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Sammanfattning 
I detta examensarbete har ett problem som varit en del av ett pågående projekt på Elekta 
Instrument AB undersökts och en lösning har föreslagits.  
 
Problemet har varit att utveckla och modellera en servoenhet som med hög precision kan 
positionera ett instrument i fem dimensioner (tre translaterande och två roterande) och som kan 
hålla instrumentet på sin position med hög styvhet.  
 
Problemet löstes genom att först specificera kraven på servoenheten, sedan undersöktes olika 
befintliga koncept för att uppnå kraven. Det bästa konceptet, en Stewart-Gough plattform, valdes 
och studerades och analyserades sedan i detalj.  
 
Analysen gjordes i två steg, det första steget var att göra beräkningar av krafter och benlängder 
som en funktion av positionen för en Stewart-Gough plattform. Det andra steget var att realisera 
beräkningarna och implementera dessa i kod och hårdvara för att styra fysiska motorer och få 
dem att bete sig som önskat enligt beräkningarna.  
 
Resultatet av första delen av analysen är ett MATLAB program som kan beräkna 
inverskinematiken och benkrafterna för en godtycklig Stewart-Gough plattform som belastas 
med en godtycklig kraftvektor och en godtycklig momentvektor. Programmet kan även iterera 
beräkningarna för olika lägen för Stewart-Gough plattformen och för olika belastningar och 
skriva ut extremvärdena som beräknats. 
 
Den andra delen av analysen resulterade i ett LabView program för simultan styrning av sex 
motorer och hårdvara för att driva sex motorer. Styrningen har testats på befintliga motorer med 
lyckat resultat. 
 
Resultaten av examensarbetet visar att Stewart-Gough plattformen kan uppfylla kraven som är 
ställda på servoenheten. Under examensarbetet har alla nödvändiga beräkningar för att kunna 
styra en Stewart-Gough plattform gjorts och hårdvaran för styrning av motorer har utvecklats. 
Parallellt med examensarbetet har ingenjörer på Elekta Instrument AB utvecklat mekaniken till 
Stewart-Gough plattformen, när examensarbetet avslutas är steget till en första prototyp mycket 
litet. 
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Abstract 
In this Master of Science thesis a problem that has been a part of an ongoing project at Elekta 
Instrument has been examined and a solution has been suggested.  
 
The problem has been to develop a servo unit that is able to position an instrument in five 
degrees of freedom (three translational and two rotational) with high precision and that is able to 
hold that instrument in its position with high stiffness. 
 
The problems were solved by specifying the requirements of the servo unit and compare them 
with existing concepts. The concepts were evaluated and the best concept, the Stewart-Gough 
platform, was chosen and was thoroughly studied and analyzed.  
 
The analysis was conducted in two steps, the first step was to calculate the forces and the leg 
lengths as a function of a position for a Stewart-Gough platform. The second step was to realize 
the calculations and implement them in code and hardware to control physical motors and make 
them behave as desired according to the calculations. 
 
The result of the first step was a MATLAB program that can calculate the inverse kinematics 
and leg forces for any Stewart-Gough platform that is subjected to any force and momentum 
vector. The program can also iterate the calculations for a number of positions and loads for the 
platform and display relevant extreme values. 
 
The result of the second step is a LabView program for simultaneous control of six motors and 
hardware that is able to control and drive the motors. The control system has successfully been 
tested on existing motors. 
 
The result of the thesis shows that the Stewart-Gough platform is a feasible solution that will 
meet the specified requirements on the servo unit. During the thesis project all necessary 
calculations for control of a Stewart-Gough platform has been made and the hardware needed to 
control it has been developed. A mechanical solution has been developed simultaneously during 
the thesis project by engineers at Elekta Instrument AB and when the thesis project is complete a 
first prototype of the Stewart-Gough servo unit is not far away. 
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1. Introduction 
In just a hundred years the science of surgery has undergone tremendous development. Having 
been an extremely painful and dangerous operation, surgery today seldom causes pain and is 
considered very safe. Medicine and new treatment methods are obviously part of the explanation 
but an increasingly important factor is the development of medical technology. Today, surgeons 
can operate with robots giving them super-human precision, PET-scans have enabled doctors to 
look inside patients without surgery and radiotherapy have enables surgeons to perform surgery 
inside a patient without a knife.  
 
Elekta Instrument AB has developed medical devices since 1972 when it was founded by 
Professor Lars Leksell. The company develops equipment for radiation therapy and radiosurgery 
and software for treatment planning and workflow enhancing. Today, Elekta’s products are used 
in over 5000 hospitals worldwide and more than 100 000 patients receive diagnosis, treatment or 
follow-up with solutions from Elekta every day. [1] 
 
This Master of Science thesis is a part of an ongoing project at Elekta Instrument AB and will 
hopefully be used in a future medical device. 

1.1. Purpose 

The aim of this Master of Science Thesis has been to develop a device for positioning of an 
instrument in 5 degrees of freedom. The device must be able to position the instrument with an 
error of less than 10um. The device must be able to reach a workspace the shape of a sphere with 
a radius of 10mm. The device must also be able to carry a load of 10N, including its own weight. 
It is also important that the device is rigid and as small as possible. 
 
This project can be divided into two phases, a modeling and a hardware design phase. The 
purpose of the modeling phase has been to make the necessary calculations and simulations to 
control the system, calculate the forces and optimize the mechanical design parameters. 
 
The purpose of the hardware design phase has been to develop an early prototype that can 
physically position a number of motors and simulate the behavior of the system. This should be 
done in a program where the user is able to insert the coordinates for a desired position and 
execute the program. The program will then calculate and take the motors to the position they 
need to reach to acquire that position. 

1.2. Method 

The method is important when solving an engineering problem and it is important to have a 
systematic approach. The problem solving approach and process is described in this chapter. 

1.2.1. Requirement specification 

Before the start of this thesis project, there was no clear requirements specification for the servo 
unit. Therefore, one of the first tasks was to determine the requirements for the servo unit and 
write a clear requirement specification. This was done in cooperation with several experienced 
engineers and other project members. 

1.2.2. Concepts and empirical studies 

Several concepts of how to position an instrument in five degrees of freedom have been 
developed by engineers at Elekta. These concepts were systematically evaluated and compared 
during the thesis project. 
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1.2.3. Literature 

When a concept had been chosen literature studies about the concept was made. As the chosen 
concept was the Stewart platform, which is an advanced construction, the literature studies were 
important to gain an understanding of the theory of the Stewart platform.  
 
The literature about the Stewart platform consists mostly of articles found in the database of the 
library of the Royal Institute of Technology. The articles that were studied are [2], [3], [4], [5] 
and [6]. 
 
Other literature was used in this thesis project, e.g. literature and articles on how to perform 
concept evaluation [7], about LabView programming [8] and MATLAB programming [9]. 

1.2.4. Modeling phase 

When the theory of the Stewart platform had been studied the knowledge was translated to 
program code. MATLAB was chosen to make the necessary calculations to control and simulate 
the behavior of the Stewart platform. MATLAB was chosen as the calculations involved a lot of 
vector and matrix operations, these kinds of operations are relatively easy to do in MATLAB. 
Additionally, Simulink, that is a program associated to MATLAB, has a built-in demonstration 
program that simulates the behavior of a Stewart platform. 
 
Three MATLAB programs were written, the first one calculated the inverse-kinematics of a 
system with any given geometry. The second program calculated the leg forces for any geometry 
and any force and momentum vector. The third program simulated the possible behavior of the 
system to calculate maximum leg forces and required stroke length. All programs are parameter-
based and are written to be as generic and can be applied to any Stewart platform. 
 
The MATLAB programs were used to find a suitable geometry for the system and suggest a 
mechanical solution. The mechanical design has not been a part of this thesis project and was 
carried out by other engineers at Elekta.  

1.2.5. Hardware phase 

When the geometry and the forces in the system were known, the motors could be selected. 
Different models of all motor types were investigated to ensure that all possibilities were 
considered.  
 
When the motors had been chosen the motor control electronics were selected and a motherboard 
to connect the motor control drivers was designed. 
 
Finally a program in LabView was written that controls the motors from a GUI in the computer. 
The MATLAB program that calculates the inverse kinematics was integrated in LabView using 
the MATLAB script node. The LabView program was connected to the hardware. The result is a 
system that allows the user to define a target position in a GUI on a computer screen and make 
the motors go to the position that yields the user defined position with a click on the mouse. 

1.3. Limitations 

As this is a first prototype that has been designed from scratch within 4 months it can not be 
expected to fulfill all the requirements for a normal prototype. The machine developed within 
this Thesis projects should be considered a very rough prototype that simulates the behavior of 
the final solution. The size, components and controlling system must not be the same as in the 
final version. 
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The development method will also differ from the standard methods of development for medical 
devices. The safety aspects of medical devices have been studied briefly in [10], [11] and [12] 
but as this project have a very narrow time limit most regulatory and design quality aspects have 
been neglected.  
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2. Pre-study 
In this chapter the pre-study phase is described, the requirements specification and the evaluation 
of concepts are explained. 

2.1. Requirements specification 

An important part of solving a problem is defining it, therefore a requirements specification was 
done early in the project. There was previously no requirement specification for the device and a 
requirements specification was done based on the estimations of the engineers working with the 
project. The requirements specification has been done using a method that combines customer 
requirements with system requirements described in [7] (see Appendix A – Requirements 
specification). The requirements specification specified the physical properties, the desired 
behavior of the system and a few safety aspects. However, it has not been possible to fulfill all 
the requirements that have been specified as the time and resources available for the thesis 
project has been limited. The requirements that have been prioritized during the thesis project are 
those that define the function.  

2.2. Evaluation of concepts 

Five concepts were generated by engineers at Elekta during the early stages of the project. These 
concepts have been compared systematically to find the concept that best suits the application. 
These concepts are described briefly below: 

2.2.1. Concept 1 

The first concept is based on two carriages that are able to move in the xy-plane. Each of these 
carriages holds an arm. The instrument is placed between these arms and this enables the 
instrument to move in four degrees of freedom. The entire device is able to move vertically 
which gives the instrument five degrees of freedom, which is sufficient. The concept is 
visualized below in Figure 1. 

 
Figure 1. Concept 1, note that the entire device can be moved in z direction with a motor that is 

not visible in the picture, idea and design by Ivars Alksnis 

XY-unit 

XY-unit 

Instrument 
holder 
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2.2.2. Concept 2 

The second concept is based on two arms attached to a plate where the instrument can be 
attached. The arms can perform a linear motion, this enables the plate to move in two degrees of 
freedom, one translational and one rotational. The arms are fitted inside a cylinder which is also 
able to rotate which adds another rotational degree of freedom. The entire device is able to 
translate in two directions perpendicular to the direction of movement of the linear arms in the 
cylinder. This gives the plate a total of five degrees of freedom. The concept is visualized below 
in Figure 2. 

 
Figure 2. Concept 2, note that the entire device can be moved in z direction with a motor that is 

not visible in the picture, idea and design by Kristian Rossby 

2.2.3. Concept 3 

The third concept is based on a single arm that is holding the instrument. At the tip of the arm, 
where the instrument is attached, a motor enables the instrument to rotate. The entire arm can 
rotate and translate in three directions giving the instrument five degrees of freedom. The 
concept is visualized below in Figure 3. 

 
Figure 3. Concept 3, note that the entire device can be moved in z direction with a motor that is 

not visible in the picture, idea and design by Krisitan Wiberg 

Linear motor 
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Rotating motor 

Rotating motor 
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2.2.4. Concept 4 

The fourth concept is based on a different principle. It achieves six degrees of freedom using six 
linear actuators attached to a platform. The instrument is attached to this platform and will be 
able to be positioned in six degrees of freedom. This device is known as the Stewart-Gough 
platform and is visualized in Figure 4.  

 
Figure 4. Concept 4, note that the entire device can be moved in z direction with a motor that is 

not visible in the picture, idea and design by Ivars Alksnis 

2.2.5. Concept 5 

The fifth concept has much in common with the first. The instrument is held between two arms, 
each consisting of two motors connected with arcs enabling each arm to move in the xy plane. 
This provides four degrees of freedom. The entire device can also move vertically providing the 
required five degrees of freedom. See Figure 5. 

 
Figure 5. Concept 5, note that the entire device can be moved in z direction with a motor that is 

not visible in the picture, idea by Per Carlsson, design by Kristian Wiberg. 

Linear motor 
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Rotating motor 

Rotating motor Rotating motor 
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2.3. Choice of concept 

The five concepts were compared using Puhg’s method described in [7]. This method is very 
suitable for systematical and objective comparison of concepts. A number of criteria are listed 
and weighted and one of the concepts is chosen as reference. The other concepts are then 
compared to the reference concept with regard to the listed criteria. An analysis of the concepts 
with Pugh’s method showed that concept four was the most suitable for the application, see 
Appendix B - Concept decision matrix. 

2.4. The winning concept 

The winning concept, the Stewart-Gough platform, or Stewart platform is based on a different 
principle than the other concepts. The Stewart platform is a parallel kinematic device while the 
other concepts are based on serial kinematics. The parallel structure of the Stewart platform 
gives the device high stiffness and precision which is very important in this application. The 
parallel structure also gives higher strength per size. The drawbacks of using parallel kinematics 
are the smaller workspace, the extra degree of freedom and the difficulty to control the system. 
 
The Stewart platform is a relatively new robot structure that is becoming increasingly common. 
It is today used in many applications where force and precision is required, e.g. maneuvering of 
large radio telescopes, flight simulators and CNC machines. 
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3. Modeling the Stewart-Gough platform 
In this chapter the calculations and the modeling of the Stewart-Gough platform is explained. 

3.1. Modeling in MATLAB 

Development of the Stewart platform requires calculations and simulations as parallel kinematics 
is not intuitive. First, the system was modeled in MATLAB and all necessary parameters were 
calculated. When this phase was finished, the mechanical and electrical components could be 
designed.  
 
The purpose of modeling the system is to determine the leg lengths required to reach a certain 
position. The forces in the legs during operation and the stroke length required to reach a 
determined workspace was also calculated using modified versions of the MATLAB model. 
There are three versions of the program that calculates the different parameters. 
 
In the models that has been developed it is assumed that the base plate is fixed, all forces and 
momentum are applied in the centre of the top plate and all forces are static. All parts of the 
Stewart platform are assumed to have no mass.  

3.2. Version 1 – Inverse kinematics 

The first version of the program calculates the inverse kinematics of the system. The program 
calculates the leg lengths as a function of the geometry of the system. The geometry is defined 
by five variables. Base offset, base radius, top offset, top radius and height, see Figure 6. The 
output of the program is the six leg lengths.  

 
Figure 6. The five parameters that define the Stewart platform in the program. Here only base 

radius and base offset are shown, the top radius and top offset is defined in a similar manner. 
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3.2.1. Calculations 

The program describes the Stewart platform as 12 points in space, 6 points that describe the 
position of the lower end of the legs, and 6 points that describe the upper end of the legs. The 
lower positions that also define the position of the base plate are fixed. The positions of the 
upper end point of the legs which define the circumference of the top plate, are changed as the 
top plate is positioned by the user. This structure is used in the built in demonstration file 
mech_stewart_control.mdl found in MATLAB version 7.8.0 and in this thesis project the Stewart 
platform has been modeled with the same structure as in the MATLAB demonstration file. 
 
The position of the top plate is defined by the user, this changes the position of the upper end 
points of the legs and the leg lengths are calculated using vector subtraction. 

3.2.1.1. Translation of the top plate 

Translation of the top plate is done using simple vector addition. Initially the upper plate is 
placed in the same plane as the base plate and the six points of the base plate and the six points 
of the top plate coincide. The points of the top plate is then shifted 60 degrees around the z axis 
as the top plate is shifted 60 degrees around the z axis relative the base plate in a Stewart 
platform in neutral position. (see Figre 6). The desired position in x, y and z in the coordinate 
system that is defined in Figure 6, with origo in the centre of the base plate, is then added to the 
coordinates of the six points of the top plate. This will cause the six point that define the top 
plate and therefore also the top plate to translate to the right coordinates in x, y and z. The top 
plate is then rotated according to the user inputs.  

3.2.1.2. Rotation of the top plate 

Rotation of the top plate is much more complex than translation. Rotating the top platforms is 
equal to rotating six vectors simultaneously around thee axis. When a vector is rotated around 
more than one axis, the order in which the rotation occurs will be important. E.g. if a vector [x y 
z] = [1 0 0] is rotated around the x axis first, then around the y and z axis, the result will not be 
the same as if the vector is rotated around the z axis first and then around the y and x axis. In 
order to achieve the desired rotation around 3 axis it is necessary to find the axis of rotation. An 
algorithms for finding the axis of rotation is described in [13]. Any rotation can be described as 
one rotation around an axis, if this axis is found the rotation around X, Y and Z can be translated 
to a rotation around that axis.  
 
In this case the rotation has been done in two steps. First, the x and y rotation is done 
simultaneously by finding the axis of rotation around these two axes. This means finding the axis 
around which the rotation around x any y occurs. This axis is found by cross multiplying the 
normal vector of the top plate in its original position, which is [0 0 1] with the normal vector of 
the top plate in its post-x-y-rotation position. The normal vector of the post-x-y-rotation position 
is determined by the cross product of a vector in the plane after pure x rotation and a vector in 
the plate after pure y rotation, see equation 1. 
 

( ) ( )[ ] ( ) ( )[ ]rotrotyy xxrotrotN sincos0sin0cos ×=  (1) 

 
The axis of rotation is then normalized yielding a vector [Ux Uy Uz] with abs(U) = 1. The angle 
of rotation around the axis of rotation can be determined using the scalar product of the normal 

vectors of the top plate before and after rotation. The angle of rotation,θ , can be calculated using 
the definition of scalar multiplication of vectors, see equation 2 and 3.  
 

θcosBABA =⋅  (2) 
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From the rotation vector and the rotation angle a rotation matrix for a rotation around U can be 
derived. [13] The rotation matrix [13] is described in equation 4.  
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This rotation matrix contains information about around which axis the rotation should be done 
and how many degrees the rotation needs to be.Any vector that is multiplied with the rotation 
matrix will be rotated according to the information in the rotation matrix.  
 
Multiplying the six vectors of the top plate with this rotation matrix rotates them to the desired 
position after rotation about the x and y axis. Using this rotation matrix is it possible to rotate 
around all three axes simultaneously but the z rotation is done separately in this case as it makes 
it easier for the user to control the system. It is hard for the user to know which angles to insert in 
the program to achieve the desired rotation if the rotation is done simultaneously around three 
axes. The rotation will be more intuitive if it is done in two steps as in this thesis project. In the 
final application the servo unit will probably be controlled by another machine making how the 
angles are specified unimportant as a machine easily can calculate the angles that is required to 
reach a certain position. 
 
Rotation around z axis is done with the same algorithm that was used for the x and y rotation. U 
is the normal after the x and y rotation and the angle of rotation is a user input. The rotation 
matrix is derived from these parameters and multiplying the six vectors of the top plate with this 
rotation matrix yields the final position of the top plate after translation in three axes and rotation 
in three axes.  

3.2.1.3. Inverse kinematics 

The leg lengths are calculated using simple vector subtraction. The six vectors of the base plate 
are subtracted to the six vectors of the top plate. This yields a 1x6 vector where each element is 
the length of a leg. It is important that the top vectors correspond to the correct base vector. A 
visual verification is done with a 3D plot, see Figure 7. In the plot the end of the upper vectors 
are connected to form the top plate, the end of the base vectors form the base plate and the top 
vectors are connected to their corresponding base vectors to form the legs. 
 
This program makes it possible to determine the leg lengths as a function of position and thus, 
makes it possible to control a Stewart platform. However, it is important that both the upper and 
lower the joint of the legs have two rotational degrees of freedom and that the leg itself has two, 
one translating and one rotating, degree of freedom to physically make it possible to achieve 
movement in the Stewart platform. 
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Figure 7. A screenshot of the first version of the program. The top and base plate are blue, the 

legs are red. 

3.3. Version 2 – Leg forces 

The second version of the program uses the same calculations for geometry as the first version. 
However, the second version of the program also calculates the forces in the legs as a function of 
any given force and momentum vector for any given geometry and position.  

3.3.1. Calculation of leg forces 

The forces in the legs are calculated using a modified version of the method described by 
Dwarakanath [2] The calculations are based on classical mechanics. The external force and 
momentum can be calculated as a function of the geometry and the forces in the legs. The sum of 
the leg forces multiplied with the leg unit vectors is equal to the applied external force at 
equilibrium. The sum of the cross products of the top vectors and their corresponding leg vectors 
multiplied with the leg forces is equal to the applied momentum at equilibrium. This is described 
in equation 5 to 10. 
 

( ) xxxxxxxe lflflflflflfF 665544332211 +++++=  (5) 

 

( ) yyyyyyye lflflflflflfF 665544332211 +++++=  (6) 

 

( ) zzzzzzze lflflflflflfF 665544332211 +++++=  (7) 

 

( ) ( ) ( ) ( ) ( ) ( ) ( )
xxxxxxxe ltfltfltfltfltfltfM 666555444333222111 ×+×+×+×+×+×=  (8) 

 

( ) ( ) ( ) ( ) ( ) ( ) ( )
yyyyyyye ltfltfltfltfltfltfM 666555444333222111 ×+×+×+×+×+×=  (9) 

 

( ) ( ) ( ) ( ) ( ) ( ) ( )
zzzzzzze ltfltfltfltfltfltfM 666555444333222111 ×+×+×+×+×+×=  (10) 
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Equation 5 to 10 yields a transformation matrix from external loads to leg forces that is shown in 
equation 11. 
 

( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( ) 
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In this case the external force and momentum is known, but the leg forces are not. The leg forces 
can be calculated as the inverse of the transformation matrix multiplied by external forces. 
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The transformation matrix can always be inverted as the geometry of the Stewart platform 
ensures that the leg vectors, l, are never linearly dependent. This means that the determinant of 
the transformation matrix always will be non zero and thus that the transformation matrix always 
can be inverted.  

3.3.2. Verification 

As before, a visual verification is made to determine the feasibility of the solution. The Stewart 
platform is plotted using the same algorithm as in the first version of the program. The applied 
force and momentum vector is appended to the plot, the force vector is black and the momentum 
vector is purple. The colors of the first and second legs are also changed to make it possible to 
identify the legs. The first leg is green and the second one is yellow. The legs are defined in a 
circular pattern so it is sufficient to identify the first and second legs to be able to identify all, see 
Figure 8. A few combinations of force and momentum vectors that yield intuitive results, e.g. a 
force along the z axis or a momentum around the z axis have been tested and the results are as 
expected. 
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Figure 8. A screenshot of the second version of the program. 

3.4. Version 3 - Simulation 

The third version of the program has the same function as the second version. The difference is 
that in the third version the program calculates the leg forces and leg lengths for a large number 
of positions to determine the maximum force in the system and the required stroke length of the 
legs. The program moves the top platform to different positions within a pre-defined workspace. 
 
This version of the program contains all code that is used in the first and second version of the 
program. Therefore, only the source code of the third version has been added in the appendix. 
The source code for the third version of the program can be found in Appendix C – MATLAB 
code for version 3.  

3.4.1. Test pattern 

The third version of the program is based on the same code as the second version, but in the third 
version the code is surrounded by twelve for-loops (six degrees of freedom, three force 
directions and three momentum directions), see Figure 9. The for-loops vary the position and 
direction of applied force and momentum and determine the leg lengths and forces for each 
combination of position and force.  
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Figure 9. A screenshot of the source code for the third version of the program. 

 
The program changes the position first and then applies forces and momentum from a number of 
different directions, when all combinations of forces and momentums has been tested the 
program does the same calculations with the next position. The number of positions and forces 
tested can be determined by the user but of practical reasons the number of force and momentum 
directions are limited to 216 and the number of positions is limited to 64. This gives a total 
number of tested combinations of 13824. A larger number takes too long to calculate with the 
available hardware. 

3.4.2. Output 

The output of the program is the maximum leg force, the required stroke length and the 
minimum leg length. The program also prints the system parameters of the force-position 
combinations that yield the highest leg forces. The highest of the six leg forces for each iteration 
are saved in a vector When the simulation is complete the maximum leg force can be found as 
the largest element in that vector. The leg lengths for all six legs are also saved in a vector for 
each iteration, forming a matrix. The stroke length is the largest difference in a single column in 
that matrix, which is the largest change in length a single leg will experience during the 
simulation. The minimum leg lengths is also relevant, the legs must not be shorter than the 
actuator so it is important to know the minimum allowed actuator length. The minimum leg 
length is determined with a similar algorithm.  

3.4.3. Verification 

In this version, verification is much harder than in the previous versions. It is hard to intuitively 
feel the required stroke length, leg forces and minimum length. A plot of the maximum leg 
forces as a function of iteration number is displayed to show weather the force calculations are 
within a reasonable interval, see Figure 10.  
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Figure 10. A screenshot of the third version of the program. 

3.4.4. Verification of algorithms 

The leg forces and leg lengths of a Stewart platform as a function of a given geometry, position, 
force and momentum is not intuitive. Therefore, it is important to verify the results.  

3.4.4.1. A numerical approach 

In MATLAB version 7.8.0 that has been used to write the programs there is a demo file called 
mech_stewart_control.mdl, a model that simulates the behavior of a Stewart platform. The leg 
forces and leg lengths can be shown using a scope block or a block that saves the leg forces and 
leg lengths to a vector that is accessible through the workspace in MATLAB. As shown in 
Figure 11 the leg lengths and leg forces stabilizes after the initial positioning phase. To 
determine the static leg length and leg forces the last value in the vector that is plotted in Figure 
11 has been used. The leg forces and leg lengths during the initial phase is not interesting as the 
Stewart platform in the MATLAB demo file differs from the Stewart platform used in this 
project.  
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Figure 11. A plot of the simulation, the upper plot shows the leg and the lower plot shows the 

change in leg lengths when the Stewart platform is reaching a position. Note that the forces 

stabilize when equilibrium has been reached. 

 
In order to compare the results from the simulation with the results from the MATLAB program 
the MATLAB program had to be adapted to the simulation. The parameters used in the 
simulation were also used in the MATLAB program to achieve a comparable result. I.e the 
height of the Stewart platform is set to be 2m, the radius of the top plate is 1 meter and the radius 
of the base plate is 3 meters. The offset angle in the base plate is 2.5 degrees and 10 degrees in 
the top plate. In the simulation it was not possible to define the force direction, this problem was 
solved by redefining the gravity vector. Changing the direction of gravity is the same as 
changing the direction of the force if gravity is the only force, which it is in the case of the 
simulation. 
 
The six leg forces calculated by the MATLAB program are compared to the forces from the 
demo model for six random geometries and force directions. The leg forces calculated in the 
MATLAB program and the leg forces determined in the simulation was plotted in the same 
graph. The deviation between the results was small enough to confirm that the method used to 
calculate the leg forces is correct.  
 
The results are shown as in Figure 12 to 17. The units are meters, radians and Newtons. The 
purple line shows the values from the MATLAB program, the blue line represents the values 
from the simulation. The deviations can partially be explained by the fact that the Stewart 
platform in the simulation has a mass that is distributed over the top platform and the six legs. In 
the MATLAB program developed during this thesis project all mass is concentrated in a 
singularity in the center of the top plate. However, the mass of the legs are small in comparison 
with the mass of the top plate, therefore the deviations are small. 
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Figure 12. Leg forces for [x y z x_rot y_rot z_rot Fx Fy Fz Fabs] = [0.5 0 2 0 0 0 -1 0 0 20409] 
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Figure 13. Leg forces for [x y z x_rot y_rot z_rot Fx Fy Fz Fabs] = [0.5 0.5 2 0 0 0 -1 0 0 

20409] 
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Figure 14. Leg forces for [x y z x_rot y_rot z_rot Fx Fy Fz Fabs] = [0 0 2 0 0 0 0 0 -1 20409] 
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Figure 15. Leg forces for [x y z x_rot y_rot z_rot Fx Fy Fz Fabs] = [0 0 2 0 0 0 0 -1 -1 20409] 
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Figure 16. Leg forces for [x y z x_rot y_rot z_rot Fx Fy Fz Fabs] = [0 0 2 0 0 0 -1 -1 -1 20409] 
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Figure 17. Leg forces for [x y z x_rot y_rot z_rot Fx Fy Fz Fabs] = [0 0 2 0.1 0.1 0.1 -1 -1 -1 

20409] 
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This method could also be used to verity the calculated leg lengths but another method was 
chosen. The method used to verify the calculation of leg length is a parameter based CAD model 
of the Stewart platform developed in Solid Edge by Ivars Alksnis, see Figure 18. The geometry 
of the model is based on base radius, base offset, top radius, top offset and leg lengths. I.e. the 
same parameters that define the Stewart platform in the MATLAB program. Those parameters 
can be defined in a spreadsheet in excel that is linked to the CAD-model. This enables the 
possibility to control the CAD model by calculating the leg lengths for a desired geometry in 
MATLAB and then input the calculated leg lengths in the spreadsheet. The position of the CAD 
model can be determined in drawings and this information has been used to verify the MATLAB 
code. 
 
The CAD-model is a graphical method to determine the position as a function of the leg lengths, 
the forward-kinematics, of the Stewart platform. The model can be used to test the behavior of 
the system and one of the  
  

 
Figure 18. The geometry of the CAD model is defined in a spreadsheet that is linked to the 

model. 
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4. Design of mock-up 
In this chapter the design of hardware and software needed to test the concept is explained. 

4.1. Optimization 

The third version of the MATLAB program described above (see 2.3.3) was used to find a 
suitable geometry for the Stewart-platform. The geometry is limited by the specified 
requirements on size, workspace and force and it is also limited by physical reality, e.g. it is not 
possible to make a Stewart platform with a height of 0. It is also important to consider other 
factors when designing the geometry of the Stewart platform such as the stroke length required 
to achieve the specified workspace or the maximum force the motors can deliver. 
 
When determining the optimal geometry two optimization parameters were considered, leg 
forces and required stroke length. Five variables, top radius, base radius, top offset, base offset 
and height, were varied to determine how they affect leg forces and required stroke length. The 
top and base offset was always equal and was calculated as one parameter. The parameters were 
changed one at a time in the third version of the MATLAB program and the results, the 
maximum leg forces and maximum stroke length for each set of parameters was noted. This 
information was used to create plots of the maximum leg force as a function of the optimization 
parameters and plots of the required stroke length as a function of the optimization parameters. 
These plots are shown in Figure 19 to 26.  

4.1.1. Force 

In Figure 19 to 22 the plots of the maximum leg force as a function of top radius, base radius, 
offset and height are shown. The maximum leg force and required stroke length is calculated in 
the third version of the MATLAB program with the load 10N and a momentum of up to 0.1Nm 
applied from 216 directions for each of the 64 positions that has been tested within the 
workspace. The workspace is defined as a cube of 20x20x20mm around the neutral position that 

is found in [ ] [ ]6900=zyx  (mm). 
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Figure 19. Maximum leg force as a function of the top radius. 
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Varied base radius
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Figure 20. Maximum leg force as a function of the base radius. 
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Figure 21. Maximum leg force as a function of offset. 
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Figure 22. Maximum leg force as a function of the height of the platform. 

4.1.2. Stroke length 

In Figure 23 to 26 the plots of the required stroke length as a function of top radius, base radius, 
offset and height are shown. 
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Figure 23. Required stroke length as a function of the top radius. 
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Figure 24. Required stroke length as a function of the base radius. 
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Figure 25. Required stroke length as a function of the offset. 
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Figure 26. Required stroke length as a function of the height of the platform. 
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4.2. Optimal geometry 

As shown by the graphs, the leg forces and the required stroke length are affected by the five 
variables in different ways. In all cases, the forces grow when the required stroke length decrease 
and the other way around. This makes optimization a more difficult task as there is no solution 
that satisfies both parameters. However, the graphs also suggest that the change in required 
stroke length as a function of the five variables is less than 50%, while the change in leg force 
was greater than 150%. Besides, the effects of longer stroke length are less severe than those of 
larger leg forces. Longer stroke length will cause longer time to reach the desired position and a 
small increase in size. Larger leg forces will make the system less robust and, due to the limited 
availability of small motors, require larger motors which will cause a significant increase in size.  

4.2.1. Theoretical optimal design 

The theoretically optimal design with regard to force is a top and base radius of 35mm, the 
maximum allowed, an offset of 0 degrees in both base and top plate and a height that is limited 
only by the motor size. This design is not optimal with regard to required stroke length but this 
has been neglected as the change in required stroke length is not very large and the effects of 
insufficient stroke length is not very severe. 

4.2.2. Practical optimal design 

This theoretically optimal design had to be changed as a result of the harsh physical reality.  
 
The maximum stroke length of the motors that was chosen was less than 40mm. This would 
make the workspace smaller than specified. The solution was to sacrifice leg forces to increase 
the workspace. All five parameters could be changed to decrease the required stroke length, but 
not all options are feasible. The best parameter to change is the parameter that causes the 
smallest increase in leg forces per decreased stroke length. Therefore the top radius was changed. 
A top radius of 25mm instead of 35 mm will decrease the required stroke length with 14.2% 
while increasing the leg forces with only 8.7%.  
 
An offset of 0 degrees is also impossible in reality, the offset must be big enough to fit the 
linkage. The smallest offset allowed by the mechanical design is 15 degrees. 
 
The minimum height is also limited by the motor length, the legs cannot be shorter than the 
motors. With a base radius of 35mm, a top radius of 25mm and an offset of 15 degrees on both 
base and top plate and a minimum leg length of 57mm the minimum height is 54mm. The stroke 
length of the legs is 35mm, making the maximum height 90mm. 
 
Thus, the optimal geometry was found to be a base radius of 35mm, a top radius of 25mm, a top 
offset of 15 degrees, a base offset of 15 degrees and a height of 72 mm in neutral position. 

4.3. Choice of motor 

A feasibility analysis of a number of motor types was conducted to ensure that no possibilities 
were missed. The motor types that was analyzed are stepper motor, brushless DC motor, brushed 
DC motor, AC motor, Piezo-electric motor and linear DC motors.  

4.3.1. The AC-motor 

The AC motor is not feasible in this application as its main advantage is constant speed 
regardless of torque (up to the maximum torque) which is of little use in this application. It also 
has disadvantages such as large size and requiring AC current with certain frequency which 
makes it difficult to use. 
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4.3.2. Linear DC-motor 

The linear DC motor has several advantages in this application. Using a linear DC motor would 
simplify the mechanical construction as no mechanics to transform rotation to linear motion is 
required. However, the linear DC motor has a low force/size ratio and it must be actively 
controlled in order to hold a certain position.  

4.3.3. The stepper motor 

The stepper motor is easy to control as it moves in discrete steps, the position of the motor can 
easily be determined by counting the number of steps. This motor type also has high torque at 
zero speed. However, it tends to vibrate when operating at higher angular velocities and its many 
windings make it bigger than other DC motors.  

4.3.4. The brushed DC motor 

The brushed DC motor is probably the most common motor type. It can be used in almost all 
applications. It can be made in small sizes and it is relatively easy to control. Speed and torque 
can be controlled directly by voltage and current. 

4.3.5. Brushless DC motor 

The brushless DC motor is similar to the AC motor but an important difference is that is it driven 
by DC. A processing unit feeds the motor with three phases, one for each electro magnet inside 
the motor to make the rotor turn. Controlling a brushless DC motor is complicated but the 
advantages are high torque at low speeds, small size and few moving parts.  

4.3.6. The piezo-electric motor 

The piezo-electric motor is a relatively new invention that uses the vibrations of piezo-crystals to 
create linear motion. These motors can be made extremely small, and have an excellent 
weight/force ratio. Another advantage is that they are linear motors, which mean that there is no 
need for a mechanism that transforms rotational to linear motion. The disadvantages of the 
piezo-electric motor are that they required advanced electronics for control, they need relatively 
high voltages and they are very expensive. Another disadvantage is that there is no possibility to 
regulate the force with gears. 

4.3.7. A comparison of different motor types 

A comparison of the different motor types was done with Pugh’s method described in [7] (see 
Appendix D – Motor decision matrix). The result was clear, the brushless DC motor had superior 
properties.  
 
The brushless DC motor is small in size, have excellent force/size ratio and can provide high 
linear force with a planetary gearhead and a screw mechanism. The brushless DC motor also 
provides high torque even at low speeds. The disadvantages of the brushless DC motor are that it 
requires many wires and require a complicated control-system.  
 
The first problem, the large number of wires, can be solved with onboard electronics. If the 
control system for the Stewart-platform can be placed in the Stewart-platform or in its proximity, 
the wires can be made very short and not be a problem. The second problem, the complicated 
control system, is not really a problem. It is challenging and more tedious to develop a control 
system for a brushless DC motor but it can be done. And there are many products in the market 
that offer a complete control solution. One example is the ISCM-4805 control circuit from 
Technosoft. This circuit receives CAN-messages that defines the motors position or speed, 
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calculates the necessary data in the built in DSP and translates the CAN messages to control 
signals that are fed to the motor. 

4.3.8. The chosen motor 

The chosen motor is a 0620C012B brushless DC motor from Faulhaber with a PA2-50 optical 
encoder and a 1:16 planetary gearhead. The entire motor package has a diameter of only 6mm 
and a length of 36mm. They are equipped with an M3x0.5x40 screw that is glued and pressed 
onto the shaft of the gearhead. Despite its small size, a nut that is running on the screw will be 
able to deliver a linear force of 30N at a speed of at least 2mm/s.  
 
The 6mm planetary gearhead that is used is one of the smallest planetary gearheads available on 
the market. The best gear ratio available to obtain high linear force and speed is 16:1 according 
to engineers at Faulhaber and is chosen in this application. 
 
The PA2-50 encoder have 50 lines per revolution and as the planetary gearhead have a gear ratio 
of 16:1 and the screw have a rise of 0.5mm the linear precision of the motors is less than 1 
micrometer with the encoder.  

4.4. Motor control 

The motor control solution has not been developed in this project. The motors are controlled 
with intelligent servo drives, ISCM-4805 from Technosoft. The circuit receives CAN messages 
that are sent to them. This means that the user only needs to send a position, speed or torque to 
the driver to make the motors execute the command. 
 
The servo drivers can be programmed to control several different motors, therefore it is not 
important that the motor used in this thesis project is the same motor as in the final product, the 
code used to control the servo drivers can be used for any motor of similar size. 

4.5. Choice of control platform 

There were two main alternatives when choosing control platform, the micro-processor and a 
PC-based LabView environment.  
 
The advantages with the microprocessor are the smaller size and the possibility to control all 
processes at a very low level. The disadvantages are a very complex development process that 
may take very long time. As this thesis project have a very narrow time limit this alternative was 
not chosen. 
 
The chosen platform is LabView which is a high-level graphical programming language that 
enables easy and fast development of a graphical user interface and has built in functions that 
simplifies the development process. In the LabView interface the user sets the necessary 
parameters such as end coordinates and the geometry of the Stewart platform. The program then 
calculates the necessary changes in leg length, translates them to CAN messages and sends it to 
the motor drivers. 
 
The LabView program is based on a program that has been developed at Elekta Instrument AB 
for a previous project. That program controlled eight motors using the same servo drivers as in 
this project. The only modification that had to be made was to reduce the number of motors, 
implement the MATLAB code for calculation of the inverse kinematics in the program and build 
a user interface. This reduced the development time of the control platform significantly.  
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4.6. Electrical design 

The electrical design consists of several modules. The main modules are the user interface, the 
power supply, the motor units, the servo drivers and a motherboard that connects the servo 
drivers mechanically and enables them to communicate with each other. The user interface is 
developed in LabView running on a standard PC. The computer is connected to the motherboard 
via a CAN-bus. The motherboard is also connected to a power supply box. The motherboard, in 
turn, supplies the servo drivers with current, voltage and control signals. The setup is shown in 
Figure 27.  

 
Figure 27. An overview of the hardware design. 

4.6.1. The motor units 

The motor units that will be used in the hexapod consists of a Faulhaber 0620C012B-K1719 
brushless DC motor which PA2-50 encoder, 06/1K gearhead and a M3x0.5x40 leadscrew 
attached to the shaft of the gearhead.  
 
The gearhead have a gear ratio of 16:1 and the encoder have a resolution of 50 pulses. The motor 
has a built-in hall effect sensor with a resolution of 3 pulses. As the leadscrew have a rise of 
0.5mm per revolution the built-in hall sensor will give a linear resolution of 0.01mm which is 
probably sufficient. However, as this is a prototype an encoder was included for testing purposes, 
if it is not needed it can simply be disconnected. The resolution of the encoder can be translated 
to linear resolution as: 
 

encoderleadscrewgearheadlinear RriseratioR ⋅⋅=  (13) 

 
A nut is attached to the leadscrew and the motor unit is designed to give a linear force of 30N 
with a speed of at least 2mm/s. The specifications are derived from the MATLAB calculations 
carried out previously in the thesis project. (see 2.3) 
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However, the motor units had a delivery time of 10 weeks which made it impossible to 
implement them during the thesis project. (They will arrive at the end of the project). Therefore, 
the motor control system has been tested on other motor units. As the servo drivers are 
“intelligent” the difference between using different motor units is very small. 

4.6.2. The servo drivers 

The servo driver used is an ISCM-4805 from Technosoft. The input to the servo driver is current 
and user commands. The output is current and voltage to the motor. 
 
This servo driver is “intelligent” and has a built in control system. The servo driver can interpret 
high level commands such as a certain position to go to or a certain speed to run with. The 
commands are sent on a CAN bus.  
 
The servo unit is a generic motor control unit and it can be programmed to control a large 
number of motors. The motor that the servo driver is controlling is defined in Technosoft’s own 
software, EasyMotion. In this program the motor is tuned and all necessary parameters are 
defined. When the tuning is complete the information is downloaded to the servo unit via an 
RS232 bus and after that the servo driver is configured to control that specific motor. This makes 
it very easy to change motor. All that needs to be done is to reprogram the servo driver with new 
parameters.  

4.6.3. The motherboard 

The motherboard is required to enable one computer to control six motors. It distributes the 
control signals from the computer to the motor modules and also supplies them with current and 
voltage. As the motor control circuits have built-in intelligence and can be controlled via a CAN 
bus the motherboard only needs to route the signals from the computer to the cards.  
 
There are two main inputs to the motherboards, the control signals and power supply. There are 
two ports for control signals on the motherboard, one for CAN and one for RS232. The control 
signals are generated by the user interface which consists of a LabView program that is executed 
on a standard PC. The PC is connected to the motherboard via a CAN bus. 
 
The motherboard is supplied from a power supply box. It is connected to the motherboard via 
three cables, one for +12V to the motor supply, one for +12V to the logic supply and one wire 
for ground. 
 
The output of the motherboard is the control signals from the servo driver to the motor units. As 
the motherboard is primarily used to control the Faulhaber 0620C012B-K1719 brushless DC 
motor the output port has been designed to facilitate the connection of the motor. The output port 
is a 15 pin D-sub connector, the top 8 pins are connected in the same order as the flexboard from 
the motor. The bottom 7 pins are dedicated to pins used by other motor types. 
 
The design is based on a motherboard for eight servo drivers used in another project. That 
motherboard was mounted inside a chassis. For practical reasons the same chassis is used in this 
project. A consequence of this is that the motherboard will have a size that is fixed by the 
chassis. In this case, it means that the motherboard will be much larger than necessary.  
 
The motherboard was designed in MentorGraphics in four layers. Only the top and the bottom 
layers are used for routing. The wires on the top layer were drawn horizontally and the wires of 
the bottom layer were drawn vertically to facilitate routing. 
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The second layer is divided in three fields, one for motor supply, one for logic supply and one 
for ground. As the currents in these supplies are relatively large the resistance a plane gives 
smaller resistance than a wire. Having a power supply plane and a ground plane close to each 
other also creates a capacitor reducing the effects of electromagnetic distortion. 
 
The third layer is a ground plane that ensures that all components have a common ground. This 
plane also acts like a capacitor together with the second layer.  
 
The design of all four layers of the motherboard shown in Figure 28 to 32. 

 
Figure 28. The top layer of the motherboard with the main I/O ports explained. This layer is 

used for horizontal routing. 

 

 
Figure 29. The second layer of the motherboard with the three planes explained. 

 

 
Figure 30. The third layer of the motherboard is a groundplane. 

 

 
Figure 31. The fourth layer of the motherboard is used for vertical routing. 
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Figure 32.The motherboard with all layers visible. 

 

The motherboard in its chassis with all six servo drivers connected is shown in Figure 33 and 34.  
 

 
Figure 33. Rear view of the motherboard 

 

 
Figure 34. Front view of the motherboard. 

4.7. The prototype 

A functional hexapod prototype has not been developed within this thesis project as the motors 
and the mechanical parts have not been delivered until the end of the thesis project. The 
development of the mechanical parts has not been a part of this thesis project and the motors had 
a delivery time of 10 weeks. 
 
However, the physical behavior of the hexapod has been simulated using motors of an existing 
product at Elekta, the Perfexion Gamma Knife, see Figure 35. The Perfexion Gamma Knife have 
eight motors for moving the gamma ray sources, two of them have been disabled, the remaining 
six has been used to simulate the legs of the hexapod. The Gamma Knife is a suitable mock-up 
as it has a stroke length that is similar to the Stewart platform (70mm for the Gamma Knife 
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compared to 40mm for the Stewart platform) and the motors are also controlled by servo drivers 
from Technosoft. 
 

 
Figure 35. The main motor unit of the Perfexion Gamma Knife, here the first three sectors (of 

eight) are visible. 

 

This prototype is used to test the motor control system but all fundamental functions have been 
implemented. The prototype can initialize and move the “legs” to a position that would be the 
user defined position had it been a hexapod. 

4.7.1. User interface 

The user interface has been developed in LabView. The interface allows the user to define a 
target position and see the status of the system, see Figure 36.  
 
The interface have two main input fields, geometry and orientation. In the field “geometry” the 
geometry of the Stewart platform is defined. (e.g. base radius and offset). In the field 
“orientation” the desired position is defined in 6D, i.e. the position of the centre of the top plate 
is defined in three translational and three rotational coordinates relative the centre of the base 
plate. 
 
Another input is the definition of neutral position. After initiation the Stewart platform will go to 
its neutral position, typically in the centre of the workspace, and wait for command. The 
recommended setting for neutral position is half the stroke length, but it can assume any value 
between zero and the stroke length. 
 
There are two buttons on the interface, RUN and STOP. When the RUN button is pushed the 
program executes. The leg lengths required to achieve the desired position is calculated and the 
motors are ordered to reach that position. When the positioning is complete the program will go 
to its idle state. When the STOP button is pressed the program terminates. However, the program 
cannot terminate unless it is idle, if it is busy with other activities, e.g. initialization or 
positioning it cannot be stopped. 
 
The interface also contains several indicators. There is a 3D graph that shows the position of the 
Stewart platform when it has reached the desired position, indicators to show the calculated and 
actual leg lengths and status LEDs to indicate error and status. 
 

motor 3 

sector 2 

sector 3 

sector 1 

motor 2 

motor 1 
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The calculated leg lengths are displayed, the calculated leg lengths are the leg lengths calculated 
by the first version of the MATLAB program. That program has been integrated with a 
MATLAB script node in LabView. These values can be compared to the actual leg lengths that 
are displayed to the right of the calculated leg lengths. Comparing these values gives the error, 
which is typically less than 10 micrometers. 
 

 
Figure 36. The user interface in LabView. 

4.7.2. Motors 

The motors used in the prototype are not the motors that will be used in the Stewart platform but 
much larger brushed DC motors, see Figure 37. However, the type and model of the motor is not 
important as the servo drivers are intelligent. Many different motor types, including brushed and 
brushless DC motors can be connected to the servo driver and once configured the servo driver 
will be able to control the motor. The user sends high level commands, such as go to position X, 
and those commands does not differ between different motor types.  
 

 
Figure 37. The motors in the prototype are much larger than those that will be used in the 

Stewart platform. 
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4.7.3. Control system 

The control system is written in LabView and is based on an existing program for motor control. 
The existing program can control the speed or position of eight motors, one at a time. In this 
thesis this program has been rewritten to control six motors simultaneously and the MATLAB 
program written to control the Stewart platform has been integrated. The program is designed as 
a state-machine using the existing LabView template for state-machines. The State-machine has 
four states, initialize, run, wait and exit, see Figure 38.  
 

 
Figure 38. The state-machine that is written in LabView to control the motors. 

 

The system starts in the state “initialize” where the legs are initialized and indexed. In this phase 
the position of the legs are also determined using an initialization sequence (see 2.9.5 - system 
testing and behavior). When the initiation process is complete the system will go to the “wait” 
state by default. The “wait” state is the system idle state, here the system is passive and only 
updates the screen with data such as actual leg lengths. If the user presses the button “RUN” 
exactly when the initiation process is complete the system will go the “run” state. In the run state 
the system positions the legs so that the position defined by the user in the interface is reached. 
The leg lengths that are required to achieve the desired position are calculated and translated to 
motor position and the command to set the motor position to that position is sent to the servo 
drivers. Note that the positioning of the motor is done by the servo drivers, not by the LabView 
program. This means that as soon as the command to move has been sent to the servo drivers the 
system will return to the “wait” state. This means that the motors can move even if the system is 
in the “wait” state. If the “STOP” button is pressed when the system is in the wait state the 
program will terminate. However, the stop button cannot be pressed if the system is in any other 
state than “wait”.  

4.7.4. Circuits and electronics 

In the prototype the motherboard that has been developed in this thesis project has not been used. 
The reason that motherboard has not been used is that it has been adapted to the Faulhaber 
0620C012B motors. The connector is not configured as the connectors of the DC motors in the 
Gamma Knife. It is possible to control those motors with the motherboard but that would require 
all connectors of the motors to be reconfigured. This is possible to do but tedious and not 
considered necessary.  
 
A much simpler solution is to use the existing motherboard for eight motors that is developed to 
control the motors of the Gamma Knife. The LabView program to control the motors is the same 
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for both motherboards and in theory, once the new motors have been tuned in and the parameters 
has been programmed into the servo drivers, the computer with the LabView program can just be 
connected to the motherboard developed in this thesis project and the system will run, see Figure 
39. 
 

 
Figure 39. The control system. The black box contains a power supply unit, the computer with 

the LabView program and the motherboard for the servo drivers. 

4.7.5. System testing and behavior 

The behavior of the prototype is similar but obviously not identical to the behavior of the Stewart 
platform. One major difference is the difference in loads and motor size. The motors used in the 
prototype are much stronger and bigger than those that will be used in the Stewart platform. The 
load is also very different, in the prototype the load is the heavy collimator plates, in the Stewart 
platform the load will just be an instrument. This will affect the speed of the system. Tests show 
that the prototype is probably faster than the Stewart platform. Positioning in the prototype can 
be done in less than 3 seconds, in the Stewart platform positioning is expected to take up to 10 
seconds.  
 
However, the differences do not affect the initialization process. When the Stewart platform is 
started it does not know the position of the legs as there is no absolute encoder. Therefore the 
Stewart platform needs to go to a known position during the initiation phase. A simple way of 
doing this is to let the motors go to a mechanical end stop and when all six motors are pressing 
against the mechanical end stop a known position is reached. The Stewart platform can then 
move to any start position, e.g. the centre of the workspace. This initiation process is allowed to 
take longer time than positioning as the force when the legs are hitting the mechanical end stop 
must be low to avoid damage. Therefore the speed when the legs are retracting during initiation 
is very slow. This initiation process has been successfully tested in the prototype. The initiation 
is done in three steps, first the sectors are initiated. Then, the sectors are moved to the bottom 
and when all plates press against the bottom the lengths of all legs are defined as zero. When that 
is done, the legs move up to the user defined neutral position, see Figure 36 (define neutral). 
 
When the initiation is complete the motors can be positioned to reach a position within the 
workspace. The speed of the motors is adjusted to ensure that the motors reach their target 
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unit 

computer 
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position at the same time. As the required stroke to reach the target position may differ for 
different motors, the speed must be individually set. The speed is derived from the time it takes 
for the leg with the longest stroke to reach its position. This time is calculated as: 
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The speed is then calculated as: 
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It is believed that the adjustment of speed will decrease the tensions in the Stewart platform 
when it is repositioned. It should also make the top plate of the Stewart platform more stable 
when it is positioning. However, as no forward kinematics calculations have been done in this 
thesis project, the behavior of the top plate during positioning cannot be determined.
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5. Analysis 
No model or theory have been invented during this thesis project, all results are modifications or 
fusions of existing knowledge. The Stewart platform was first mentioned in a paper by D. 
Stewart in 1964. [5] Since then researchers and engineers have studied the properties of the 
platform.  

 
The Stewart platform is characterized by its high stiffness and high load capacity. The high load 
capacity can be explained by its parallel structure that distributes the load over six legs. These 
characteristics have made the Stewart platform an increasingly popular structure for robots in the 
industry, it can be used in many applications e.g. CNC machines [6] and for positioning mirrors 
in a telescope [14]. There has also been research on using the Stewart platform as a force-torque 
sensor. [2] As there are six degrees of freedom (three translational and three rotational) and the 
Stewart platform have six legs, a load can be decomposed to a force and a momentum vector if it 
is applied to the Stewart platform. This is done by measuring the forces in the legs and as the 
number of non-parallel legs and degrees of freedom are the same i.e. six equations and six 
unknown variables, the load can be decomposed to a force and a momentum vector. 
 
The theory of the Stewart platform has been studied and using the results a program that 
calculates the leg lengths as a function of a position has been written. The program is parameter 
based and can be used to solve the inverse problem for any Stewart-platform.  
 
The method used to calculate the forces in the legs are derived from the research on how to use 
the Stewart platform as a force-torque sensor. In the case of a Stewart platform based force-
torque sensor the leg forces are known but the applied load is not. In this thesis project the leg 
forces needs to be calculated as a function of a known load. The method used to find the leg 
forces is a modification of the method used to construct a Stewart platform based force-torque 
sensor. 
 
One of the drawbacks of the Stewart platform is its limited workspace. A classical serial robot is 
very likely to have larger workspace than a Stewart platform of the same size. This problem have 
been experienced also in this thesis project. The screws attached to the motors that will be used 
in the first prototype have a length that is limited to 40mm. To be able to reach the desired 
workspace with that limited stroke length the geometry had to be modified. In a classical serial 
kinematic robot a stroke length that is larger than the workspace would ensure that the 
workspace could be reached, this is not the case in a parallel kinematic structure like the Stewart 
platform. However, a geometry with satisfactory workspace could be found for the Stewart 
platform. 
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6. Conclusion 
The Stewart platform is a feasible alternative for positioning of an instrument in 6D with high 
precision, the parallel kinematic structure of the Stewart platform also makes it stiff and rigid. 
This enables it to hold its position even under relatively high external loads (up to 1 kg).  
 
The calculations made in this thesis project suggest that the Stewart platform will be able to 
position a load of at least 1 kg in a workspace that is defined as a cube of 2x2x2cm. The inverse 
kinematics required to reach a certain position has been calculated and the results has been 
verified.  
 
The behavior of the Stewart platform has been simulated using the motors on the Gamma Knife 
and the results have been satisfying. The control system that simulates the behavior of the 
Stewart platform on the motors of the Gamma Knife should also be able to control the motors in 
the Stewart platform prototype. However, this cannot be confirmed as the hardware required to 
test the control system on the real prototypes is not available. 
 
The mechanical solution for the Stewart platform with a suitable geometry has also been 
developed in the company in parallel with the thesis project and suitable motors has been chosen 
and ordered.  

During this thesis project all necessary calculations have been made, the control system is 
designed and the mechanical solution has been developed. At the completion of this thesis 
project the step to a first prototype of the Stewart platform based servo unit is very small. 
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7. Future improvements 
As this Stewart platform has been developed within the scope of a Master of Science Thesis the 
design have much potential for improvement. Some of the main possibilities of improvement are 
listed below: 

 

• The Faulhaber 0620C012B motors needs to be implemented and tested. 

• The mechanics for the Stewart platform needs to be assembled and tested. 

• The current initiation sequence is a brute-force initiation where all legs are forced to a 
mechanical stop, a more intelligent initiation process is desirable. 

• The control electronics can be made smaller. The Technosoft servo drivers are very 
overpowered for this application and the motherboard is oversized (to fit an existing 
chassis). It is probably possible to fit all motor control electronics on a credit-card sized 
board that can be attached to the Stewart-platform eliminating a large number of wires. 

• The movements could follow an optimized trajectory. Currently, the Stewart-platform 
moves from point A to point B, without regard for the path from A to B. 

• The workspace has been defined as a cube, it would be interesting to examine how large 
the workspace is if it would be defined as a sphere. 

• The forward kinematics has not been calculated in this project. Calculation of the forward 
kinematics would make it possible to verify that the desired position has been reached. 

• The Stewart platform has six degrees of freedom but in this case only five degrees of 
freedom are required. It would be interesting to investigate if a Stewart platform with five 
legs and five degrees of freedom can be developed and if it can be used in this 
application. 

• The end points of the legs of the Stewart platform is placed along a circle in a classical 
Stewart platform, it would be interesting to investigate how other structures would affect 
the properties of the Stewart platform. 
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Appendix A - Requirements specification 
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Appendix B - Concept decision matrix 
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Appendix C - MATLAB code for version 3 
 
% Calculates the forces and leg lengths of the Stewart platform for a 
% number of extreme positions and a number of force and momentum 
% directions. 
% The output of the program is required stroke length, minimum leg length 
% and maximum force. The required stroke length is defined as the maximum  
% detected stroke length for any leg that is required to reach the  
% workspace. The minimum leg length is the minimum detected leg length of  
% any leg during the iterations. The maximum leg force is the maximum  
% detected leg force during the iterations and the program also displays 
% at which position it occurs. 
% 
% Rui Chen, 2009-11-09 

  
clear 

  
deg2rad = pi/180; 

  
alpha_t = 15*deg2rad; 
alpha_b = 15*deg2rad; 

  
radius_t = 0.025; 
radius_b = 0.035; 

  
num = 1; 
default = input('use default values? (y/n): ','s'); 
if default == 'y' 
    Fmin = -1; 
    Fstep = 1; 
    Fmax = 1; 
    force_abs_val = 10; 
    Mmin = -0.1; 
    Mstep = 0.2; 
    Mmax = 0.1; 
    Xposmin = -0.01; 
    Xposmax = 0.01; 
    Xposstep = Xposmax - Xposmin; 
    Yposmin = -0.01; 
    Yposmax = 0.01; 
    Yposstep = Yposmax - Yposmin; 
    Zposmin = 0.055; 
    Zposmax = 0.075; 
    Zposstep = Zposmax - Zposmin; 
    Rmin = -0.1920; 
    Rmax = 0.1920; 
    Rstep = Rmax - Rmin; 
elseif default == 'n' 
    Fmin = input('Force vector min: '); 
    Fstep = input('Force vector step: '); 
    Fmax = input('Force vector max: '); 
    force_abs_val = input('Force size: '); 
    Mmin = input('Momentum vector min: '); 
    Mstep = input('Momentum vector step: '); 
    Mmax = input('Momentum vector max: '); 
    Xposmin = input('X min: '); 
    Xposstep = input('X step: '); 
    Xposmax = input('X max: '); 
    Yposmin = input('Y min: '); 
    Yposstep = input('Y step: '); 
    Yposmax = input('Y max: '); 
    Zposmin = input('Z min: '); 
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    Zposstep = input('Z step: '); 
    Zposmax = input('Z max: '); 
    Rmin = input('Rot min: '); 
    Rstep = input('Rot step: '); 
    Rmax = input('Rot max: '); 
end 

  
for x = Fmin:Fstep:Fmax 
    for y  = Fmin:Fstep:Fmax 
        for z = Fmin:Fstep:Fmax 
            for mx = Mmin:Mstep:Mmax 
                for my = Mmin:Mstep:Mmax 
                    for mz = Mmin:Mstep:Mmax 
                        for X_pos = Xposmin:Xposstep:Xposmax 
                            for Y_pos = Yposmin:Yposstep:Yposmax 
                                for Z_pos = Zposmin:Zposstep:Zposmax 
                                    for x_rot = Rmin:Rstep:Rmax 
                                        for y_rot = Rmin:Rstep:Rmax 
                                            for z_rot = Rmin:Rstep:Rmax 

  
% ***************************indentation removed*************************                                                

force_unit_vec = [x y z]; 
force_unit_vec = force_unit_vec / norm(force_unit_vec); 
force_vec = force_unit_vec * force_abs_val; 
momentum = [mx my mz]; 

  
% Connection points on base and top plate w.r.t. World frame at the center 
% of the base plate 
pos_base = []; 
pos_top = []; 

  
% Calculation of rotation 
Normal_origin = [0 0 1]; 

  
% Normal to the plane after rotation 
Normal_post_rotation = cross([cos(y_rot), 0, sin(y_rot)],[0, cos(x_rot), 

sin(x_rot)]);  

  
% scale to unit vector 
Normal_post_rotation = Normal_post_rotation/norm(Normal_post_rotation); 

  
% The vector of rotation (rotation in x,y,z can be described as a rotation  
% around this axis) 
Vector_of_rotation = cross(Normal_origin, Normal_post_rotation);  
if norm(Vector_of_rotation) == 0 % to avoind zero division 
    Vector_of_rotation = [0 0 0]; 
else 
    % scale to unit vector 
    Vector_of_rotation = Vector_of_rotation/norm(Vector_of_rotation);  
end 

  
%A*B = |A||B|cos(angle)' 
Rotation_angle = acos(Normal_origin*Normal_post_rotation');  

  
for i = 1:3, 
  % base points 
  angle_m_b = (2*pi/3)* (i-1) - alpha_b; % offset (-) 
  angle_p_b = (2*pi/3)* (i-1) + alpha_b; % offset (+) 
  % position of end point of a leg on the base plate 
  pos_base(2*i-1,:) = radius_b* [cos(angle_m_b), sin(angle_m_b), 0.0];  
  pos_base(2*i,:) = radius_b* [cos(angle_p_b), sin(angle_p_b), 0.0];  
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  % top points 
  % Top points are 60 degrees offset relative the base plate 
  angle_m_t = (2*pi/3)* (i-1) - alpha_t + 2*pi/6;  
  angle_p_t = (2*pi/3)* (i-1) + alpha_t + 2*pi/6; 
  % position of end point of a leg on the top plate 
  pos_top(2*i-1,:) = radius_t* [cos(angle_m_t), sin(angle_m_t), 0]; 
  pos_top(2*i,:) = radius_t* [cos(angle_p_t), sin(angle_p_t), 0]; 

  
  % rotation to input coordinates 
  % rotation around the x and y axis 
  Ux = Vector_of_rotation(1); 
  Uy = Vector_of_rotation(2); 
  Uz = Vector_of_rotation(3); 
  c = cos(Rotation_angle); 
  s = sin(Rotation_angle); 

  
  Matrix_of_rotation = [Ux^2+(1-Ux^2)*c Ux*Uy*(1-c)-Uz*s Ux*Uz*(1-c)+Uy*s 
                      Ux*Uy*(1-c)+Uz*s Uy^2+(1-Uy^2)*c Uy*Uz*(1-c)-Ux*s 
                      Ux*Uz*(1-c)-Uy*s Uy*Uz*(1-c)+Ux*s Uz^2+(1-Uz^2)*c]; 

  
  pos_top(2*i-1,:) = Matrix_of_rotation*pos_top(2*i-1,:)'; 

  
  % rotation around the z axis 
  Ux = Normal_post_rotation(1); 
  Uy = Normal_post_rotation(2); 
  Uz = Normal_post_rotation(3); 
  c = cos(z_rot); 
  s = sin(z_rot); 

  
  Matrix_of_rotation = [Ux^2+(1-Ux^2)*c Ux*Uy*(1-c)-Uz*s Ux*Uz*(1-c)+Uy*s 
                      Ux*Uy*(1-c)+Uz*s Uy^2+(1-Uy^2)*c Uy*Uz*(1-c)-Ux*s 
                      Ux*Uz*(1-c)-Uy*s Uy*Uz*(1-c)+Ux*s Uz^2+(1-Uz^2)*c]; 

  
  pos_top(2*i-1,:) = Matrix_of_rotation*pos_top(2*i-1,:)'; 

   
  % rotation around the x and y axis 
  Ux = Vector_of_rotation(1); 
  Uy = Vector_of_rotation(2); 
  Uz = Vector_of_rotation(3); 
  c = cos(Rotation_angle); 
  s = sin(Rotation_angle); 

  
  Matrix_of_rotation = [Ux^2+(1-Ux^2)*c Ux*Uy*(1-c)-Uz*s Ux*Uz*(1-c)+Uy*s 
                      Ux*Uy*(1-c)+Uz*s Uy^2+(1-Uy^2)*c Uy*Uz*(1-c)-Ux*s 
                      Ux*Uz*(1-c)-Uy*s Uy*Uz*(1-c)+Ux*s Uz^2+(1-Uz^2)*c]; 

  
  pos_top(2*i,:) = Matrix_of_rotation*pos_top(2*i,:)'; 

  
  % rotation around the z axis 
  Ux = Normal_post_rotation(1); 
  Uy = Normal_post_rotation(2); 
  Uz = Normal_post_rotation(3); 
  c = cos(z_rot); 
  s = sin(z_rot); 

  
  Matrix_of_rotation = [Ux^2+(1-Ux^2)*c Ux*Uy*(1-c)-Uz*s Ux*Uz*(1-c)+Uy*s 
                      Ux*Uy*(1-c)+Uz*s Uy^2+(1-Uy^2)*c Uy*Uz*(1-c)-Ux*s 
                      Ux*Uz*(1-c)-Uy*s Uy*Uz*(1-c)+Ux*s Uz^2+(1-Uz^2)*c]; 

  
  pos_top(2*i,:) = Matrix_of_rotation*pos_top(2*i,:)'; 
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  % translation to input coordinates 
  pos_top(2*i-1,:) = pos_top(2*i-1,:) + [X_pos, Y_pos, Z_pos]; 
  pos_top(2*i,:) = pos_top(2*i,:) + [X_pos, Y_pos, Z_pos]; 
end 

  

  
% permute pos_top points so that legs are end points of base and top points 
%6th point on top connects to 1st on bottom 
pos_top = [pos_top(6,:); pos_top(1:5,:)];  

  
% leg vectors 
legs = pos_top - pos_base; 
leg_length = [ ]; 
for i = 1:6, 
  leg_length(i) = norm(legs(i,:)); 
end 

  
% calculation of leg forces 
for i = 1:6 
   % unit vector for one leg, origo is the centre of the top plate 
   l(i,:) = (pos_base(i,:)-pos_top(i,:))/norm(pos_base(i,:)-pos_top(i,:)); 

    
   % the cross product of a leg vector and a vector from the upper end of 
   % the leg to origo. 
   mc(i,:) = cross((pos_top(i,:)-[X_pos Y_pos Z_pos]),l(i,:)); 
end 

  
% external forces 
external_forces = [force_vec(1) force_vec(2) force_vec(3) momentum(1) 

momentum(2) momentum(3)];  

  
D_matrix =  [l(1,1) l(2,1) l(3,1) l(4,1) l(5,1) l(6,1) 
            l(1,2) l(2,2) l(3,2) l(4,2) l(5,2) l(6,2) 
            l(1,3) l(2,3) l(3,3) l(4,3) l(5,3) l(6,3) 
            mc(1,1) mc(2,1) mc(3,1) mc(4,1) mc(5,1) mc(6,1) 
            mc(1,2) mc(2,2) mc(3,2) mc(4,2) mc(5,2) mc(6,2) 
            mc(1,3) mc(2,3) mc(3,3) mc(4,3) mc(5,3) mc(6,3)]; % Dwarakanath 

matris 

  
% Instead of multiplying the matrix by its inverse, use matrix right  
% division (/) or matrix left division (\). That is: 
% Replace inv(A)*b with A\b 
% Replace b*inv(A) with b/A 
leg_forces_D = D_matrix\external_forces'; % A\b = inv(A)*b, inv är långsam 

och har dålig precision 

  
for i = 1:6 
    alpha(i) = acos(l(i,:)*[l(i,1) l(i,2) 0]'); 
end 

  
LegForces(num) = max(abs(leg_forces_D)); 
LegLength(num,:) = leg_length; 
LegAngle(num) = max(alpha); 
info(num,:) = [x y z force_abs_val mx my mz X_pos Y_pos Z_pos x_rot y_rot 

z_rot]; 
count(num) = num; 
num = num + 1; 

                                                 
% ***********************indentation resumed***************************** 

                                                 
                                            end 
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                                        end 
                                    end 
                                end 
                            end 
                        end 
                    end 
                end 
            end 
        end 
    end 
end 

  
MaxF = max(LegForces); 
MinF = min(LegForces); 
for i = 1:max(size(LegForces)) 
    if MaxF == LegForces(i) 
        MaxF_num = i; 
    elseif MinF == LegForces(i) 
        MinF_num = i; 
    end    
end 

  
disp('Parameters at max load: '); 
disp(info(MaxF_num,:)'); 

  
disp('Max leg forces: '); 
disp(max(LegForces)); 

  
MaxL = max(max(LegLength)); 
MinL = min(min(LegLength)); 

  
for i = 1:6 
    LegStroke(i) = max(LegLength(:,i))-min(LegLength(:,i)); 
end 

  
stroke = max(LegStroke); 
disp('Required stroke length: '); 
disp(stroke); 

  
for i = 1:max(size(LegLength)) 
    if MaxL == max(LegLength(i,:)) 
        MaxL_num = i; 
    elseif MinL == min(LegLength(i,:)) 
        MinL_num = i; 
    end    
end 

  
disp('min length: '); 
disp(MinL); 

  
plot(count,LegForces); 
xlabel('num'); 
ylabel('Max Fleg'); 
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Appendix D - Motor decision matrix 

 

  


