model (Arduino Mega 2560), we will choose the Due. 

Since the Arduino does not offer a technical data sheet, a brief summary of all relevant specifications 

is listed in Table 29. [63] 

 

 

 

 

 

                                                           
17 http://www.raspberrypi.org/  

18 http://arduino.cc/  

19 https://www.udoo.org/  

20 http://www.intel.com/content/www/us/en/do-it-yourself/galileo-maker-quark-board.html  

http://www.raspberrypi.org/
http://arduino.cc/
https://www.udoo.org/
http://www.intel.com/content/www/us/en/do-it-yourself/galileo-maker-quark-board.html


144 
 

Table 29: Arduino Due specifications 

Specification Value 

Operating voltage 3.3VDC 

Recommended input voltage 7-12VDC 

Digital input/output pins 54, of which 12 provide PWM output 

Analog input pins 12 

Total DC output current on all I/O lines 130mA 

DC Current for 3.3V/5V pin 800mA 

Flash memory 512kB 

SRAM 96kB 

Power supply connection 2.1mm center-positive plug 

Programming connection Micro USB 

 

 

Figure 136: Arduino Due [63] 

10.2.2 Servo controller 
Using the same decision analysis as used to define the best option for the microcontroller, a servo 

controller to control the 5V RC servos has been chosen. Four different models have been compared on 

the following requirements:  

 5V Supply voltage, 

 I²C available, 

 compatibility with Arduino, 

 good availability and usability, 

 large number of servo motors per device. 

The analysis showed the best option for these demands was the DS-SCX18.S servo controller from 

Designer systems (performed as in Annex 21.2). This model has an advantage of 32.8% compared to 

the closest following model. A datasheet of this component can be found in Annex 22.1 
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Figure 137: Designer Systems DS-SCX18.S [designersystems.co.uk] 

10.2.3 Stabilized power supply 
To power the two components mentioned before we need a stabilized 5V power supply. The only 

requirements this power supply needs, are: 

 Input voltage: 230VAC, 

 output voltage: 5VDC, 

 maximum output current sufficient to power the robot in the current version, as well as with 

expansions in the future. 

Because of these limited amount of requirements needed to choose a power supply, a decision analysis 

has not been performed. A power supply from TDK Lambda, type LS100-5 has been selected to power 

the robot. This model can deliver a maximum output current of 16A, has a good availability and is low 

cost compared to other models. 

The technical datasheet of the TDK Lambda LS100-5 can be found in Annex 22.2 

 

Figure 138: TDK Lambda LS 100-5 [us.tdk-lambda.com] 

10.2.4 Servo motors and position feedback 
Since the position feedback has already been discussed in paragraph 6.3, we do not have to discuss 

this component in this chapter. For completeness however, we also mention this component in this 

part of this work. 

The technical datasheet of the 8-channel multiplexer chip CD74HCT4015E from Texas Instruments can 

be found in Annex 22.3. 
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10.3 PRACTICAL REALISATION OF THE I²C NETWORK 
Building on the theoretical background given in paragraph 6.2, a practical realization of an I²C network 

with one master and three slaves needs to be made. This implies the correct wiring of the component 

and the addressing of each slave separately. 

The wiring of the I²C-network is limited to connecting the four wires SDA, SCL, Vref and GND according 

to Figure 66. Every component needs to be connected parallel relative to the other components, 

meaning that every component’s SDA-wire needs to be connected to each other, as well as the SCL, 

Vref and GND wires of the components need to be connected to the other components respective 

wires. 

The I²C-addresses of the different servo drivers are set using the two address jumpers on the respective 

boards. The I²C addresses of the different servo drivers are set to: 

 0x74 for the first Designer Systems DS-SCX18.S 

 0x75 for the second Designer Systems DS-SCX18.S 

 0x76 for the third Designer Systems DS-SCX18.S 

Regarding the heat dissipation of the servo drivers, three servo drivers needed to be purchased, as 

mentioned in paragraph 10.4.2 

To provide the source current necessary for I²C-communication, only one of the four network devices 

needs to provide pull-up resistors. The pull-up resistors of the third servo driver are enabled using the 

two jumpers on the board. 

10.4 ELECTRICAL DESIGN 

10.4.1 Fuses 
The fuse ratings used in the electrical design are derived from the datasheets of the respective 

components. Table 30 shows the fuse ratings for the different components. 

Table 30: Fuse ratings 

Component Fuse 

Power Supply TDK Lambda LS 100-5 F4A, 250V 

Arduino Due T0.8A, 250V 

Servo controller DS-SCX18.S F4A, 250V 

Sunon cooling fan T0.2A,250V 

 

Since Annex 22 only contains the relevant component data, the datasheet for the power supply is a 

brief selection of the product catalog of TDK-Lambda. Since the selected pages did not cover the 

external fuse rating, Figure 139 shows the part of the catalog regarding fuse ratings. 

 

Figure 139: Power supply external fuse rating [64] 
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10.4.2 Heat dissipation 
According the component datasheets in Annex 22, the following operating temperatures can be found: 

Table 31: Component operating temperatures 

Component Operating temperature 

TDK-Lambda LS 100-5 Power Supply -25 to 70°C 

Designer Systems DS-SCX18.S Servo Driver 0 to 70°C 

Arduino Due Not available 

Texas Instruments CD74HCT4051E -55 to 125°C 

 

As we can conclude from Table 31, the absolute maximum temperature as well as the absolute 

minimum temperature is determined by the servo driver from Designer Systems. A relative maximum 

temperature can also be defined. The datasheet of the LS 100-5 power supply states in the output 

derating curve that a maximum temperature of 45°C should be maintained.  

Initial testing of the robot prototype showed that the servo driver is sensitive to overheating. To relieve 

the driver, two other drivers will be purchased in order to distribute the load. This will lead to less heat 

dissipation. In cooperation with two cooling fans, the problem of overheating should be solved.  

To create the necessary airflow, two two-wire cooling fans with a supply voltage of 5VDC can be used. 

Since the amplitude of airflow is not a key feature in the cooling process, two standard fans have been 

selected. The Sunon fans selected, deliver an airflow of approximately 11.89 m³/h at a power 

consumption of only 0.9W. An extraction of the datasheet, describing the relevant specifications can 

be found in Annex 22.  

10.4.3 Connectors 
In order to easily transport the robot, the casing (or torso of the robot) and the robot arm are designed 

to be taken apart. To be able to do this without too much effort from the user, the torso will be 

designed including a couple of connectors. 

Essentially, the robot only needs to have only 3 connectors: one to connect the electrical system to 

the grid, one to connect the microcontroller to a computer and one to connect the arm to the torso. 

This last one will need to have a lot of contacts in order to connect every motor and sensor in the arm 

to the torso. 

The first connector, connecting the robot to the grid with a 3G1.5 electrical wire needs to have 3 

contacts. The standard IEC 60320 describes the connectors for connecting power supply wires to a grid 

up to 250VAC. The standard states that for a maximum current of 10A, a C13/C14 or C15/C16 

connector can be used. Where the lowest number of the two is the female or the appliance part while 

the higher, even number is the male, plug part. Since C13/C14 and C15/C16 are compatible with each 

other, a combination of the two is possible (Figure 140). The robot will feature a C16 male plug 

connector and a C13 female appliance connector. The connector will also feature an on/off-switch in 

combination with a 10A fuse. Keeping in mind the maximum ratings of the connector, a 10A fuse is 

necessary. At the moment this is a too large fuse rating, but it could become necessary in the future. 

Since the fuse mounting is already implemented in the switch, the fuse holder will house the 4A fuse 

for the 5VDC power supply.  
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Figure 140: IEC60320 mating [Schurter.com] 

The key requirement of the second connector is the large amount of contacts needed. For the 16 

motors used in the hand and wrist we need at least 16x3=48 contacts in the connector. When we add 

16+1= 17 cables for the position feedback this leads to a total of 65 contacts necessary. The closest 

amount of contacts on available industrial connectors however are 44 or 70 contacts. This creates 3 

options: 

1. One connector of 44 contacts and one connector of at least 20 contacts 

2. two connectors of 44 contacts, 

3. one connector with 70 contacts. 

With the purpose of expanding the robot with extra sensors and motors, a connector with 70 contacts 

has been chosen. By using a single connector, we minimize the chance the user connects the robot 

arm incorrectly and in the same time decrease the assembly time. 

The third connector is the micro USB port to program the Arduino microcontroller. Since the 

dimensions of this connector are according to the USB standard, any micro USB connector will suffice. 
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10.5 CASING DESIGN 
Every previously defined component has to be integrated in a ready-to-go system. The components 

have to be connected in a rigid casing. The casing can be connected to the grid or the robot arm using 

the connectors defined in paragraph 10.4.3.  

As mentioned above, the casing has to be easy-to-go, but since the robot is a prototype, it has to be 

easy to dismount and well structured. This has to simplify the modification of the system. 

In the physical realization of the electrical schematics in Annex 23, the components have to be 

arranged in a way that the connections between the components are logical and do not contain 

unnecessary long cables. Keeping in mind the following extra, often component related, requirements: 

 The LS 100-5 power supply is best mounted horizontally, with the PCB on the downside, 

enabling heat to dissipate through the holes in the topside. 

 A minimum distance of 15mm should be kept between the power supply and the peripheral 

parts. 

 The grid connector should be in a direct line with the power supply, this way the power wires 

do not have to cross any other components. 

 The servo drivers should be in a direct line to the connector with 70 contacts. The maximum 

of 70 wires connecting these two components should be easy accessible and not cover any 

other component. 

 The servo drivers should not be mounted on top of the Arduino Due. Although this is a 

possibility, the servo driver should be mounted separately in order to easily implement other 

servo drivers when the robot is expanded. 

 The analog inputs of the Arduino Due should be direct in line with the 70 contacts connector 

and the multiplexer. 

 A central “I²C-hub” needs to be installed. Since every component on the I²C-network needs to 

be connected parallel regarding the other components, a combination of four connection rails 

needs to be installed. 

As a casing, an installation housing will be used. This offers a clean and solid casing with mounting 

points for the components. The components themselves will be mounted on a mounting plate. By 

mounting the components on a plate, the mounting can be done outside the housing. When all of the 

components are in place, and partially wired, the plate itself can be mounted inside the housing for 

further wiring. 

To make the connections with the servo driver, female header pins can be used. These female headers 

can be simply plugged onto the right contact. This simplifies modifications of the dismounting of the 

installation. By adding wire tags, the wires can easily be identified. 
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Figure 141 illustrates the practical organization of the components inside the casing. Numbered from 

zero to eight: 

(0) Arduino Due 

(1) Designer Systems DS-SCX18.S Servo driver 

(2) Designer Systems DS-SCX18.S Servo driver 

(3) Designer Systems DS-SCX18.S Servo driver 

(4) TDK Lambda 5VDC Power Supply 

(5) I²C-hub 

(6) On/off-switch 

(7) Cooling fan 

(8) 70p-connector 

To obtain a clear overview of the installation, the 70p-connector has been dismounted. 

 

Figure 141: Organization of the components 
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10.6 SERVO MOTOR DISTRIBUTION 
To distribute the load, the 16 different servo motors need to be divided among the three different 

drivers. This to minimize the heat dissipation in the voltage regulators of the drivers, as mentioned in 

paragraph 10.4.2. 

Table 32 describes all relevant data for the mounting and use of the servo motors. The order of the 

servo drivers is described in Figure 141, the registers are as stated in the DS-SCX18.S datasheet in 

Annex 22.1. The cable number is mentioned to clarify the wire tags in the practical installation. 

Table 32: Servo motor distribution 

Servo motor for the 
movement of: 

Mounted on driver 
number: 

Registers used: Cable number: 

Little finger MCP 1 R1 and R2 1 

Little finger PIP 1 R3 and R4 2 

Ring finger MCP 1 R5 and R6 3 

Ring finger PIP 1 R7 and R8 4 

Middle finger MCP 1 R9 and R10 5 

Middle finger PIP 1 R11 and R12 6 

Index finger MCP flexion 
and extension 

1 R13 and R14 7 

Index finger PIP 1 R15 and R16 8 

Index finger MCP 
abduction and 
adduction 

2 R1 and R2 9 

Thumb TMC abduction 
and adduction 

2 R3 and R4 10 

Thumb MCP flexion and 
extension 

2 R5 and R6 11 

Thumb IP 2 R7 and R8 12 

Wrist flexion and 
extension 

2 R9 and R10 13 

Radio ulnar joint 3 R1 and R2 14 

Elbow flexion and 
extension 

3 R3 and R4 15 

Shoulder abduction and 
adduction (moved to 
the elbow) 

3 R5 and R6 16 

 

10.7 CONCLUSION 
By analyzing and discussing every single component used in the Aslan robot and the interaction 

between the different components an installation has been designed optimal for prototyping as well 

as using the robot.  
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11 Organization of the project 

11.1 INTRODUCTION 
Since this is a completely new project for the University of Antwerp, a lot of arrangements had to be 

made in order to make the physical realization of the robot a possibility. The organization of the project 

has been a time-consuming part of the project, and is therefore definitely worth mentioning in this 

paper. 

The following chapter will discuss every aspect of the organization. This includes the search for 

sponsorship, the determination of the necessary budget, naming the project, PR,… Every member of 

the team has done his part in making this project work, and in order to distinguish which member was 

responsible for which part each paragraph will mention the respective team member(s). 

11.2 NAMING THE PROJECT 

11.2.1 Naming the project 
Guy Fierens, Stijn Huys, Jasper Slaets – The name of this project needed to be short and sweet. A short, 

meaningful name that is easy to remember for anyone who hears it. To pick the perfect name for the 

robot, a lot of options have been compared.  

The name we eventually have chosen is Aslan, which is an abbreviation for “Antwerp Sign Language 

Actuator Node”. The full name of the robot explains its purpose, we have developed a robot or actuator 

which can perform Flemish sign language as a part of the regular communication between sender 

(speaking person) and receiver (deaf person). The name Aslan is not only chosen in function of its 

abbreviation, but more importantly because of its two other meanings.  

The first, and most important one is that Aslan is Turkish for ‘lion’ and therefore a symbol of strength 

and wisdom. Secondly, this is amplified by the movie series Narnia from Waldon Media, where the lion 

Aslan is one of the main characters. Since these movies are known by a lot of people, Aslan will be a 

name that will be easier remembered because of these associations people can make.  

11.2.2 Designing a logo 
Stijn Huys - The logo of Project Aslan (Figure 142) is designed using Adobe Photoshop and is based on 

three basic elements: A lion, the name of the project and a gear. The lion is chosen because Aslan 

means lion in Turkish and the gear resembles our studies in engineering. 

 

 

Figure 142: The logo of Project Aslan 
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11.3 DETERMINATION OF THE BUDGET 
Guy Fierens – Setting up a new project, one of the most important things to do is making a budget 

estimation. With this estimation, a search for funding can be started. The estimation however needs 

to be as accurate as possible, since a wrong estimation can either lead to an insufficient amount of 

money or a lack of interest of possible sponsors when the estimation is too high. 

The result of the budget estimation is €4.000,- with the purchase of a €2.300,- 3D-printer included, 

necessary to build the Aslan robot. 

 

11.4 SPONSORSHIP 

11.4.1 Finding a sponsor 
Guy Fierens, Stijn Huys – To obtain the funding necessary for designing and building the Aslan robot, a 

number of options were available of which crowdfunding and sponsorship were the two most 

important ones. Because sponsorship also brings a lot of immaterial benefits for both the sponsor and 

the project, we opted for a sponsorship.  

After a long search and after contacting a lot of firms active in a relative sector, we met Joost Van 

Dinther. A surgeon at the otorhinolaryngology department of the Sint-Augustinus hospital in Antwerp 

with a lot of faith in the project and in the message we bring. After a presentation for dr. Van Dinther 

and his colleagues at the hospital, a cooperation was born between us (the university) and the 

‘European Institute for Otorhinolaryngolgy – Head & Neck surgery’ of which dr. Van Dinther is a part. 

11.4.2 About our sponsor 
“The department of ENT at the Sint-Augustinus hospital, founded by the late professor Jean Marquet 

MD as a university department, has been renamed in 2012 to the  European Institute for 

Otorhinolaryngology - Head & Neck Surgery. This modification was partly carried out to make the name 

align more with the reality, which is a centre for Otorhinolaryngology – Neck and face surgery with 

four major European colored pillars: 

 Clinical care, 

 scientific research, 

 training, 

 home of the European Secretariat of the World Federation of NKO (IFOS) and the European 

Academy of Otology & Neurotology (EAONO). 

“ – NKO Sint-Augustinus Antwerp21 

 

Figure 143: European Institute for Otorhinolaryngology - Head & Neck Surgery logo 

                                                           
21 http://www.neus-keel-oor.be/nl/onze_dienst/historie/nieuwe_naam/ 
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11.4.3 Sponsorship and contracts 
Guy Fierens – Trying to define this newly born cooperation, contracts had to be made between the 

University and the sponsor. Unfortunately, a sponsorship template for student-founded projects is not 

yet available at the University. Therefore, a custom made contract had to be made in collaboration 

with the university’s legal department.  

As this is a very time consuming and complex procedure, another solution had to be provided in order 

to start the physical realization of the robot in time. By applying for an internship at the ‘European 

Institute for Otorhinolaryngolgy – Head & Neck surgery’ with a standard internship contract, a solution 

was found in time to start the production. 

11.4.4 Planning of our time in the Skillslab 
Guy Fierens – In the Skillslab22, the research facility of the sponsor we are able to design and produce 

the robot in a quiet and peaceful setting. Working together in the lab proved to be a useful tool in 

designing the robot. Instead of working separately and comparing results, each team member 

designed his part in a close cooperation with his colleagues, leading to a more qualitative global design. 

The time spent in the Skillslab however, had to be planned carefully, taking into account the students 

course schedules and the planned activities in the Skillslab. Merging these two together lead to a 

schedule which enables us to plan and reserve our time in the Skillslab. 

11.4.5 Sponsoring by Trideus 
Stijn Huys - When buying our 3D-printer at Trideus, we explained the purpose of the printer and the 

project. Being very interested, the boss of the company, Jesse Buteneers, offered us 100 euros of 

filament to fund our project. 

11.5 PUBLIC RELATIONS 

11.5.1 Website 
Guy Fierens – To make the project public, a website is designed containing information about the 

progress, the sponsor and the team members. People with interests in the project are able to get a 

clear view of the project, with the possibility of leaving a message if they have a question about 

something.  

To address a broader public, the website is written in a Dutch, as well as an English version. 

The website can be accessed via the following URL: www.projectaslan.be  

11.5.1.1 Webhosting  
A webhosting package with domain name has been provided by PC Grafix.23 

11.5.1.2 Website design 
As mentioned before, the website is available in two languages. A user-friendly website design has 

been created in two steps. A first version of the website has been designed by Guy Fierens. The second 

version is designed in cooperation with Felix Rijkers from Twinlabs. The first version of the website can 

be found in the digital portfolio, the second version can be viewed online. 

                                                           
22 http://www.skillslab-antwerpen.be/ 

23 www.pcgrafix.be 

http://www.projectaslan.be/
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11.5.1.3 Email addresses  
Using the domain name ‘projectaslan.be’, four email addresses have been made. One email address 

for each team member forwarding the emails received to their respective email addresses of the 

Univesity of Antwerp. This email address can be used in email signatures, leading to a more 

professional and independent image of the project.  

The fourth email address is info@projectaslan.be, an email address visitors of the website can use to 

ask questions. The mails sent to this email address are forwarded to the email address of Guy Fierens. 

11.5.2 Demo model at the open house 
Guy Fierens, Stijn Huys, Jasper Slaets – When the university asked us to deliver a demo of our project 

to show during the open houses, we designed a set-up where one finger was actuated for constantly 

extending and flexing. This was exposed together with a Powerpoint presentation giving some more 

information about the project and our sponsor. 

 

Figure 144: Demo set-up shown at the open house 

11.6 PLACING/TRACKING ORDERS AND FINANCIAL MATTERS 
Guy Fierens – To simplify the communication between the sponsor and the team, only one of the team 

members received the responsibility controlling the financial matters of the project.  

The financial aspect of the project consists of placing orders, updating and controlling the budget, 

problem solving regarding orders and paying orders in advance in case a payment term is not possible.  

11.7 CONCLUSION 
As shown in this chapter, the organization and set up of a new project can be a very time consuming 

activity. A lot of aspects and actions have to be taken into account in order to make the physical 

realization of the robot a possibility. To distribute the workload, each team member has done his part 

in the organization of the project. 

  

mailto:info@projectaslan.be
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Conclusion 
Evaluating the Aslan Project in its current state and regarding the preset goals of creating a robot that 

is easy-to-assemble, affordable, easy-to-use and is able to spell the Flemish sign language alphabet in 

a natural way, we can conclude the following. 

The preset goals were achieved. We were able to create an entire , humanoid robotic arm for less than 

900 euros (Bill Of Materials can be found in Annex 26), 3D-printer not included. The 3D-printed arm, 

that can be printed within 140 hours using only one spool of filament, can be assembled within five 

minutes. The humanoid arm is able to perform all the required gestures with its custom built 

electronics and remote tendon actuation system. 

The overall design can however be optimized regarding different topics. First of all, a more specific 

study regarding the tendons in the upper extremities will lead to a better understanding of the remote 

actuation of the human hand. This in order to create a more human-like design. Like the tendons in 

the hand, elastic fibers can be used. This implies however that additional position sensors, like the 

nerves in our hands are required since the movement will become non-linear. 

The specific study of the tendons will lead to a better design considering the guidance of the cables  of 

the thumb and index finger. 

While the assembly of the 3D-printed parts is fairly easy, the connection and the calibration of the 

cables is not, which makes the product less accessible for the broad public. 

As mentioned in Annex 24 and Annex 25, the Batan S1123 micro servo motors are not capable to 

deliver the required functions for our application. Combined with the sequentially programmed code, 

the robot’s movements are less natural and smooth. With the planned expansion and adaptations of 

the current arm, the performed gestures will become more human-like due the newly written 

software. 

To summarize, the current design can be optimized in a number of aspects.  

In the last year, we were able to found a promising project thanks to teamwork and perseverance. 

Overall, we are satisfied with the progress we made considering the setback we had due to the long 

search for sponsorship. 
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Annexes 

ANNEX 1: MUSCLES IN THE UPPER EXTREMITIES. 
 

Muscles responsible for shoulder movement. 
 

Table 33: Muscles responsible for shoulder movement 

Muscle Function Proximal 
attachment point 

Distal attachment 
point 

Deltoideus – 
Anterior part 

Anteversion, 
adduction and 
endorotation  

Clavicula Humerus 

Deltoideus – 
medial part 

Abduction and 
exorotation 

Scapula Humerus 

Deltoideus – 
posterior part 

Retroversion, 
adduction and 
exorotation 

Scapula Humerus 

Pectoralis Major Anteversion and 
adduction 

Chest Humerus 

Coracobrachialis Adduction Scapula Humerus 

Biceps Brachii 
and triceps 

Stability of the 
arm 

  

 

Muscles responsible for elbow movement 
Table 34: Muscles responsible for elbow movement 

Muscle Function Proximal attachment 
point 

Distal attachment 
point 

Biceps brachii Flexion and 
supination 

Humerus Radius 

Brachialis Flexion Humerus Ulna 

Triceps Extension Scapula (1x), Humerus 
(2x) 

Radius 

Musculus anonceus Extension Humerus Ulna 

Brachioradialis Flexion Humerus Radius 

Extensor carpi 
radialis longus and 
brevis 

Limited flexion Humerus Os metacarpi 

Extensor digitorium Extension Humerus Os metacarpi 

Pronator teres Flexion and rotation 
of the radio-ulnar 
joint 

Humerus and ulna Radius 

Flexor digitorium 
superficialis 

Flexion Humerus and ulna Metacarpal 
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Muscles responsible for wrist movement 
Table 35: Muscles responsible for wrist movement 

Muscle Function Proximal attachment 
point 

Distal attachment 
point 

Pronator quadratus Pronation of the hand Radius and ulna  

Pronator teres Rotation of the radio-
ulnar joint (pronation 
hand) 

Humerus and ulna Radius 

Supinator Supination by rotating 
radio-ulnar joint 

  

Flexor carpi radialis Flexion and adduction Humerus Os metacarpi 

Flexor carpi ulnaris Flexion and adduction Humerus Os metacarpi 

Extensores carpi 
radialis longus and 
brevis 

Dorsiflexion and 
abduction 

Humerus Os metacarpi 

Extensor carpi ulnaris Dorsiflexion and 
abduction 

Humerus Os metacarpi 

Extensor digitorium Limited extension Humerus Os metacarpi 

Flexor digitorium 
superficialis 

Flexion Humerus and ulna Metacarpals 

 

Muscles responsible for hand movement 
The muscles that control the movement of the fingers are located mainly in the forearm. These muscles 

give the hand and fingers their strength, but may not be able to carry out fine and precise movements. 

There are smaller muscles responsible for precise movements who are attached to the ossa carpi and 

ossa metacarpi. The muscles in the forearm providing extension or stretching of the fingers are located 

at the top of the forearm (anterior) while the muscles providing flexion or bending the fingers are 

located posterior on the forearm when the hand is in writing mode. 

Extensors of the fingers: 

 Metacarpophalangeal and proximal interphalangeal joints: extensor digitorium, extensor 

digiti minimi and extensor indicis. 

 Distal interphalangeal joints of the fingers: lubricales and  interossei palmares and dorsales. 

 Metacarpophalangeal joint of the thumb: extensor pollicis brevis. 

 Interphalangeal joint of the thumb: extensor pollicis longus. 

Flexors of the fingers: 

 Metacarpophalangeal joints: interossei palmares and dorsales (and lubricales). 

 Proximal interphalangeal joints: flexor digitorium superficialis. 

 Distal interphalangeal joints: flexor digitorium profundus. 

Muscles responsible for abduction and adduction of the fingers: 

 Adduction: Interossei palmares 

 Abduction: Interossei dorsales  
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ANNEX 2: FLEMISH SIGN LANGUAGE ALPHABET. 
Table 36: List of descriptions 

Char Description Figure 

“A” 
The “A” looks like a fist, all fingers are flexed but the 
thumb is extended. 

See Table 17: Figures of 
characters, “A” 

“B” 
All fingers are extended but the thumb is flexed in front 
of the palm of the hand. 

See Table 17: Figures of 
characters, “B” 

“C” 
Make a “C”, all fingers and the thumb are all half 
extended, half flexed. The thumb is rotated 
perpendicular to the palm of the hand. 

See Table 17: Figures of 
characters, “C” 

“D” 
The pointer finger is extended, the thumb reaches the 
middle finger and the other fingers are half flexed. 

See Table 17: Figures of 
characters, “D” 

“E” 
The thumb is flexed in front of the palm of the hand, 
the MCP of all the fingers are extended and the PIP and 
DIP of all the fingers are flexed. 

See Table 17: Figures of 
characters, “E” 

“F” 
All the fingers are extended, but the pointer finger 
does a palmar flexion of 90° while the thumb touches 
the pointer finger from aside. 

See Table 17: Figures of 
characters, “F” 

“G” 
The little, ring and middle finger are flexed, the pointer 
finger and thumb are parallel extended and the palm 
does a palmar flexion of 90°. 

See Table 17: Figures of 
characters, “G” 

“H” 
The little and ring finger are flexed, the middle finger 
and pointer finger are extended and the thumb is 
flexed in front of the palm of the hand. 

See Table 17: Figures of 
characters, “H” 

“I” 
The little finger is extended and the other fingers and 
thumb are flexed, but the thumb is in front of the 
fingers. 

See Table 17: Figures of 
characters, “I” 

“J” 
Same configuration as “I”, but the hand makes a “J” 
motion in the air. 

See Table 17: Figures of 
characters, “J” 

“K” 

The little and ring finger are flexed, the middle finger 
and pointer finger are extended, but away from each 
other and the thumb is flexed between the middle 
finger and pointer finger. 

See Table 17: Figures of 
characters, “K” 

“L” 
You make an “L” with the hand: little, ring and middle 
finger are flexed, while the pointer finger and thumb 
are extended. 

See Table 17: Figures of 
characters, “L” 

“M” 
Same configuration as “B”, but the palm of the hand 
does a palmar flexion of 90° and the fingers are 
pointing down. 

See Table 17: Figures of 
characters, “M” 

“N” 
Same configuration as “H”, but the palm of the hand 
does a palmar flexion of 90° and the fingers are 
pointing down.  

See Table 17: Figures of 
characters, “N” 

“O” 
Make an “O” with your hand: all 5 fingers half flexed, 
and the thumb touches the pointer finger. 

See Table 17: Figures of 
characters, “O” 
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“Q” 
Same configuration as “G”, but the palm of the hand 
does a palmar flexion of 90° and the fingers are 
pointing down. 

See Table 17: Figures of 
characters, “Q” 

“R” 
The little and ring finger are flexed, the middle finger 
and pointer finger are extended, but crossed and the 
thumb is flexed towards the ring finger. 

See Table 17: Figures of 
characters, “R” 

“S” 
Make a fist, but the thumb is flexed in front of the 
fingers. 

See Table 17: Figures of 
characters, “S” 

“T” 
The little, ring, and middle finger are flexed, the thumb 
is flexed towards the middle finger and the pointer 
finger is flexed over the thumb. 

See Table 17: Figures of 
characters, “T” 

“U” 
Same configuration as “H”, but the palm of the hand is 
facing the people. 

See Table 17: Figures of 
characters, “U” 

“V” 
Same configuration as “U”, but the middle finger and 
pointer finger are extended away from each other. 

See Table 17: Figures of 
characters, “V” 

“W” 
The little and ring finger are flexed and the other 
fingers and thumb are extended away from each other. 

See Table 17: Figures of 
characters, “W” 

“X” 
Make a hook with the pointer finger and move the 
hand towards yourself. 

See Table 17: Figures of 
characters, “X” 

“Y” 
The little finger and the thumb are extended and the 
other fingers are flexed. 

See Table 17: Figures of 
characters, “Y” 

“Z” 
Same configuration as “D”, but the pointer finger is 
pointing forwards and make a “Z” motion with the 
hand in the air. 

See Table 17: Figures of 
characters, “Z” 
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Table 37: List of images 

Char Front view Side view 

“A” 

 
Figure 145: Front view “A” 

 
Figure 146: Left side view “A” 

“B” 

 
Figure 147: Front view “B” 

 
Figure 148: Left side view “B” 

“C” 

 
Figure 149: Front view “C” 

 
Figure 150: Left side view “C” 
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“D” 

 
Figure 151: Front view “D” 

 
Figure 152: Left side view “D” 

“E” 

 
Figure 153: Front view “E” 

 
Figure 154: Left side view “E” 

“F” 

 
Figure 155: Front view “F” 

 
Figure 156: Left side view “F” 
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“G” 

 
Figure 157: Front view “G” 

 
Figure 158: Left side view “G” 

“H” 

 
Figure 159: Front view “H” 

 
Figure 160: Left side view “H” 

“I” 

 
Figure 161: Front view “I” 

 
Figure 162: Left side view “I” 
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“J” 

 
Figure 163: Front view “J” 

 
Figure 164: Left side view “J” 

“K” 

 
Figure 165: Front view “K” 

 
Figure 166: Left side view “K” 

“L” 

 
Figure 167: Front view “L” 

 
Figure 168: Left side view “L” 
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“M” 

 
Figure 169: Front view “M” 

 
Figure 170: Left side view “M” 

“N” 

 
Figure 171: Front view “N” 

 
Figure 172: Left side view “N” 

“O” 

 
Figure 173: Front view “O” 

 
Figure 174: Left side view “O” 
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“P” 

 
Figure 175: Front view “P” 

 
Figure 176: Left side view “P” 

“Q” 

 
Figure 177: Front view “Q” 

 
Figure 178: Left side view “Q 

“R” 

 
Figure 179: Front view “R” 

 
Figure 180: Left side view “R” 
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“S” 

 
Figure 181: Front view “S” 

 
Figure 182: Left side view “S” 

“T” 

 
Figure 183: Front view “T” 

 
Figure 184: Left side view “T” 

“U” 

 
Figure 185: Front view “U” 

 
Figure 186: Left side view “U” 
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“V” 

 
Figure 187: Front view “V” 

 
Figure 188: Left side view “V” 

“W” 

 
Figure 189: Front view “W” 

 
Figure 190: Left side view “W” 

“X” 

 
Figure 191: Front view “X” 

 
Figure 192: Left side view “X” 
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“Y” 

 
Figure 193: Front view “Y” 

 
Figure 194: Bottom view “Y” 

“Z” 

 
Figure 195: Front view “Z” 

 
Figure 196: Bottom view “Z” 
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ANNEX 3: VOLUME EXPERIMENT 
Which materials are needed to do this experiment? A measuring cup, water and a scale. How will 

procedure be? Take the measuring cup and fill it for three-quarters. When done put the measuring cup 

on the scale. Push the tear button to set a zero value. When all is done, our experiment can be started. 

Next, only the distal part of the pointer finger is put in the water. The scale shows 5g. How is it possible 

to convert this to volume? Well Archimedes said: “The upward force experienced by a body in a fluid 

or gas is equal to the weight of the displaced fluid or gas.” 

When this information is converted to a formula, it would look like this (Figure 197): 

𝐹 = 𝜌𝑓𝑙 ∗ 𝑔 ∗ 𝑉𝑓𝑙 

Equation 28: Archimedes 

and 

𝐹 = 𝑚𝑠𝑐𝑎𝑙𝑒 ∗ 𝑔 

Equation 29: Weight 

With 𝐹 = buoyancy, 𝜌𝑓𝑙  = 1000 kg/m³ (density water), 𝑔 = gravity force, 𝑉𝑓𝑙 = volume displaced fluid 

(volume finger) and 𝑚𝑠𝑐𝑎𝑙𝑒 = buoyancy measured on scale. 

When Equation 28 and Equation 29are combined, the result is: 

 

𝑚𝑠𝑐𝑎𝑙𝑒 ∗ 𝑔 = 𝜌𝑓𝑙 ∗ 𝑔 ∗ 𝑉𝑓𝑙  

Equation 30: combined 

 

𝑉𝑓𝑙 =
𝑚𝑠𝑐𝑎𝑙𝑒

𝜌𝑓𝑙
 

Equation 31: Volume finger 
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Figure 197: Archimedes [65] 

 

 
Figure 198: Experiment 

 

With previous information can be said that, if the scale shows: 5g then the estimated volume will be 

5cm³. Next the pointer finger is put in the water up to the medial part. Now the scale shows: 10g (≈ 

10cm³), for the distal and the medial part! When previous volume is deducted, the resulted volume of 

only the medial part is: (≈ 10cm³ - ≈ 5cm³ = ≈ 5cm³). 

This method can be repeated for each other part of the hand.  

Table 38: Estimated volumes 

Volumes         

 Pointer finger Distal 5 cm³ Middle finger Distal 4 cm³ 

  Medial 5 cm³  Medial 9 cm³ 

  Proximal 10 cm³   Proximal 11 cm³ 

 Ring finger Distal 5 cm³ thumb Distal 8 cm³ 

  Medial 5 cm³  Proximal 8 cm³ 

   Proximal 6 cm³   TMC 50 cm³ 

 Little finger Distal 3 cm³ Palm of the hand  373 cm³ 

  Medial 3 cm³ Lower arm   580 cm³ 

   Proximal 4 cm³ Upper arm   843 cm³ 
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ANNEX 4: TORQUE ESTIMATION 
Table 39: Estimated torque 

 

  

  

Torque PLA 80% Steel 20%                  

Pointer finger DIP 0.00077 Nm 0.007890194 kgcm Middle finger DIP 0.00063 Nm 0.0063879 kgcm 

  PIP 0.00387 Nm 0.039450972 kgcm  PIP 0.00505 Nm 0.0515198 kgcm 

  MCP 0.01151 Nm 0.117406093 kgcm   MCP 0.01509 Nm 0.1539156 kgcm 

Ring finger DIP 0.00079 Nm 0.008047998 kgcm Thumb IP 0.00141 Nm 0.0143412 kgcm 

  PIP 0.00405 Nm 0.041313058 kgcm  MCP 0.00636 Nm 0.0648385 kgcm 

  MCP 0.00954 Nm 0.097257692 kgcm   TMC   Nm   kgcm 

Little finger DIP 0.00043 Nm 0.004431133 kgcm        

  PIP 0.00217 Nm 0.022155666 kgcm       

  MCP 0.00505 Nm 0.051507189 kgcm       

Wrist   0.366522603 Nm 3.737490409 kgcm       

Elbow   2.92138765 Nm 29.78986351 kgcm       

            

Torque ABS 80% Steel 20%                   

Pointer finger DIP 0.00074 Nm 0.007590092 kgcm Middle finger DIP 0.00060 Nm 0.0061449 kgcm 

  PIP 0.00372 Nm 0.03795046 kgcm  PIP 0.00486 Nm 0.0495603 kgcm 

  MCP 0.01108 Nm 0.112940568 kgcm   MCP 0.01452 Nm 0.1480614 kgcm 

Ring finger DIP 0.00076 Nm 0.007741894 kgcm Thumb IP 0.00135 Nm 0.0137958 kgcm 

  PIP 0.00390 Nm 0.039741721 kgcm  MCP 0.00612 Nm 0.0623723 kgcm 

  MCP 0.00917 Nm 0.093558509 kgcm   TMC   Nm   kgcm 

Little finger DIP 0.00042 Nm 0.004262596 kgcm       

  PIP 0.00209 Nm 0.021312978 kgcm       

  MCP 0.00486 Nm 0.04954812 kgcm       

Wrist   0.305571037 Nm 3.115957403 kgcm       

Elbow   2.44294315 Nm 24.91108737 kgcm       
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ANNEX 5: RC SERVO MOTORS 
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184 
 

ANNEX 6: ESTIMATED MINIMUM DISTANCES 
Table 40: Estimated minimum distances 

Min Distance PLA 80% Steel 20%             

  Pointer finger Distal 0.049297 mm Middle finger Distal 0.039911 mm 

   Medial 0.246484 mm  Medial 0.321889 mm 

    Proximal 0.733538 mm   Proximal 0.961644 mm 

  Ring finger Distal 0.050283 mm Thumb Distal 0.089602 mm 

   Medial 0.258118 mm  Proximal 0.405102 mm 

    Proximal 0.607653 mm   TMC   mm 

  Little finger Distal 0.027685 mm    

   Medial 0.138426 mm       

    Proximal 0.321810 mm         

         

Min Distance PLA 80% Steel 20%             

  Pointer finger Distal 0.047422 mm Middle finger Distal 0.038393 mm 

   Medial 0.237109 mm  Medial 0.309646 mm 

    Proximal 0.705638 mm   Proximal 0.925068 mm 

  Ring finger Distal 0.048370 mm Thumb Distal 0.086194 mm 

   Medial 0.248301 mm  Proximal 0.389694 mm 

    Proximal 0.584541 mm   TMC   mm 

  Little finger Distal 0.026632 mm    

   Medial 0.133161 mm       

    Proximal 0.309570 mm         

 

 



 

ANNEX 7: PROPERTIES DYNEEMA, NYLON AND STAINLESS STEEL 

Dyneema 
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Nylon 6 
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Stainless steel 

 

  



  

191 
 

ANNEX 8: DETAILS MEASUREMENTS PIP JOINT LITTLE FINGER 

 

Figure 199: Details lower cable maximum position 

 

Figure 200: Details lower cable minimum position 
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Figure 201: Details upper cable maximum position 

 

Figure 202: Details upper cable minimum position 
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ANNEX 9: DETAILS MEASUREMENT MCP JOINT POINTER FINGER 

 

Figure 203: Details lower cable adduction minimum position 

 

Figure 204: Details lower cable abduction maximum position 
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Figure 205: Details lower cable MCP minimum position 

 

Figure 206: Details lower cable MCP maximum position 
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Figure 207: Details upper cable MCP minimum position 

 

Figure 208: Details upper cable MCP maximum position 
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ANNEX 10: DETAIL MEASUREMENTS TMC JOINT THUMB 

 

 

Figure 209: Details minimum distance TMC 



  

197 
 

 

Figure 210: Details measurement upper cable TMC maximum position 

 

Figure 211: Details lower cable TMC maximum position 
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ANNEX 11: LOCATION ACTUATORS 

 

Figure 212: Location actuator in arm 

 

Figure 213: Location actuators in the palm of the hand 
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ANNEX 12: DESIGN CABLE SYSTEM IN ARM 

Table 41: Exact calculations depending in distance until guidance 

R = 10 mm         

  A (mm) = 30 40 50 60 70 80 90 100 

            

Extension =  S = 20 30 40 50 60 70 80 90 

 1  21 31 41 51 61 71 81 91 

 2  22 32 42 52 62 72 82 92 

 3  23 33 43 53 63 73 83 93 

 4  24 34 44 54 64 74 84 94 

 5  25 35 45 55 65 75 85 95 

 6  26 36 46 56 66 76 86 96 

 7  27 37 47 57 67 77 87 97 

 8  28 38 48 58 68 78 88 98 

 9  29 39 49 59 69 79 89 99 

 10  30 40 50 60 70 80 90 100 

 11  31 41 51 61 71 81 91 101 

 12  32 42 52 62 72 82 92 102 

 13  33 43 53 63 73 83 93 103 

 14  34 44 54 64 74 84 94 104 

 15  35 45 55 65 75 85 95 105 

 16  36 46 56 66 76 86 96 106 

 17  37 47 57 67 77 87 97 107 

 18  38 48 58 68 78 88 98 108 

 19  39 49 59 69 79 89 99 109 

 20  40 50 60 70 80 90 100 110 
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Table 42: Solution left part of the equation 

 

  
 

        

  A (mm) = 30 40 50 60 70 80 90 100 

            

Extension (mm)  =  Solution left part = 30.05 40.05 50.05 60.05 70.05 80.05 90.05 100.05 

 1  28 37 46 55 64 73 82 91 

 2  25.85 33.85 41.85 49.85 57.85 65.85 73.85 81.85 

 3  23.6 30.6 37.6 44.6 51.6 58.6 65.6 72.6 

 4  21.25 27.25 33.25 39.25 45.25 51.25 57.25 63.25 

 5  18.8 23.8 28.8 33.8 38.8 43.8 48.8 53.8 

 6  16.25 20.25 24.25 28.25 32.25 36.25 40.25 44.25 

 7  13.6 16.6 19.6 22.6 25.6 28.6 31.6 34.6 

 8  10.85 12.85 14.85 16.85 18.85 20.85 22.85 24.85 

 9  8 9 10 11 12 13 14 15 

 10  5.05 5.05 5.05 5.05 5.05 5.05 5.05 5.05 

 11  2 1 0 -1 -2 -3 -4 -5 

 12  -1.15 -3.15 -5.15 -7.15 -9.15 -11.15 -13.15 -15.15 

 13  -4.4 -7.4 -10.4 -13.4 -16.4 -19.4 -22.4 -25.4 

 14  -7.75 -11.75 -15.75 -19.75 -23.75 -27.75 -31.75 -35.75 

 15  -11.2 -16.2 -21.2 -26.2 -31.2 -36.2 -41.2 -46.2 

 16  -14.75 -20.75 -26.75 -32.75 -38.75 -44.75 -50.75 -56.75 

−𝑆2 + 𝐴2 + 𝑅2 + 1

2𝑅
= sin 𝛼 + 𝐴 sin 𝛼 
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 17  -18.4 -25.4 -32.4 -39.4 -46.4 -53.4 -60.4 -67.4 

 

18  -22.15 -30.15 -38.15 -46.15 -54.15 -62.15 -70.15 -78.15 

 19  -26 -35 -44 -53 -62 -71 -80 -89 

 20  -29.95 -39.95 -49.95 -59.95 -69.95 -79.95 -89.95 -99.95 
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Table 43: Solution right part of the equation 

  A (mm) = 50 60 70 80 90 100 

Degrees Radials         

  Solution right part  =        

1 0.017453   50.01 60.01 70.01 80.01 90.00 100.00 

2 0.034907   50.00 60.00 69.99 79.99 89.98 99.97 

3 0.05236   49.98 59.97 69.96 79.94 89.93 99.92 

4 0.069813   49.95 59.92 69.90 79.87 89.85 99.83 

5 0.087266   49.90 59.86 69.82 79.78 89.74 99.71 

6 0.10472   49.83 59.78 69.72 79.67 89.61 99.56 

7 0.122173   49.75 59.67 69.60 79.53 89.45 99.38 

8 0.139626   49.65 59.56 69.46 79.36 89.26 99.17 

9 0.15708   49.54 59.42 69.29 79.17 89.05 98.93 

10 0.174533   49.41 59.26 69.11 78.96 88.81 98.65 

11 0.191986   49.27 59.09 68.90 78.72 88.54 98.35 

12 0.20944   49.12 58.90 68.68 78.46 88.24 98.02 

13 0.226893   48.94 58.69 68.43 78.17 87.92 97.66 

14 0.244346   48.76 58.46 68.16 77.87 87.57 97.27 

15 0.261799   48.56 58.21 67.87 77.53 87.19 96.85 

16 0.279253   48.34 57.95 67.56 77.18 86.79 96.40 

17 0.296706   48.11 57.67 67.23 76.80 86.36 95.92 

18 0.314159   47.86 57.37 66.88 76.39 85.90 95.41 

19 0.331613   47.60 57.06 66.51 75.97 85.42 94.88 

20 0.349066   47.33 56.72 66.12 75.52 84.91 94.31 

21 0.366519   47.04 56.37 65.71 75.04 84.38 93.72 

22 0.383972   46.73 56.01 65.28 74.55 83.82 93.09 

23 0.401426  46.42 55.62 64.83 74.03 83.24 92.44 

24 0.418879  46.08 55.22 64.35 73.49 82.63 91.76 

25 0.436332  45.74 54.80 63.86 72.93 81.99 91.05 

26 0.453786  45.38 54.37 63.35 72.34 81.33 90.32 

27 0.471239  45.00 53.91 62.82 71.73 80.64 89.55 

28 0.488692  44.62 53.45 62.28 71.11 79.93 88.76 
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29 0.506145  44.22 52.96 61.71 70.45 79.20 87.95 

30 0.523599  43.80 52.46 61.12 69.78 78.44 87.10 

31 0.541052  43.37 51.95 60.52 69.09 77.66 86.23 

32 0.558505  42.93 51.41 59.89 68.37 76.85 85.33 

33 0.575959  42.48 50.86 59.25 67.64 76.02 84.41 

34 0.593412  42.01 50.30 58.59 66.88 75.17 83.46 

35 0.610865  41.53 49.72 57.91 66.11 74.30 82.49 

36 0.628319  41.04 49.13 57.22 65.31 73.40 81.49 

37 0.645772  40.53 48.52 56.51 64.49 72.48 80.47 

38 0.663225  40.02 47.90 55.78 63.66 71.54 79.42 

39 0.680678  39.49 47.26 55.03 62.80 70.57 78.34 

40 0.698132  38.95 46.61 54.27 61.93 69.59 77.25 

41 0.715585  38.39 45.94 53.49 61.03 68.58 76.13 

42 0.733038  37.83 45.26 52.69 60.12 67.55 74.98 

43 0.750492  37.25 44.56 51.88 59.19 66.50 73.82 

44 0.767945  36.66 43.86 51.05 58.24 65.44 72.63 

45 0.785398  36.06 43.13 50.20 57.28 64.35 71.42 

46 0.802851  35.45 42.40 49.35 56.29 63.24 70.19 

47 0.820305  34.83 41.65 48.47 55.29 62.11 68.93 

48 0.837758  34.20 40.89 47.58 54.27 60.96 67.66 

49 0.855211  33.56 40.12 46.68 53.24 59.80 66.36 

50 0.872665  32.91 39.33 45.76 52.19 58.62 65.04 

51 0.890118  32.24 38.54 44.83 51.12 57.42 63.71 

52 0.907571  31.57 37.73 43.88 50.04 56.20 62.35 

53 0.925025  30.89 36.91 42.93 48.94 54.96 60.98 

54 0.942478  30.20 36.08 41.95 47.83 53.71 59.59 

55 0.959931  29.50 35.23 40.97 46.71 52.44 58.18 

56 0.977384  28.79 34.38 39.97 45.56 51.16 56.75 

57 0.994838  28.07 33.52 38.96 44.41 49.86 55.30 

58 1.012291  27.34 32.64 37.94 43.24 48.54 53.84 

59 1.029744  26.61 31.76 36.91 42.06 47.21 52.36 
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60 1.047198  25.87 30.87 35.87 40.87 45.87 50.87 

61 1.064651  25.12 29.96 34.81 39.66 44.51 49.36 

62 1.082104  24.36 29.05 33.75 38.44 43.14 47.83 

63 1.099557  23.59 28.13 32.67 37.21 41.75 46.29 

64 1.117011  22.82 27.20 31.58 35.97 40.35 44.74 

65 1.134464  22.04 26.26 30.49 34.72 38.94 43.17 

66 1.151917  21.25 25.32 29.39 33.45 37.52 41.59 

67 1.169371  20.46 24.36 28.27 32.18 36.09 39.99 

68 1.186824  19.66 23.40 27.15 30.90 34.64 38.39 

69 1.204277  18.85 22.44 26.02 29.60 33.19 36.77 

70 1.22173  18.04 21.46 24.88 28.30 31.72 35.14 

71 1.239184  17.22 20.48 23.74 26.99 30.25 33.50 

72 1.256637  16.40 19.49 22.58 25.67 28.76 31.85 

73 1.27409  15.57 18.50 21.42 24.35 27.27 30.19 

74 1.291544  14.74 17.50 20.26 23.01 25.77 28.52 

75 1.308997  13.91 16.50 19.08 21.67 24.26 26.85 

76 1.32645  13.07 15.49 17.90 20.32 22.74 25.16 

77 1.343904  12.22 14.47 16.72 18.97 21.22 23.47 

78 1.361357  11.37 13.45 15.53 17.61 19.69 21.77 

79 1.37881  10.52 12.43 14.34 16.25 18.15 20.06 

80 1.396263  9.67 11.40 13.14 14.88 16.61 18.35 

81 1.413717  8.81 10.37 11.94 13.50 15.07 16.63 

82 1.43117  7.95 9.34 10.73 12.12 13.52 14.91 

83 1.448623  7.09 8.30 9.52 10.74 11.96 13.18 

84 1.466077  6.22 7.27 8.31 9.36 10.40 11.45 

85 1.48353  5.35 6.23 7.10 7.97 8.84 9.71 

86 1.500983  4.49 5.18 5.88 6.58 7.28 7.97 

87 1.518436  3.62 4.14 4.66 5.19 5.71 6.23 

88 1.53589  2.74 3.09 3.44 3.79 4.14 4.49 

89 1.553343  1.87 2.05 2.22 2.40 2.57 2.75 

90 1.570796  1.00 1.00 1.00 1.00 1.00 1.00 
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91 1.58825  0.13 -0.05 -0.22 -0.40 -0.57 -0.75 

92 1.605703  -0.75 -1.09 -1.44 -1.79 -2.14 -2.49 

93 1.623156  -1.62 -2.14 -2.66 -3.19 -3.71 -4.23 

94 1.640609  -2.49 -3.19 -3.89 -4.58 -5.28 -5.98 

95 1.658063  -3.36 -4.23 -5.10 -5.98 -6.85 -7.72 

96 1.675516  -4.23 -5.28 -6.32 -7.37 -8.41 -9.46 

97 1.692969  -5.10 -6.32 -7.54 -8.76 -9.98 -11.19 

98 1.710423  -5.97 -7.36 -8.75 -10.14 -11.54 -12.93 

99 1.727876  -6.83 -8.40 -9.96 -11.53 -13.09 -14.66 

100 1.745329  -7.70 -9.43 -11.17 -12.91 -14.64 -16.38 

101 1.762783  -8.56 -10.47 -12.38 -14.28 -16.19 -18.10 

102 1.780236  -9.42 -11.50 -13.58 -15.65 -17.73 -19.81 

103 1.797689  -10.27 -12.52 -14.77 -17.02 -19.27 -21.52 

104 1.815142  -11.13 -13.55 -15.96 -18.38 -20.80 -23.22 

105 1.832596  -11.98 -14.56 -17.15 -19.74 -22.33 -24.92 

106 1.850049  -12.82 -15.58 -18.33 -21.09 -23.85 -26.60 

107 1.867502  -13.66 -16.59 -19.51 -22.43 -25.36 -28.28 

108 1.884956  -14.50 -17.59 -20.68 -23.77 -26.86 -29.95 

109 1.902409  -15.33 -18.59 -21.84 -25.10 -28.36 -31.61 

110 1.919862  -16.16 -19.58 -23.00 -26.42 -29.84 -33.26 

111 1.937315  -16.98 -20.57 -24.15 -27.74 -31.32 -34.90 

112 1.954769  -17.80 -21.55 -25.30 -29.04 -32.79 -36.53 

113 1.972222  -18.62 -22.52 -26.43 -30.34 -34.25 -38.15 

114 1.989675  -19.42 -23.49 -27.56 -31.63 -35.69 -39.76 

115 2.007129  -20.22 -24.45 -28.68 -32.90 -37.13 -41.36 

116 2.024582  -21.02 -25.40 -29.79 -34.17 -38.55 -42.94 

117 2.042035  -21.81 -26.35 -30.89 -35.43 -39.97 -44.51 

118 2.059489  -22.59 -27.29 -31.98 -36.67 -41.37 -46.06 

119 2.076942  -23.37 -28.21 -33.06 -37.91 -42.76 -47.61 

120 2.094395  -24.13 -29.13 -34.13 -39.13 -44.13 -49.13 

121 2.111848  -24.89 -30.05 -35.20 -40.35 -45.50 -50.65 
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122 2.129302  -25.65 -30.95 -36.25 -41.55 -46.84 -52.14 

123 2.146755  -26.39 -31.84 -37.29 -42.73 -48.18 -53.63 

124 2.164208  -27.13 -32.72 -38.31 -43.91 -49.50 -55.09 

125 2.181662  -27.86 -33.60 -39.33 -45.07 -50.80 -56.54 

126 2.199115  -28.58 -34.46 -40.34 -46.21 -52.09 -57.97 

127 2.216568  -29.29 -35.31 -41.33 -47.35 -53.36 -59.38 

128 2.234021  -30.00 -36.15 -42.31 -48.46 -54.62 -60.78 

129 2.251475  -30.69 -36.98 -43.28 -49.57 -55.86 -62.15 

130 2.268928  -31.37 -37.80 -44.23 -50.66 -57.08 -63.51 

131 2.286381  -32.05 -38.61 -45.17 -51.73 -58.29 -64.85 

132 2.303835  -32.71 -39.40 -46.10 -52.79 -59.48 -66.17 

133 2.321288  -33.37 -40.19 -47.01 -53.83 -60.65 -67.47 

134 2.338741  -34.01 -40.96 -47.91 -54.85 -61.80 -68.75 

135 2.356194  -34.65 -41.72 -48.79 -55.86 -62.93 -70.00 

136 2.373648  -35.27 -42.47 -49.66 -56.85 -64.05 -71.24 

137 2.391101  -35.89 -43.20 -50.51 -57.83 -65.14 -72.45 

138 2.408554  -36.49 -43.92 -51.35 -58.78 -66.21 -73.65 

139 2.426008  -37.08 -44.63 -52.17 -59.72 -67.27 -74.81 

140 2.443461  -37.66 -45.32 -52.98 -60.64 -68.30 -75.96 

141 2.460914  -38.23 -46.00 -53.77 -61.54 -69.31 -77.09 

142 2.478368  -38.78 -46.66 -54.55 -62.43 -70.31 -78.19 

143 2.495821  -39.33 -47.32 -55.30 -63.29 -71.28 -79.26 

144 2.513274  -39.86 -47.95 -56.04 -64.13 -72.22 -80.31 

145 2.530727  -40.38 -48.58 -56.77 -64.96 -73.15 -81.34 

146 2.548181  -40.89 -49.18 -57.47 -65.76 -74.05 -82.34 

147 2.565634  -41.39 -49.78 -58.16 -66.55 -74.94 -83.32 

148 2.583087  -41.87 -50.35 -58.83 -67.31 -75.79 -84.27 

149 2.600541  -42.34 -50.91 -59.49 -68.06 -76.63 -85.20 

150 2.617994  -42.80 -51.46 -60.12 -68.78 -77.44 -86.10 

151 2.635447  -43.25 -51.99 -60.74 -69.48 -78.23 -86.98 

152 2.6529  -43.68 -52.51 -61.34 -70.17 -79.00 -87.83 
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153 2.670354  -44.10 -53.01 -61.92 -70.83 -79.74 -88.65 

154 2.687807  -44.50 -53.49 -62.48 -71.47 -80.45 -89.44 

155 2.70526   -44.89 -53.96 -63.02 -72.08 -81.15 -90.21 

156 2.722714   -45.27 -54.41 -63.54 -72.68 -81.81 -90.95 

157 2.740167   -45.63 -54.84 -64.04 -73.25 -82.45 -91.66 

158 2.75762   -45.98 -55.26 -64.53 -73.80 -83.07 -92.34 

159 2.775074   -46.32 -55.66 -64.99 -74.33 -83.66 -93.00 

160 2.792527   -46.64 -56.04 -65.44 -74.83 -84.23 -93.63 

161 2.80998   -46.95 -56.41 -65.86 -75.32 -84.77 -94.23 

162 2.827433   -47.24 -56.75 -66.26 -75.78 -85.29 -94.80 

163 2.844887   -47.52 -57.09 -66.65 -76.21 -85.78 -95.34 

164 2.86234   -47.79 -57.40 -67.01 -76.63 -86.24 -95.85 

165 2.879793   -48.04 -57.70 -67.36 -77.02 -86.67 -96.33 

166 2.897247   -48.27 -57.98 -67.68 -77.38 -87.08 -96.79 

167 2.9147   -48.49 -58.24 -67.98 -77.72 -87.47 -97.21 

168 2.932153   -48.70 -58.48 -68.26 -78.04 -87.83 -97.61 

169 2.949606   -48.89 -58.71 -68.52 -78.34 -88.16 -97.97 

170 2.96706   -49.07 -58.91 -68.76 -78.61 -88.46 -98.31 

171 2.984513   -49.23 -59.10 -68.98 -78.86 -88.74 -98.61 

172 3.001966   -49.37 -59.28 -69.18 -79.08 -88.98 -98.89 

173 3.01942   -49.51 -59.43 -69.36 -79.28 -89.21 -99.13 

174 3.036873   -49.62 -59.57 -69.51 -79.46 -89.40 -99.35 

175 3.054326   -49.72 -59.68 -69.65 -79.61 -89.57 -99.53 

176 3.071779   -49.81 -59.78 -69.76 -79.74 -89.71 -99.69 

177 3.089233   -49.88 -59.87 -69.85 -79.84 -89.82 -99.81 

178 3.106686   -49.93 -59.93 -69.92 -79.92 -89.91 -99.90 

179 3.124139   -49.97 -59.97 -69.97 -79.97 -89.97 -99.97 

180 3.141593   -50.00 -60.00 -70.00 -80.00 -90.00 -100.00 
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Table 44: Maximum and minimum angel depending on the shape of the disc 

Maximum angle within a radius of is 3.45 mm 

 

      

α = 20.1818         

Additional length due to the difference of the holes at the guidance to the center of the disc  In both directions‼ 

A (mm) = 30 40 50 60 70 80 90 100  

Y add = 0.813957 0.611354 0.489413 0.407993 0.349786 0.306106 0.2721214 0.244927  

           

Y total = 4.263957 4.061354 3.939413 3.857993 3.799786 3.756106 3.7221214 3.694927  

Max α = 25.23904 23.9623 23.19996 22.69337 22.33236 22.06206 21.852111 21.68433  

 

The situation of the exact calculation is given in Figure 214. 

The red part of Table 43is the part that cannot be used due to 1 mm difference of the cable at the guidance to the center of the RC servo motor disc and the 

inner radius of the RC servo motor disc. The green and yellow part of the table are solutions of the left part of the equation related to the angle of the disk at 

different distances to the guidance. Now each mm extension can be translated to a certain angle of the RC servo motor disc. 

𝛼 = sin−1
3.45 𝑚𝑚

𝑅
 ∗

180

𝑃𝐼
[°] 
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Figure 214: Situation exact calculation 

Next equations can be concluded from Figure 214: 

𝑆′2 = 𝑌′2 + 𝑋′² 

Equation 32: Pythagoras 

𝑌′ = (𝑅 ∗ sin 𝛼) − 1 

Equation 33: Y' component 

𝑋′ = 𝐴 − (𝑅 ∗ cos 𝛼) 

Equation 34: X' component 

When Equation 33 and Equation 34 are substituted in Equation 32 the result will be: 

 

−𝑆2 + 𝐴2 + 𝑅2 + 1

2𝑅
= sin 𝛼 + 𝐴 sin 𝛼 

Equation 35: Formula exact calculation 
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ANNEX 13: CONTROL BY APPROACH 

All the distances are in mm and angles are in degrees. The calculations are based on the situation given in Figure 214. 

Table 45: Approach angles alpha and beta 

 A = 30 40 50 60 70 80 90 100  30 40 50 60 70 80 90 100 

                    

Extension = α = 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 β = 6.96 5.49 4.52 3.84 3.33 2.94 2.63 2.38 

1  21.30 22.52 23.22 23.68 24.00 24.23 24.42 24.56  9.79 7.68 6.30 5.33 4.62 4.08 3.65 3.30 

2  30.68 32.33 33.28 33.90 34.34 34.66 34.92 35.11  11.92 9.29 7.59 6.41 5.55 4.89 4.37 3.95 

3  38.28 40.20 41.32 42.06 42.57 42.96 43.25 43.49  13.64 10.56 8.60 7.25 6.26 5.51 4.92 4.44 

4  45.04 47.16 48.39 49.21 49.78 50.21 50.54 50.80  15.08 11.60 9.42 7.92 6.83 6.01 5.36 4.84 

5  51.32 53.58 54.90 55.77 56.39 56.85 57.20 57.49  16.29 12.46 10.08 8.46 7.29 6.40 5.71 5.15 

6  57.32 59.67 61.05 61.97 62.61 63.10 63.47 63.77  17.30 13.16 10.61 8.88 7.64 6.71 5.97 5.38 

7  63.15 65.56 66.98 67.92 68.59 69.09 69.48 69.79  18.12 13.70 11.01 9.21 7.91 6.93 6.17 5.56 

8  68.90 71.34 72.78 73.74 74.42 74.93 75.33 75.64  18.75 14.10 11.30 9.43 8.09 7.09 6.30 5.67 

9  74.63 77.07 78.52 79.48 80.17 80.68 81.08 81.40  19.19 14.36 11.48 9.56 8.19 7.17 6.37 5.73 

10  80.41 82.82 84.26 85.22 85.90 86.42 86.82 87.13  19.43 14.47 11.54 9.59 8.21 7.18 6.37 5.73 

11  86.27 88.64 90.06 91.00 91.68 92.18 92.58 92.89  19.46 14.43 11.47 9.52 8.14 7.11 6.31 5.67 

12  92.29 94.59 95.97 96.89 97.55 98.05 98.43 98.74  19.25 14.22 11.28 9.35 7.98 6.96 6.18 5.55 

13  98.53 100.73 102.06 102.95 103.59 104.07 104.44 104.74  18.78 13.82 10.94 9.05 7.72 6.73 5.97 5.36 
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14  105.07 107.16 108.42 109.27 109.88 110.33 110.69 110.98  18.00 13.21 10.43 8.62 7.34 6.40 5.67 5.09 

15  112.02 113.97 115.15 115.94 116.51 116.94 117.28 117.55  16.85 12.33 9.72 8.02 6.83 5.94 5.26 4.72 

16  119.56 121.33 122.41 123.14 123.66 124.06 124.36 124.61  15.24 11.12 8.75 7.21 6.14 5.34 4.72 4.23 

17  127.95 129.51 130.47 131.11 131.57 131.92 132.20 132.42  12.96 9.44 7.41 6.10 5.19 4.51 3.99 3.57 

18  137.73 139.03 139.82 140.35 140.74 141.03 141.26 141.44  9.52 6.92 5.43 4.47 3.79 3.29 2.91 2.61 

19  150.27 151.19 151.76 152.15 152.43 152.64 152.80 152.94  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

20  180.00 180.00 180.00 180.00 180.00 180.00 180.00 180.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 

  
β = sin−1(

𝑅 sin 𝑎

𝐴
) ∗

180

𝑃𝐼
 [°] 

α = cos−1(
𝑅2 + 𝐴2 − 𝑆²

2𝐴𝑅
) ∗

180

𝑃𝐼
[°] 
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Table 46: Approach Y' and beta' 

 A = 30 40 50 60 70 80 90 100  30 40 50 60 70 80 90 100 

                   

Extension = Y' = -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 β' = -2.86 -1.91 -1.43 -1.15 -0.95 -0.82 -0.72 -0.64 

1  2.63 2.83 2.94 3.02 3.07 3.10 3.13 3.16  7.26 5.26 4.12 3.39 2.88 2.51 2.22 1.99 

2  4.10 4.35 4.49 4.58 4.64 4.69 4.72 4.75  10.85 7.85 6.15 5.06 4.30 3.74 3.30 2.96 

3  5.19 5.46 5.60 5.70 5.77 5.81 5.85 5.88  13.20 9.57 7.51 6.19 5.26 4.57 4.05 3.63 

4  6.08 6.33 6.48 6.57 6.64 6.68 6.72 6.75  14.84 10.80 8.50 7.01 5.96 5.19 4.59 4.12 

5  6.81 7.05 7.18 7.27 7.33 7.37 7.41 7.43  15.99 11.69 9.22 7.61 6.49 5.65 5.00 4.49 

6  7.42 7.63 7.75 7.83 7.88 7.92 7.95 7.97  16.78 12.32 9.74 8.06 6.87 5.99 5.31 4.77 

7  7.92 8.10 8.20 8.27 8.31 8.34 8.37 8.38  17.27 12.73 10.09 8.36 7.14 6.23 5.52 4.96 

8  8.33 8.47 8.55 8.60 8.63 8.66 8.67 8.69  17.51 12.97 10.30 8.55 7.31 6.38 5.66 5.09 

9  8.64 8.75 8.80 8.83 8.85 8.87 8.88 8.89  17.54 13.04 10.39 8.63 7.39 6.46 5.73 5.16 

10  8.86 8.92 8.95 8.97 8.97 8.98 8.98 8.99  17.37 12.97 10.35 8.62 7.38 6.45 5.74 5.16 

11  8.98 9.00 9.00 9.00 9.00 8.99 8.99 8.99  17.01 12.75 10.20 8.50 7.29 6.38 5.68 5.11 

12  8.99 8.97 8.95 8.93 8.91 8.90 8.89 8.88  16.48 12.40 9.94 8.30 7.12 6.24 5.55 5.00 

13  8.89 8.83 8.78 8.75 8.72 8.70 8.68 8.67  15.77 11.90 9.57 8.00 6.87 6.02 5.36 4.83 

14  8.66 8.55 8.49 8.44 8.40 8.38 8.35 8.34  14.87 11.26 9.07 7.59 6.53 5.73 5.10 4.60 

15  8.27 8.14 8.05 7.99 7.95 7.91 7.89 7.87  13.77 10.46 8.44 7.08 6.09 5.35 4.77 4.30 

16  7.70 7.54 7.44 7.37 7.32 7.28 7.25 7.23  12.43 9.47 7.66 6.43 5.54 4.86 4.34 3.91 
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17  6.89 6.71 6.61 6.53 6.48 6.44 6.41 6.38  10.78 8.24 6.67 5.61 4.83 4.25 3.79 3.42 

18  5.73 5.56 5.45 5.38 5.33 5.29 5.26 5.23  8.70 6.67 5.40 4.54 3.92 3.45 3.08 2.78 

19  3.96 3.82 3.73 3.67 3.63 3.60 3.57 3.55  5.84 4.48 3.63 3.05 2.63 2.32 2.07 1.87 

20  -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00  -1.43 -1.15 -0.95 -0.82 -0.72 -0.64 -0.57 -0.52 

 

  𝑌′ = (𝑅 sin 𝑎) − 1 
𝛽′ = tan−1 𝑌′

𝑋′
∗

180

𝑃𝐼
[°]  
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Table 47: Approach X' and S' 

 A = 30 40 50 60 70 80 90 100  30 40 50 60 70 80 90 100 

                   

Extension = X' = 20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00 S' = 20.02 30.02 40.01 50.01 60.01 70.01 80.01 90.01 

1  20.68 30.76 40.81 50.84 60.86 70.88 80.89 90.91  20.85 30.89 40.92 50.93 60.94 70.95 80.96 90.96 

2  21.40 31.55 41.64 51.70 61.74 71.78 81.80 91.82  21.79 31.85 41.88 51.90 61.92 71.93 81.94 91.94 

3  22.15 32.36 42.49 52.58 62.64 72.68 82.72 92.75  22.75 32.82 42.86 52.88 62.90 72.91 82.92 92.93 

4  22.93 33.20 43.36 53.47 63.54 73.60 83.64 93.68  23.72 33.80 43.84 53.87 63.89 73.90 83.91 93.92 

5  23.75 34.06 44.25 54.38 64.46 74.53 84.58 94.63  24.71 34.78 44.83 54.86 64.88 74.89 84.91 94.92 

6  24.60 34.95 45.16 55.30 65.40 75.48 85.53 95.58  25.69 35.77 45.82 55.85 65.87 75.89 85.90 95.91 

7  25.48 35.86 46.09 56.24 66.35 76.43 86.49 96.55  26.69 36.77 46.81 56.85 66.87 76.89 86.90 96.91 

8  26.40 36.80 47.04 57.20 67.31 77.40 87.47 97.52  27.68 37.76 47.81 57.84 67.87 77.88 87.90 97.91 

9  27.35 37.76 48.01 58.18 68.29 78.38 88.45 98.51  28.68 38.76 48.81 58.84 68.86 78.88 88.89 98.91 

10  28.33 38.75 49.00 59.17 69.29 79.38 89.44 99.50  29.69 39.76 49.81 59.84 69.86 79.88 89.89 99.91 

11  29.35 39.76 50.01 60.18 70.29 80.38 90.45 100.51  30.69 40.77 50.81 60.84 70.87 80.88 90.90 100.91 

12  30.40 40.80 51.04 61.20 71.31 81.40 91.47 101.52  31.70 41.77 51.82 61.85 71.87 81.89 91.90 101.91 

13  31.48 41.86 52.09 62.24 72.35 82.43 92.49 102.55  32.71 42.78 52.82 62.85 72.87 82.89 92.90 102.91 

14  32.60 42.95 53.16 63.30 73.40 83.48 93.53 103.58  33.73 43.79 53.83 63.86 73.88 83.89 93.91 103.91 

15  33.75 44.06 54.25 64.38 74.46 84.53 94.58 104.63  34.75 44.81 54.84 64.87 74.89 84.90 94.91 104.92 

16  34.93 45.20 55.36 65.47 75.54 85.60 95.64 105.68  35.77 45.82 55.86 65.88 75.90 85.91 95.92 105.93 
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17  36.15 46.36 56.49 66.58 76.64 86.68 96.72 106.75  36.80 46.85 56.88 66.89 76.91 86.92 96.93 106.94 

18  37.40 47.55 57.64 67.70 77.74 87.78 97.80 107.82  37.84 47.87 57.90 67.91 77.93 87.93 97.94 107.95 

19  38.68 48.76 58.81 68.84 78.86 88.88 98.89 108.91  38.89 48.91 58.93 68.94 78.95 88.95 98.96 108.96 

20  40.00 50.00 60.00 70.00 80.00 90.00 100.00 110.00  40.01 50.01 60.01 70.01 80.01 90.01 100.00 110.00 

 

 

 

 

𝑋′ = 𝐴 − (𝑅 ∗ cos 𝑎) 𝑆′ = √𝑌′2 + 𝑋′² 



 

Table 48: Deviation from exact calculation 

A = 30.00 40.00 50.00 60.00 70.00 80.00 90.00 100.00  A = 30.00 40.00 50.00 60.00 70.00 80.00 90.00 100.00 

                   

Δ b = 9.82 7.40 5.95 4.98 4.29 3.76 3.35 3.02  Δ S = -0.02 -0.02 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 

 2.54 2.43 2.18 1.94 1.74 1.57 1.43 1.31   0.15 0.11 0.08 0.07 0.06 0.05 0.04 0.04 

 1.06 1.44 1.44 1.35 1.25 1.15 1.06 0.98   0.21 0.15 0.12 0.10 0.08 0.07 0.06 0.06 

 0.44 0.99 1.09 1.06 1.00 0.94 0.87 0.82   0.25 0.18 0.14 0.12 0.10 0.09 0.08 0.07 

 0.24 0.81 0.92 0.91 0.87 0.82 0.77 0.72   0.28 0.20 0.16 0.13 0.11 0.10 0.09 0.08 

 0.30 0.77 0.86 0.85 0.80 0.75 0.70 0.66   0.29 0.22 0.17 0.14 0.12 0.11 0.09 0.08 

 0.52 0.84 0.87 0.83 0.77 0.72 0.66 0.62   0.31 0.23 0.18 0.15 0.13 0.11 0.10 0.09 

 0.85 0.97 0.92 0.84 0.77 0.70 0.65 0.60   0.31 0.23 0.19 0.15 0.13 0.11 0.10 0.09 

 1.24 1.13 1.00 0.88 0.78 0.70 0.64 0.58   0.32 0.24 0.19 0.16 0.13 0.12 0.10 0.09 

 1.65 1.32 1.09 0.93 0.81 0.71 0.64 0.58   0.32 0.24 0.19 0.16 0.14 0.12 0.11 0.09 

 2.06 1.51 1.19 0.98 0.83 0.72 0.64 0.57   0.31 0.24 0.19 0.16 0.14 0.12 0.11 0.09 

 2.44 1.68 1.27 1.02 0.85 0.73 0.63 0.56   0.31 0.23 0.19 0.16 0.13 0.12 0.10 0.09 

 2.77 1.82 1.34 1.05 0.86 0.72 0.62 0.55   0.30 0.23 0.18 0.15 0.13 0.11 0.10 0.09 

 3.01 1.92 1.37 1.05 0.85 0.71 0.60 0.52   0.29 0.22 0.18 0.15 0.13 0.11 0.10 0.09 

 3.13 1.94 1.36 1.02 0.81 0.67 0.56 0.48   0.27 0.21 0.17 0.14 0.12 0.11 0.09 0.09 

 3.09 1.87 1.28 0.95 0.74 0.60 0.50 0.42   0.25 0.19 0.16 0.13 0.11 0.10 0.09 0.08 

 2.81 1.65 1.10 0.79 0.60 0.47 0.38 0.32   0.23 0.18 0.14 0.12 0.10 0.09 0.08 0.07 
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2.17 1.19 0.74 0.50 0.35 0.26 0.20 0.15   0.20 0.15 0.12 0.11 0.09 0.08 0.07 0.06 

 0.81 0.25 0.03 -0.08 -0.13 -0.15 -0.17 -0.17   0.16 0.13 0.10 0.09 0.07 0.07 0.06 0.05 

 -5.84 -4.48 -3.63 -3.05 -2.63 -2.32 -2.07 -1.87   0.11 0.09 0.07 0.06 0.05 0.05 0.04 0.04 

 1.43 1.15 0.95 0.82 0.72 0.64 0.57 0.52   -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 0.00 0.00 

MAX Δ b = 3.13 2.43 2.18 1.94 1.74 1.57 1.43 1.31  MAX Δ S = 0.32 0.24 0.19 0.16 0.14 0.12 0.11 0.09 

 

 

From the result shown in Table 48 it can be seen that the deviation between exact calculation and the approach is minimum and the deviation gets less by 

increasing the distance from the center of the RC servo motor disc to the additional guidance. Therefore it is necessary to maximize the distance between 

RC servo motor and guidance. 

 

∆ 𝑏 = 𝑏 − 𝑏′ ∆ 𝑆 = 𝑆 − 𝑆′ 
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ANNEX 14: STEREOLITHOGRAPHY: PROPERTIES AND MATERIALS  
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ANNEX 15: POLYJET: PROPERTIES AND MATERIALS 
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ANNEX 16: ABS AND PLA PROPERTIES [66] 

Acrylonitrile butadiene styrene (ABS) 
 
Description 
 
The material 
ABS (Acrylonitrile-butadiene-styrene) is tough, resilient, and easily molded. It is usually opaque, 
although some grades can now be transparent, and it can be given vivid colors. ABS-PVC alloys are 
tougher than standard ABS and, in self-extinguishing grades, are used for the casings of power tools.  
 
Composition (summary) 
Block terpolymer of acrylonitrile (15-35%), butadiene (5-30%), and styrene (40-60%). 
 

 
 
Caption 
The picture says a lot: ABS allows detailed moldings, accepts color well, and is non-toxic and tough 
enough to survive the worst that children can do to it. 
 

General properties 
Density  1.01e3 - 1.21e3 kg/m^3 
Price * 2.26 - 2.49 EUR/kg 
Date first used  1937 

 
Mechanical properties 
Young's modulus  1.1 - 2.9 GPa 
Shear modulus  0.319 - 1.03 GPa 
Bulk modulus  3.8 - 4 GPa 
Poisson's ratio  0.391 - 0.422  
Yield strength (elastic limit)  18.5 - 51 MPa 
Tensile strength  27.6 - 55.2 MPa 
Compressive strength  31 - 86.2 MPa 
Elongation  1.5 - 100 % strain 



  

226 

Hardness - Vickers  5.6 - 15.3 HV 
Fatigue strength at 10^7 cycles  11 - 22.1 MPa 
Fracture toughness  1.19 - 4.29 MPa.m^0.5 
Mechanical loss coefficient (tan delta)  0.0138 - 0.0446  

 
Thermal properties 
Glass temperature  87.9 - 128 °C 
Maximum service temperature  61.9 - 76.9 °C 
Minimum service temperature  -123 - -73.2 °C 
Thermal conductor or insulator? Good insulator 
Thermal conductivity  0.188 - 0.335 W/m.°C 
Specific heat capacity  1.39e3 - 1.92e3 J/kg.°C 
Thermal expansion coefficient  84.6 - 234 µstrain/°C 

 
Electrical properties 
Electrical conductor or insulator? Good insulator 
Electrical resistivity  3.3e21 - 3e22 µohm.cm 
Dielectric constant (relative permittivity)  2.8 - 3.2  
Dissipation factor (dielectric loss tangent)  0.003 - 0.007  
Dielectric strength (dielectric breakdown)  13.8 - 21.7 1000000 V/m 

 
Optical properties 
Transparency Opaque 
Refractive index  1.53 - 1.54  

 
Processability 
Castability  1 - 2  
Moldability  4 - 5  
Machinability  3 - 4  
Weldability  5     

 
Eco properties 
Embodied energy, primary production * 90.3 - 99.9 MJ/kg 
CO2 footprint, primary production * 3.64 - 4.03 kg/kg 
 

Supporting information 
 
Design guidelines 
ABS has the highest impact resistance of all polymers. It takes color well. Integral metallics are possible 
(as in GE Plastics' Magix.) ABS is UV resistant for outdoor application if stabilizers are added. It is 
hygroscopic (may need to be oven dried before thermoforming) and can be damaged by petroleum-
based machining oils. ASA (acrylic-styrene-acrylonitrile) has very high gloss; its natural color is off-white 
but others are available. It has good chemical and temperature resistance and high impact resistance 
at low temperatures. UL-approved grades are available. SAN (styrene-acrylonitrile) has the good 
processing attributes of polystyrene but greater strength, stiffness, toughness, and chemical and heat 
resistance. By adding glass fiber the rigidity can be increased dramatically. It is transparent (over 90% 
in the visible range but less for UV light) and has good color, depending on the amount of acrylonitrile 
that is added this can vary from water white to pale yellow, but without a protective coating, sunlight 
causes yellowing and loss of strength, slowed by UV stabilizers. All three can be extruded, compression 
molded or formed to sheet that is then vacuum thermo-formed. They can be joined by ultrasonic or hot-
plate welding, or bonded with polyester, epoxy, isocyanate or nitrile-phenolic adhesives. 
 
Technical notes 
ABS is a terpolymer - one made by copolymerizing 3 monomers: acrylonitrile, butadiene and styrene. 
The acrylonitrile gives thermal and chemical resistance, rubber-like butadiene gives ductility and 
strength, the styrene gives a glossy surface, ease of machining and a lower cost. In ASA, the butadiene 
component (which gives poor UV resistance) is replaced by an acrylic ester. Without the addition of 
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butyl, ABS becomes, SAN - a similar material with lower impact resistance or toughness. It is the stiffest 
of the thermoplastics and has excellent resistance to acids, alkalis, salts and many solvents.  
 
Typical uses 
Safety helmets; camper tops; automotive instrument panels and other interior components; pipe fittings; 
home-security devices and housings for small appliances; communications equipment; business 
machines; plumbing hardware; automobile grilles; wheel covers; mirror housings; refrigerator liners; 
luggage shells; tote trays; mower shrouds; boat hulls; large components for recreational vehicles; 
weather seals; glass beading; refrigerator breaker strips; conduit; pipe for drain-waste-vent (DWV) 
systems. 
 
Tradenames 
Claradex, Comalloy, Cycogel, Cycolac, Hanalac, Lastilac, Lupos, Lustran ABS, Magnum, Multibase, 
Novodur, Polyfabs, Polylac, Porene, Ronfalin, Sinkral, Terluran, Toyolac, Tufrex, Ultrastyr 
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Polylactide (PLA) 
 
Description 
 
The material 
Polylactide, PLA, is a biodegradable thermoplastic derived from natural lactic acid from corn, maize or 
milk.  It resembles clear polystyrene, provides  good aesthetics (gloss and clarity), but it is stiff and brittle 
and needs modification using plasticizers for most practical applications.  It can be processed like most 
thermoplastics into fibers, films, thermoformed or injection molded. 
 

 
 
Caption 
Cargill Dow polylactide food packaging 
 

General properties 
Density  1.21e3 - 1.25e3 kg/m^3 
Price * 1.75 - 2.11 EUR/kg 
Date first used  1993 

 
Mechanical properties 
Young's modulus  3.45 - 3.83 GPa 
Shear modulus * 1.23 - 1.37 GPa 
Bulk modulus * 5.7 - 6.3 GPa 
Poisson's ratio * 0.38 - 0.4  
Yield strength (elastic limit)  48 - 60 MPa 
Tensile strength  48 - 60 MPa 
Compressive strength  48 - 60 MPa 
Elongation  5 - 7 % strain 
Hardness - Vickers * 14 - 18 HV 
Fatigue strength at 10^7 cycles * 14 - 18 MPa 
Fracture toughness * 0.7 - 1.1 MPa.m^0.5 
Mechanical loss coefficient (tan delta)  0.02 - 0.1  

 
Thermal properties 
Melting point  160 - 177 °C 
Glass temperature  56 - 58 °C 
Maximum service temperature  70 - 80 °C 
Minimum service temperature  -12 - -10 °C 
Thermal conductor or insulator? Good insulator 
Thermal conductivity  0.12 - 0.13 W/m.°C 
Specific heat capacity  1.18e3 - 1.21e3 J/kg.°C 
Thermal expansion coefficient * 126 - 145 µstrain/°C 

 
Electrical properties 
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Electrical conductor or insulator? Good insulator 
Electrical resistivity * 1e17 - 1e19 µohm.cm 
Dielectric constant (relative permittivity) * 3.5 - 5  
Dissipation factor (dielectric loss tangent) * 0.02 - 0.07  
Dielectric strength (dielectric breakdown) * 12 - 16 1000000 V/m 

 
Optical properties 
Transparency Transparent 
Refractive index * 1.4 - 1.48  

 
Processability 
Moldability  4 - 5  
Formability * 4 - 5  
Machinability * 4 - 5  
Weldability * 3 - 4  

 
Eco properties 
Embodied energy, primary production * 49 - 54.2 MJ/kg 
CO2 footprint, primary production * 3.43 - 3.79 kg/kg 
 

Supporting information 
Design guidelines 
PLA is a biopolymer that can be molded, thermoformed and extruded, much like any other thermoplastic.  
It is transparent and has FDA approval for food packaging.  PLA film and sheet can be printed and 
laminated.  Biopolymers are, however, expensive, costing 2 to 6 times as much as commodity plastics 
like polypropylene. 
 
Technical notes 
PLA is a thermoplastic derived primarily from annually renewable resources (maize, corn or milk).  It is 
available in a number of grades, designed for ease of processing.  In-line drying may be needed to 
reduce water content for extrusion and molding.  The recommended molding temperature is 165 - 170 
C. 
 
Typical uses 
Food packaging, plastic bags, plant pots, diapers, bottles, cold drink cups, sheet and film. 
 
Tradenames 
NatureWorks PLA, BOPLA 
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ANNEX 17: SPECIFIC PRINTING TIMES 

Name Time Material (meter) Amount Needed Total time Total amount of material 

Abduction/Adduction attachment motor 4 min 0,03 1 4 min 0,03 

Thumb Distal 59 min 0,43 1 59 min 0,43 

Thumb Proximal 1h29 0,64 1 1h29 0,64 

Chain connection 4 min 0,03 2 8 min 0,06 

Middlefinger Distal 48 min 0,35 1 48 min 0,35 

Middlefinger Intermedial 1h21 0,55 1 1h21 0,55 

Middlefinger Proximal 1h40 0,69 1 1h40 0,69 

Thumb TMC 38 min 0,29 1 38 min 0,29 

Palm 2 fingers 12h43 6,11 1 12h43 6,11 

Palm 3 fingers 15h59 7,57 1 15h59 7,57 

Little finger Distal 48 min 0,35 1 48 min 0,35 

Little finger Intermedial 54 min 0,36 1 54 min 0,36 

Little finger Proximal 1h12 0,49 1 1h12 0,49 

Wrist side hand 1h2 0,4 1 1h2 0,4 

Wrist side motor 1h3 0,39 1 1h3 0,39 

Ring finger Distal 48 min 0,35 1 48 min 0,35 

Ring finger Intermedial 1h10 0,47 1 1h10 0,47 

Ring finger Proximal 1h31 0,63 1 1h31 0,63 
Abduction/Adduction joint of the index 
finger 15 min 0,08 1 15 min 0,08 

Forearm back 37h53 21,49 1 37h53 21,49 

Forearm front 53h 27,01 1 53h 27,01 

Index finger Distal 48 min 0,35 1 48 min 0,35 

Index finger Intermedial 1h11 0,48 1 1h11 0,48 

Index finger Proximal 1h30 0,62 1 1h30 0,62 

      

    138h54min 
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Annex 18: Joint anglesFout! Ongeldige koppeling. 

Letter   A B C D E F G H I J K L M 

Little finger DIP 90 0 45 45 90 0 90 90 0 0 90 90 0 

  PIP 90 0 45 45 90 0 90 90 0 0 90 90 0 

  MCP F/E 90 0 45 45 0 0 90 90 0 0 90 90 45 

Ring finger DIP 90 0 45 45 90 0 90 90 90 90 90 90 0 

  PIP 90 0 45 45 90 0 90 90 90 90 90 90 0 

  MCP F/E 90 0 45 45 0 30 90 90 90 90 90 90 45 

Middle finger DIP 90 0 45 45 90 0 90 0 90 90 0 90 0 

  PIP 90 0 45 45 90 0 90 0 90 90 0 90 0 

  MCP F/E 90 0 45 45 0 60 90 0 90 90 45 90 45 

Index finger DIP 90 0 45 0 90 0 45 0 90 90 0 0 0 

  PIP 90 0 45 0 90 0 45 0 90 90 0 0 0 

  MCP F/E 90 0 45 0 0 90 0 0 90 90 0 0 45 

  MCP Abd/Add 0 0 0 0 0 0 0 0 0 0 0 0 0 

Thumb IP 0 90 45 45 90 0 45 90 90 90 0 0 90 

  MCP 0 10 0 20 10 0 0 10 10 10 0 0 0 

  TMC Abd/Add 0 0 90 90 0 0 90 0 90 90 90 0 0 

Wrist Flexion/extension 0 0 0 0 0 0 0 0 0 0 0 0 90 

Elbow Flexion/extension              

  Pron/sup 0 90 90 90 0 90 90 90 90 90...180 0 0 0 

Shoulder Adduction/abduction                   45     45 

 

 

 

Fout! Ongeldige koppeling.Fout! Ongeldige koppeling.  



  

232 

ANNEX 19: RANKED POSITIONS 
 

Table 49: Ranked positions for finger movement 

Position MCP (°) PIP (°) DIP (passively) (°) 

 1  0 0 0 

2 0 45 45 

3 0 90 90 

4 -10 0 0 

5 30 0 0 

6 45 0 0 

7 45 45 45 

8 60 0 0 

9 60 45 45 

10 60 90 90 

11 90 0 0 

12 90 90 90 

13 0…90 0…90 0…90 

 

Table 50: Ranked positions for thumb movement 

Position TMC MCP IP 

1 0 0 0 

2 0 0 90 

3 0 10 90 

4 0 30 90 

5 90 0 0 

6 90 0 45 

7 90 0 90 

8 90 10 0 

9 90 10 45 

10 90 10 90 

11 90 20 45 

12 90 30 0 

13 90 30 90 

14 90 45 90 

 

Table 51: Ranked positions for wrist movement 

Position Flexion/Extension Abduction/Adduction 

1 0 0 

2 0…90 0 

3 90 0 
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Table 52: Ranked positions for elbow movement 

Position Flexion/Extension Pronation/Supination 

1 Free to choose24 0 

2 Free to choose 45 

3 Free to choose 90 

4 Free to choose 90…180 

5 Free to choose 0…90…0…90 

6 Free to choose 180 

7 45…90 0 

 

Table 53: Ranked positions for shoulder movement 

Position Abduction/Adduction 

1 Free to choose 

2 45 

3 0…45…0…45 

4 90 

 

  

                                                           
24 The position values that are free to choose will be calibrated upon first use of the robot. 
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ANNEX 20: PROGRAMMING LOG 

Software safety 
Version 0.0: Experimenting with the timer library with the intent of calling the right timer functions. 

Date: 24-02-2015 

Version 0.1: A timer can be set and a stop function can be triggered. The stop-mode can be reset using 

a button. Date: 24-02-2015 

Version 0.2: Integration of a RGB led for signaling an error. During start-up, the led blinks green at a 

frequency of 0.5Hz.During normal operation the LED burns green. When an error is detected, the LED 

blinks at 0.5Hz for 3s before lighting up continuously. Date: 24-02-2015 

Aslan 
Version 0.0: Setting up the general architecture for the program. The Serial library is implemented and 

used to prompt the user for input. Date: 23-02-2015 

Version 0.1: A string of characters can be entered with the keyboard. Date: 25-02-2015 

Version 0.2: The string of characters can be converted to an array of characters of a non-predefined 

length. This enables the user to enter strings from different lengths. The array of characters is then 

used in a switch command, used to select the right movements. Because of the double case states we 

are able to remove case sensitivity. Date: 28-02-2015 

Version 0.3: The finger movement function is programmed and implemented. As a result, the memory 

of the Arduino Uno used became insufficient. Therefore, a switch to an Arduino Due has been made. 

Switching between those Arduino Microcontrollers led to the malfunctioning of the program. The 

function used to read the string stopped working properly. After a period of debugging this problem 

was solved. Date: 02-03-2015 

Version 0.4: Further implementation of the finger movement function. In version 0.3 only the letters 

A and B had been fitted with the finger movement function. Date: 09-03-2015 

Version 0.5: Implementation of the adduction/abduction movement function of the index finger. Date: 

10-03-2015 

Version 0.6: Implementation of the thumb movement function and implementation of wrist 

movement function. Date: 16-03-2015 

Version 0.7: Implementation of the DS-SCX18.s servo controller for a single finger and the expansion 

of the I²C network to a network with 3 DS-SCX18.S servo drivers. Date: 02-04-2015 

Version 0.8: Implementation of the DS-SCX18.s servo controller for the four fingers. Date: 29-04-2015 

Version 0.9: Implementation of the DS-SCX18.s servo controller for the abduction of the index finger 

and the movement of the thumb and wrist. Date: 11-05-2015 

Version 0.10: Implementation of the shoulder and elbow movement functions. Date: 12-05-2015 
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Motor calibration 
Version 0.1: The calibration program has been written in two major parts. In the first part of the 

program, the entire byte is tested for an increasing binary value. This way, the interval between the 

motor can be addressed can be measured. The user can log this data and calculate the decimal values 

for 0, 30, 45, 60, 90 and 180°. The calculated values can be entered in the second part of the program, 

where these values can be tweaked. 

 

Servo testing 

Hypothesis 1 Limited movability 
The servo testing program prompts the user for pulse width input. This way the user can visually 

determine the bandwith and movability of the servo motor. 

Hypothesis 2 Limited movability 
Using two external potentiometer, the effect of repositioning the internal feedback servo can be 

simulated. Via a 10kΩ potentiometer the user can set a certain movement angle. By using the 5kΩ 

potentiometer, the servo can be tricked in any position. 

Hypothesis 3 Limited movability 
Four different servo motors are repeatedly moved to their respective minimum and maximum 

positions enabling the user to visually determine the actual movement range of the different servo 

motors. 
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ANNEX 21: DECISION ANALYSIS 

21.1 Decision matrix Fused Deposition Modeling printer 

  Price Printing dimensions Resolution Price Filament Time To Deliver   

Price x 0 0 0 0   

Printing dimensions 1 x 1 0 1   

Resolution 1 0 x 1 1   

Price Filament 1 1 0 x 1   

Time To Deliver 1 0 0 0 x   

Sum 4 1 1 1 3   

        

    Ultimaker 2 Cubify CubeX MakerBot Replicator 5th Gen    

Price (euro) 4 2300 2500 2899    

Printing dimensions (mm) 1 230 x 225 x 205  275 x 240 x 265 252 x 199 x 150    

Calculated (m^3) 1 10,8445 17,49 7,5222    

Resolution (microns) 1 20 100 100    

Price Filament (euro/kg) 1 42 110 50    

Time To Deliver 3 1 day (Trideus) 9 days (Alternate) 3 days (KD85)    

        

Wishes W Ultimaker 2 Ultimaker 2 Cubify CubeX Cubify CubeX Makerbot Makerbot 

Wishes W S S*W S S*W S S*W 

Price 4 9 36 8 32 6 24 

Printing dimensions 1 7 7 9 9 4 4 

Resolution 1 10 10 8 8 8 8 

Price Filament 1 8 8 5 5 7 7 

Time To Deliver 1 10 10 5 5 8 8 

Total     71   59   51 
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21.2 Analytical Hierarchy Process with Saaty’s scale of relative importance 
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ANNEX 22: DATASHEETS 

22.1 Designer Systems DS-SCX18.S servo controller 
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22.2 TDK Lambda LS 100-5 Power Supply 
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22.3 Texas Instruments CD74HCT4015E multiplexer 
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22.4 Sunon cooling fan 
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22.5 Ultimaker 2 
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ANNEX 23: SCHEMATICS 
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ANNEX 24: LIMITED MOVABILITY OF BATAN MICRO SERVO MOTOR 

Introduction 
During the initial testing moments of the robot and the electronics system, a limited movability of the 

Batan micro servo motors has been observed. Although these servo motors have a mechanical 

movement range of 180°, the actual movement range (the movement range when actuated) is only 

150°. In an attempt to resolve this movement limitation, a number of experiments have been 

performed. 

Hypothesis 1 
An incorrect pulse width is sent to the servo motor. 

Background 
As mentioned in paragraph 5.5.3, the frequently available analog RC servo motors are controlled with 

Pulse Width Modulation (PWM). This PWM signal is defined using three parameters: the minimum and 

maximum pulse width and the repetition rate. For RC servo motors the repetition rate is, in general 

defined to be 20ms. This means that the servo can read a new command every 20 ms.  

 

Figure 215: PWM control of an analog servo motor [servocity.com] 

As a part of this repetition rate, a minimum and maximum pulse width are defined. These two values 

are internally converted to the minimum or the maximum movement angle the servo can move to. 

Since there is no standard regarding the minimum and maximum pulse widths of standard RC servo 

motors, manufacturers are free to determine these values for their own products. The minimum pulse 

width varies around 1ms while the maximum pulse width varies around 2 ms. 

 

Figure 216: Minimum and maximum pulse width [servocity.com] 

When using a servo driver to move RC servo motors, it is therefore important to know the minimum 

and maximum pulse widths in order to determine the servo’s bandwidth. The fact is that most servo 

drivers have a larger pulse width interval they can write just to control servo motors of different 

manufacturers. This should be taken into account when writing a program to move different servo 

motors.  
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Since this PWM bandwidth can vary between servo motors, different servo motors need to be tested 

in order to determine their bandwidth. Using the function ‘writeMicroseconds()’, which is a part of the 

Arduino servo library, the bandwidth of the servo can be determined. Using the Arduino’s serial 

monitor a pulse width can be entered by the user.  

The used code to test this hypothesis can be found in the portfolio as 

‘Hypothesis_1_Limited_movability.ino’. 

 
Figure 217: Hypothesis 1 Limited movability schematic 

Test results 
Four of the twelve available motors have been tested. Table 54 shows the observed results. The pulse 

length mentioned is the set pulse width using the writeMicroseconds()-function. 

Table 54: Pulse width test results 

Motor number Actual zero angle 
(Pulse length) 

Actual maximum 
angle (Pulse length) 

Comment 

1 30° (550 μs) 180° (2230 μs)  

2 30° (550 μs) 180° (2280 μs)  

3 30° (700 μs) 180° (2280 μs) When a pulse width of 0μs is sent to 
Arduino, the motor returns to its 
mechanical 0° with the result of 
immediate overheating of the motor. 

4 30° (550 μs) 180° (2350 μs)  

 

Conclusion 
The measured bandwidth of the servo motors is 550 μs-2250 μs. This however does not provide the 

180° movement angle but only a 150° movability. This limitation can have two possible causes: 

 The mechanical safety is designed to thick. 

 The servo’s feedback potentiometer is wrongly placed. 

The first of these two possible causes can easily be disproved by simply turning the servo’s output axis. 

Since every servo has its mechanical movability of 180°, this hypothesis can be rejected. 
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Hypothesis 2 
The servos feedback potentiometer is incorrectly placed. 

Background 
Again as mentioned in paragraph 5.5.3, the analog RC servo motors we use are equipped with a 

potentiometer mounted on the output axis to provide the servo system from feedback. Figure 218 

shows a block diagram of the commonly used M51660L servo driver chip. Although this particular chip 

might not be used in the motors in our application, the images gives a clear view on the functioning of 

a servo controller. Internally, the potentiometer returns a certain voltage to the servo controller (pin 

1). This voltage is then converted to a pulse with a certain length using a one-shot timer. The generated 

pulse is compared to the input pulse width (pin 5) and the error is finally amplified to a certain voltage 

to move the motor to the right position using pins 4, 6, 10 and 12. 

 

Figure 218: Servo block diagram [67] 

The potentiometer is mechanically mounted on the output axis of the motor. In the case the 

potentiometer is mounted in the wrong position, it will measure a wrong movement angle of the 

output axis resulting in an incorrect controlling of the servo motor. 

When the potentiometer is for example mounted with a deviation of 30° from the neutral position, 

the controller will interpret a mechanical movement of 30° as 0°, leading to a limited movement range. 
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Test results 
After disassembling and examining the mechanical construction of the Batan S1123 micro servo 

motors, a mechanical constraint between the potentiometer’s axis and the gears of the motor has 

been observed. This mechanical constraint prevents the option of simply dismounting the 

potentiometer, turn the potentiometer and mount it back in its housing.  

 

 

Figure 219: Mechanical constraint on the servo potentiometer axis 

Therefore the servo’s feedback potentiometer has to be disconnected and replaced with an external 

potentiometer which can be turned manually. Using this external potentiometer, the angle position of 

the servo can be simulated.  

This way, the servo motor can be tricked into the desired position. Thus simulating the effect of 

repositioning the internal potentiometer. A figure as well as a schematic can be found in Figure 221 

and Figure 220: Hypothesis 2 Limited movability schematic 

 

Figure 220: Hypothesis 2 Limited movability schematic 
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Figure 221: Hypothesis 3 limited movability 

Using the blue 10kΩ potentiometer, a desired position can be entered. This analog value is mapped to 

a proportional pulse width and sent to the servo motor. Using the green 5kΩ potentiometer, the servo 

feedback can be modified in order to let the servo motor move to a stable position. Via serial 

communication, the user can see the desired angle and mapped values. 

The code used to test this hypothesis can be found in the digital portfolio as ‘Hypothesis 2 Limited 

movability’. 

Conclusion 
The performed test shows that it is possible move the feedback potentiometer in order to reach the 

servo’s normal movement range. Using the above described technique, the servo motor is able to 

reach its full 180° movement range. 

An additional advantage presents itself in simplifying the general control of the robot. In the current 

setup where every joint is remotely tendon actuated by the servo motors, the movement of other 

joints proximal to a specific joint also effect the movement of the joint itself. This as a result of the 

tendon movement along the moved proximal joints. 

By dismounting the feedback potentiometer from the servo housing and mounting it directly on the 

actuated joint, this effect is eliminated. The servo motor will keep moving until the desired joint angle 

is reached, regardless the movement of proximal joints.  

The implementation of the feedback potentiometers in the mechanical design of the robot will be a 

thesis topic for the upcoming academic year. The joints themselves have to be redesigned and a 

guidance for the electrical cables has to be designed as well. Another advantage of mounting the 

feedback potentiometers directly on the actuated joint is the simplification of the mounting of the 

feedback used in the software safety in the robot. 
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Hypothesis 3 
The limited movability is proper to the Batan S1123 micro servo motors. 

Test results 
Four different motors have been tested. The code used repeatedly moves the motors to their minimum 

and maximum positions with a delay of 2s between movements. The actual movement range can then 

be compared visually to the mechanical movement range. Table 55 and Table 56 show the measured 

data for this experiment. Note that the register values or pulse widths written to the servo motors are 

the minimum and maximum values the servo driver is able to send to the motors. The servo specific 

pulse widths are neglected in this experiment. 

Since four different motors have been used, the experiment was performed using the Designer 

Systems DS-SCX18.S servo driver. The power requirements necessary to move the motors 

simultaneously exceed the maximum values of the Arduino Due microcontroller, therefore the 

Designer Systems servo driver has been used. 

Table 55: Actual minimum of different servo motors 

Servo motor Actual minimum Used register value (Pulse 
width) 

Batan S1123 micro servo 30° 5 (500 μs) 

Batan S1213 standard servo 0° 5 (500 μs) 

FS5106B standard servo 0° 5 (500 μs) 

Sparkfun generic sub-micro size 
servo motor 

0° 5 (500 μs) 

Table 56: Actual maximum of different servo motors 

Servo motor Actual maximum Used register value (Pulse 
width) 

Batan S1123 micro servo 180° 250 (2500 μs) 

Batan S1213 standard servo 180° 250 (2500 μs) 

FS5106B standard servo 180° 250 (2500 μs) 

Sparkfun generic sub-micro size 
servo motor 

180° 230 (2300 μs) 

Conclusion 
The maximum positions of the different servos mentioned in Table 56, are the same for every tested 

servo motor. 

The minimum positions however are not equal for the different servo motors. The Batan S1123 micro 

servo motors purchased to use in the Aslan robot show a limited movability whilst the other 3 models 

cover their whole mechanical movement range. 

Further testing of the robot, in cooperation with Jasper will determine whether this limited movability 

of 150° will suffice for the Aslan robot. For the joints where the full 180° movability is required, new 

servo motors will have to be purchased. 

Video footage, as well as the used code can be found in the digital portfolio as 

‘Hypothesis_3_Limited_Movability’. 
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ANNEX 25: UNEXPECTED BEHAVIOR OF SERVO MOTORS 

Introduction 
Besides the above mentioned limited movement range, initial testing revealed another problem. When 

certain commands are written to the Designer Systems DS-SCX18.S servo driver, the servo motor does 

not react like expected. Two irregular phenomenon’s often occur: 

 When a servo motor reaches a certain position, it ‘vibrates’ on that position. Instead of 

reaching a stable position the servo motor remains powered, creating a buzzing sound and 

constant power usage of the motor, leading to rising temperatures and eventually overheating 

damage. 

 Certain commands cause an oscillating behavior of the servo where the servo starts moving 

back and forth between its movement limits instead of moving to the desired position. This 

oscillating behavior remains until another command is written to the servo driver. 

In order to resolve this irregular behavior, and in order to create a robot able to show the right gestures 

without overheating or twitching, a couple of experiments have been performed. 

Hypothesis 1 
The received pulse width is incorrectly interpreted by the servos  

Background 
The same reasoning applies as in the first hypothesis of Annex 24. 

Test results  
The same results apply as in the first hypothesis of Annex 24, and to rule out the possibility that this 

behavior is specific to the Batan S1123 micro servo motors, the tests have also been performed with a 

FS5106B standard size servo. 

Conclusion 
When tested directly with the Arduino microcontroller, the unexpected behavior does not occur with 

both the servo motors. This means that the cause of this behavior can be found in the program using 

the Designer Systems DS-SCX18.S servo controller.  

Since only two control registers are used to control a single servo motor, the structure of these two 

registers need to be examined.  
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Hypothesis 2 
An incorrect value is written to the servos control registers. 

Background 
Considering the information of the DS-SCX18.S data sheet in Annex 22.1, it can be seen that in order 

to control a single servo motor, two registers have to be defined (Figure 222).  

 

Figure 222: Control registers 

For e.g. the first servo motor, registers one and two need to be defined and written to the servo driver. 

The first register, R1, describes the position the servo motor needs to move to and determines 

therefore the pulse width the driver sends to the motor.   

The second register, R2, contains more information about how the servo-motor needs to reach this 

position. According to the datasheet, a couple of different options or features can be set using this 

control register: 

 Operate: Enable or disable the servo motor 

 Reverse: Enabling this bit reverses the respective servo. A reversed servo reacts opposite to 

the intended position (pulse width) [67]. This implies that for a servo motor with a bandwidth 

of 1000 μs for 0° to 2000 μs for 180° when reversed will move to 0° when a pulse width of 

2000 μs is sent to the motor. 

 Soft start control: When soft-start control is enabled, the servo driver will send the desired 

pulse width to the motor in a ramping manner until the desired position is reached. Besides 

the obvious advantage of soft-starting the servo motor, a disadvantage is the fact that the 

servo driver is during a longer time occupied with the particular servo. This might compromise 

the movement timing for other servo motors or in the case the program does not take the 

delay into account, the servo will not reach the desired position before a new command is 

written to the driver. 

 Speed control: enables the user to set the movement speed of the servo motor. Fifteen 

different speeds can be set. 

In the following test, only speed control and soft-start control will be tested since both the enable bit 

and the reverse bit can already be ruled out as a possible cause of the described behavior. 
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Test results 
Both soft-start control and speed control have been tested for a single servo motor, since every servo 

motor suffers from the same irregular behavior. Table 57 show the test results using the robots main 

program ‘Aslan_V0_7.ino’, which can be found in the digital portfolio. 

Table 57: Control register test results 

Soft start Speed control Speed Behavior 

Enabled Disabled / Normal 

Enabled Enabled 13 Abnormal 

Disabled Enabled 12 Abnormal 

Disabled Enabled 11 Abnormal 

Disabled Enabled 10 Normal 

Disabled Enabled 9 Abnormal 

Enabled Enabled 9 Normal 

 

Conclusion 
As can be seen from Table 57, the abnormal behavior only occurs when speed control is enabled, for 

only a number of possible speeds. In combination with the soft-start control, the abnormal behavior 

stops occurring. Simply enabling soft-start control for every single movement is however not a 

possibility because the thus generated delay will compromise the cooperation and general functioning 

of the entire robot. Therefore, soft-start control will only be enabled for the problem cases, and speed 

control will be disabled with every motor.  

What exactly causes this irregular behavior remains a question and an answer can not be found in 

literature. Therefore, Designer Systems tech support has been contacted to help solve and explain this 

problem.  

After running the test code sent to the Designer Systems tech support in their lab, we received 

following answer regarding our problem: 

 The test were performed with a HS311 standard servo, and the abnormal behavior occurring 

with speed control enabled did not occur with that type of motor. The behavior can therefore 

be assigned to the Batan S1123 servo motor.  

 The minimum and maximum register values should be limited to respectively 32 and 210 (756 

µs to 2180 µs). 

 The soft start function requires at least five seconds to operate to a point where the servo is 

being driven with the constant 22 ms pulse signal. The signal ramps up from about 0.5 ms to 

22 ms, taking about five seconds. 

 Soft start operates in tandem with speed control. Depending upon the speed set, the servo 

may have already reached its final position when the soft start process completes. 

According to these four remarks from Designer Systems, the following will be performed: soft start will 

be disabled for every motor, speed control will only be enabled for the motors in the elbow and the 

register limits will be altered. 
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ANNEX 26: BILL OF MATERIALS 

Part Amount 
Unit 
price Price 

Arduino Due 1 € 49,99 € 49,99 

Designer Systems DS-SCX18.S 3 € 37,44 € 112,32 

TDK Lambda LS100-5 1 € 41,28 € 41,28 

Jumper wires 6" F/F 10 pack 2 € 3,95 € 7,90 

Jumper wires 6" M/M 10 pack 2 € 3,95 € 7,90 

1,5mm² cable 3 € 2,43 € 7,29 

1mm² cable 10 € 0,55 € 5,50 

0,22mm²  cable 1 € 9,99 € 9,99 

5x20mm fuse holder 6 € 0,46 € 2,76 

Fuse holder shield 6 € 0,81 € 4,86 

F0,8A, 250V 5x20 fuse 1 € 1,67 € 1,67 

T0,2A, 250V 5x20 fuse 1 € 2,01 € 2,01 

T4A,250V 5x20 fuse 1 € 2,40 € 2,40 

TE Connectivity 1-963484-1 1 15,73 € 15,73 

TE Connectivity 1-968879-1 1 12,79 € 12,79 

Buscontact Micro II 90 0,35 € 31,50 

Grounded grid connector 1 € 2,99 € 2,99 

Plug C13/C14 male 1 € 3,66 € 3,66 

Plug C13*C14 female with power button  1 € 2,58 € 2,58 

Tubingsset 1 € 22,04 € 22,04 

Solder 1 € 8,79 € 8,79 

9V DS14-M connector 1 € 2,89 € 2,89 

Sunon cooling fan 2 € 7,81 € 15,62 

Protective grille for cooling fans 2 € 0,96 € 1,92 

Wire markers 1 € 11,19 € 11,19 

Extension cables 16 € 1,20 € 19,20 

Micro servo motor 12 € 11,59 € 139,08 

Standard servo motor 4 € 8,90 € 35,60 

Aluminum Channel - 3,0" 1 € 3,57 € 3,57 

Channel bracket A 1 € 4,47 € 4,47 

Channel bracket C 1 € 3,57 € 3,57 

Channel Mount Gearbox Kit - Standard 7:1 2 € 53,68 € 107,36 

ServoBlock Kit - Hitec Standard 1 € 24,15 € 24,15 

Machine screw -Socket head (6-32;1/4") 1 € 1,51 € 1,51 

Ultimaker filament 1 role 1 € 41,99 € 41,99 

Mounting cabinet 1 € 80,00 € 80,00 

Mounting plate 1 € 16,99 € 16,99 

Dyneema fishing line 1 € 10,00 € 10,00 

Ball chain 1 € 4,99 € 4,99 

Polystyren plate 11m³ 1 € 12,49 € 12,49 

  Sum: € 892,54 
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ANNEX 27: PORTFOLIO 
Here the structure can be found concerning the useful documents next year. 

 Portfolio 
o Alphabet 
o Electrical design 

 Datasheets 

 Schematics 

o General project information 
 Finances 

 Open house 

o Mechanical design 
 Cables 

 Cura 
 Important components 

 Electrical motors 

 Inventor 
 Extra 

 Support piece electronics 

o Programming 
 Aslan 

 Aslan 

 Aslan_V0_3 

 Aslan_V0_4 

 Aslan_V0_5 

 Aslan_V0_6 

 Aslan_V0_7 

 Aslan_V0_8 

 Aslan_V0_9 

 Aslan_V0_10 

 Calibration_V0_1 

 Lines 
 Natural 

 Original 

 Servo testing 
 Hypothesis_1_Limited_movability 

 Hypothesis_2_Limited_movability 

 Hypothesis_3_Limited_movability 

 Software safety 
 Software_safety 

 Software_safety_V0_1 

 Software_safety_V0_2 
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