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Sammanfattning 
Projektets mål var att optimisera och konstruera en rotationell parallel platform för användning 

inom träning för laparoskopi. Optimeringen baserades på fyra variabler; aktuator placering, 

aktuator vinkel, bottenben längd och toppbens längd. Optimeringens mål var att maximera 

platformens arbetsvolym. Två optimeringar utfördes, en baserad på translationell arbetsvolym 

och en baserad på rotationell arbetsvolym.  

En mjukvarumodell av en rotationell platform utvecklades som ett objekt i Matlab. Detta tillät ett 

enkelt sätt att ändra variabler på platformen, utvärdera platformen baserat på nya variabler samt 

enkelt visualisera ändringarna.  

För att utvärdera volymerna av arbetsområdet utvecklades en algoritm som hittar kanterna av 

platformens arbetsvolym. Denna algoritm anses vara betydligt effektivare än tidigare rutnäts 

metoder som ofta använts för detta syfte. För att utvärdera rotationella arbetsvolymen 

utvecklades ett nytt mått som kallas angular agility där arean av en yta runt varje rotationsaxel 

vid noll grader beräknas. Detta implementerades då en komplett rotationsvolym kalkyl i alla 

möjliga positioner ansågs vara för tidskrävande. 

Plattformen optimerades med hjälp av en genetisk algoritm som implementerades i Matlab. All 

optimering utfördes med en population av 100 plattformer, mutation av -10 – 10 mm och grader 

och en minimal förbättring med 2 procent per iteration.   

Den translationsoptimerade platformen ger en arbetsvolym som är 630% större än 

originalplatformen. Den rotationsoptimerade platformen ger en rotationsvolym som är 77% 

större än originalplatformen. 

Test av den translationsoptimerade platformen påvisade fel i originalkoden för platformen som 

åtgärdades. Efter åtgärdningen påvisade tester att mjukvarumodellen och den konstruerade 

platformen överrensstämde väl.    

All kod som skrevs under projektet är tillgänglig med bifogas ej i rapporten på grund av 

mändgen kod som producerades. 
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Abstract 
The goal of this project was to optimize and construct a rotational parallel platform for use in 

training of Laparoscopic surgery. The optimization was based on four variables; actuator 

position, actuator angle, bottom leg length and top leg length. The goal of the optimization was 

to maximize the platforms workspace volume. Two optimizations were performed, one based on 

translational workspace volume and one based on rotational workspace volume. 

A software model of a rotational parallel platform was developed as an object in Matlab. This 

allowed for a simple way of changing variables of the platform, evaluate the platform based on 

the new variables and a simple way of visualizing the changes.   

To evaluate the volumes of the workspace, an edge search algorithm was developed that finds 

the edges of the workspace of the platform. This algorithm is very adaptable and is deemed to be 

significantly more efficient than conventional grid based searches which are often used for this 

purpose. To evaluate the rotational workspace volume a new measure was developed; angular 

agility. The area of a surface around each of the rotational axes at zero degrees is measured. This 

was implemented since a complete rotational volume evaluation in all edge positions of the 

workspace is too time inefficient for optimization. 

The platform was optimized with the help of a genetic algorithm that was implemented in 

Matlab. All optimization was performed with a population of 100 platforms, a mutation rate of -

10 – 10 mm and degrees and a minimum improvement rate of 2 percent per iteration.  

The translational optimized platform gives a workspace volume which is 630% larger than the 

original platform. The rotational optimized platform gives a rotational volume that is 77% larger 

than the original platform. 

Initial tests of the translational optimized platform revealed faults in the original code for the 

existing platform. After adjusting the code further testing showed close relation between the 

software model and the constructed platform.  

All code written during the project is available but is not included in the report due to the volume 

of code produced. 
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1  INTRODUCTION 

This chapter describes the background of laparoscopy as well as parallel platforms. It will also 

state the purpose of the project along with limitations set and methods used to accomplish the 

goals. 

 

 

1.1 Background 

This section will give a brief description of laparoscopy in section 1.1.1 and parallel 

manipulators in 1.1.2.  

 

1.1.1 Laparoscopy 

Laparoscopy is a broader term for minimally invasive surgeries within the abdominal and pelvic 

cavities. Due to the advantages it brings in regards to post-operative complications and reduction 

of recovery times, Laparoscopy has gained an increasing amount of popularity during the last 

couple of decades despite the higher cost compared to open surgeries (N. El-Fellah, 2011). 

There are two types of laparoscopic surgeries; multiple-port Laparoscopy which requires 

multiple small incisions in the abdomen such as the robotic assisted Da Vinci system  (Intuitive 

Surgical, Inc., 2012) , and single-port Laparoscopy which uses a single incision point usually in 

the naval area as the only point of entry. GelPOINT (Applied Medical Resources Corporation, 

2012) is such a system. 

After an initial incision point is made, the abdomen is insufflated with carbon dioxide to create a 

pneumoperitoneum which gives surgeons room to work within the abdominal cavity. Carbon 

dioxide is mainly used because it can naturally be disposed of by the body through respiration 

and also due to the nonflammable nature of the gas. This is important since many procedures use 

electric or plasma cutters to cut off tissue and stop hemorrhaging during surgeries. 

In general the incisions are between 5-15 mm in length (G. de Candolle, 2008). Trocars are 

placed in the incision holes to act as access ports and are sealed to maintain the 

pneumoperitoneum in the abdomen. In procedures such as Cholecystectomy which involves the 

removal of the gallbladder these incisions are generally sufficient for removing tissue. If the 

tissue is too large, additional larger incisions have to be made. In these cases the surgeon may 

opt to apply hand-assisted Laparoscopy where the surgeon enters his hand into the abdominal 

cavity using a larger access port. This helps the surgeon to better approximate the position of the 

tools as well as provide tactile feedback in the form of tissue properties. 

Vision during surgery is exclusively provided by cameras inserted in the abdominal cavity and 

projected onto a screen or in the case of the da Vinci system, projected as a 3D image in the 

control console.  

 

1.1.2 Benefits of Parallel platforms 

The main idea behind parallel platforms is to eliminate the limitations imposed by serial 

manipulators. Serial manipulators consist of open-loop serial chains. The human arm is an 

example of such a manipulator. This type of manipulator offer a very wide range of movement, 

however it has two main disadvantages which makes it problematic for application in industrial 

use.  
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The first disadvantage is the relatively low load capacity to robot mass ratio (LCRMR) of serial 

chains. Since the chains grow weaker the more links you add to them as well as the fact that each 

link has to support its own weight, this problem is especially apparent in longer chains. The 

average LCRMR for serial links in 2005 was 0.06846-0.08547 (Merlet, 2006). As low as this 

may seem, even the highest ratio at the time was only about 0.25 which means that for a payload 

of 500kg the total weight of the machine needs to be 2000kg. In recent years, advancements in 

materials and components have allowed for further improvements to this ratio. The KUKA LWR 

is a lightweight serial link robot with a load capacity of 7kg with a weight of 16kg which brings 

the LCRMR to 0.4375 (KUKA robotics, 2012). This does however not hold up to scaling.  

The second disadvantage stems from the generally poor accuracy of serial manipulators. 

Accuracy is defined in two different forms, absolute and repeatability. Absolute accuracy 

measures the distance between actual position and the desired position of the end effector while 

repeatability measures the maximum distance between two positions of the end effector for the 

same desired pose from different starting points. Manufacturers often indicate the repeatability 

which provides a far better number than the absolute accuracy, but is not always the most desired 

information. In serial chains the absolute accuracy is generally quite poor which is mainly due to 

the fact that it is quite difficult to measure and compensate for. The main factors that affect the 

absolute accuracy are;  

- The accuracy of the sensors 

- Clearance of the drives (backlash)  

- Flexure of the links 

The accuracy of the sensors adds up with each extra sensor needed with each extra link in the 

chain, which significantly lowers the overall accuracy the longer the serial chain is. Backlash is 

due to the clearance needed between the cogs in the drives. This adds a bit of playroom and adds 

to measurement errors. There are however zero backlash designs such as the harmonic drive 

(Lauletta, 2006) 

 

1.2 Purpose 

While the use of Laparoscopic surgery as a replacement for open surgery grows, there is a lack 

of proper training tools to efficiently facilitate and evaluate the learning process of the 

procedures. Unlike open surgeries which are generally taught through a steady responsibility 

shift from the surgeon to the trainee, Laparoscopic surgery involves a steeper learning curve and 

requires more personal training methods which don’t involve live patients. This is due to the fact 

that Laparoscopic surgery requires development of an entirely new psychomotor (Maria P. 

Laguna, 2005). The problems involved with training in Laparoscopy are further discussed in 

section 2.1 of this report. 

TWIns (Tokyo Women’s Medical University – Waseda University joint Institution for Advanced 

Biomedical Sciences) has been asked by Kyushu University Hospital to develop a platform for 

training of Laparoscopic surgery.  

The project is currently in its’ second year of development and a rotational parallel platform has 

been developed upon which a training module is to be placed and then put inside a Laparoscopic 

training box. This allows for simulated movement of organs and patient breathing during 

procedures.  

In its current state, the workspace of the platform is deemed too small and the motion of the 

platform isn’t smooth. Therefore the purpose of this thesis is to optimize the workspace of the 

platform as well as improve the control of said platform if time permits it.  
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Figure 1. Top: View of the platform at its current state. Bottom: Proposed implementation with a training module 

on the end effector. 

1.3 Delimitations 

Due to the scope of the project, certain limitations have to be set in order to be able to meet the 

goals within the limited time frame. Due to differences in semester periods between Sweden and 

Japan the effective time period for which the project is to be finished in is about 4 months (April 

2012 – August 2012).  

The main objective of the thesis is to optimize the workspace of a rotational parallel platform 

based on the length of the leg joints and position of the motors. Apart from maximizing the 

spatial workspace, the rotational workspace within the workspace is also to be evaluated. All 

work will stem from the currently existing platform in order to save time and resources.  

The control of the platform will be set as a secondary goal. It is believed that the current platform 

has several control issues that need to be addressed. These issues include stuttered motion of the 

platform as well as possible miscalculations in drive movement. However due to the time 

limitations, there is no guarantee that there will be enough time to fulfil this goal.   
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2  FRAME OF REFERENCE 

This chapter will further explain the background and existing research of training in 

Laparoscopy and parallel manipulators. Section 2.1 will handle Laparoscopy while 2.2 handles 

parallel manipulators and specifically the rotational parallel platform.  

 

 

2.1 Training in Laparoscopy 

One of the main disadvantages with Laparoscopy is the skill required to perform procedures and 

the steep learning curve involved with acquiring said skills. As mentioned in section 1.1.1. the 

fundamental differences between Laparoscopy and standard open surgery makes it difficult to 

apply the same training protocols as normal surgery. Halsted-based training which is 

traditionally used is ethically unusable since it threatens the safety of patients (Ignacio Oropesa, 

2011) 

Laparoscopic procedures disturb the hand-eye coordination which most surgeons usually rely on. 

Since the operations are conducted using tools from outside the body and only relying on a video 

feed from a camera, normal hand-eye coordination does not apply. And unless the surgeons use 

tools such as the da Vinci system, which produces 3D images, an inherent 3D task has to be 

completed in a 2D environment. This disrupts the sense of depth and may cause internal damage 

to patients if distances are misjudged. Furthermore, the camera does not move in accordance to 

the surgeons’ movements but are often controlled by a camera assistant to reduce the burden on 

surgeons. A third problem that occurs is due to scaling and the tools used during procedures. 

This causes a disparity between the surgeon’s movements and the movements of the tip of the 

instruments. This is known as the Fulcrum effect (Maria P. Laguna, 2005),  (Anthony G. 

Gallagher, 2008) 

Due to fixed incision points the degrees of freedoms the surgeons can operate in are reduced 

from six to four (one translational and three rotational dof.). The perhaps biggest adjustment is 

the loss of tactile feedback. Since there is no direct contact between the surgeons’ hands and the 

tissue, it is difficult to estimate tissue properties and force applied to tissues (Maria P. Laguna, 

2005).  

The differences require surgeons to adapt to a new operating environment through the 

acquisition of an entirely new psychomotor. This is often divided into three phases. The first 

phase is referred to as the Cognitive phase where the basic steps of the procedure are learned. 

The next phase is the integration phase where the knowledge from the first phase is put into 

action. This is where the new psychomotor starts developing as the trainee gets accustomed to 

the new operating environment. The results are however unsatisfactory until the third phase is 

reached referred to as the Automatic phase. Repetitive practice is needed to reach this phase and 

allows for motor skills which are executed through automation rather than a conscious cognitive 

process (Maria P. Laguna, 2005). 

Another problem is that assessing the skills of trainees is difficult. Often students use training 

boxes with no feedback other than the end result of the practice module. The stature, force 

applied to tissue and efficiency are difficult to access. This makes progress difficult since 

improvement is based on judgment rather than data. An important part of a good training tool is 

to be able to objectively rate trainees and thereby suggest areas which need improvement. There 

are several training methods that seek to improve on these factors and facilitate easier training. 

Some of these are covered in 2.1.1.  
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2.1.1 Existing training tools 

Laparoscopic trainers are generally divided into two groups; Model-based Simulators and 

Computer-based Simulators. Section 2.1.1.1 will handle Model-based Simulators and section 

2.1.1.2, Computer-based Simulators. 

2.1.1.1 Model-based simulators 

Model-based Simulators are mechanical and modular in nature. They usually consist of different 

modules to simulate and facilitate learning of a specific part of a procedure. The complexity of 

the modules differ, however the common factor is the existence of a physical and mechanical 

training box with the same tools that are used in real laparoscopic surgery. This method was 

introduced by Dr. Kurt Semm in 1985 under the name “Pelvi-trainer”.  

Several platforms exist, such as 3-Dmeds Minimally invasive Training system (MITS) (3-Dmed) 

and Lapstar by Camtronics BV (BV, Camtronics). Apart from some minor differences, the 

training boxes offer similar functionality. Some boxes, like Lapstar offer the possibility of saving 

data from training sessions to evaluate factors such as economy of movement and time taken.  

 

Figure 2 Examples of model based trainers. Left: Stryker laparoscopic video tower on a Park Trainer Laparoscopic 

Cart. Center: The Minimally Invasive Surgical Trainer (Joystick Simscope). Right: FLS trainer box with a display 

from Stryker tower. (James R. Korndorffer Jr M.D., 2012) 

The main differences lie in the training modules that are available. Due to the simple nature of 

the training boxes, the range of modules available is very wide. The most basic modules are 

aimed at training simple tasks such as suturing and cutting (3-Dmed). More Advanced modules 

try to mimic entire organs and in some cases also simulate blood flow and pulsation of organs. 

These modules are often referred to as Pulsate Organ Perfusion (POP) trainers or Biological 

endotrainers (Maria P. Laguna, 2005), ( Pro Delphus). Another method that is used in countries 

where it is allowed, is training on animal organs or cadavers. This method however is restricted 

in most countries due to laws regarding the use of animal cadavers as well as the requirements it 

puts on the training environment (AIIMS Laparoscopic Centre). 

There are several advantages with using Model-based Simulators. The initial investment is often 

smaller than that of a computer-based Simulator, which makes it a more readily available and 

accessible option. Furthermore the wide range of modules available and the possibility to 

produce new and improved modules based on need and resources makes this option very 
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dynamic. Another very important advantage is the retention of the feeling of using mechanical 

tools. One can train on what contact with tissue feels like or the force needed to puncture tissue.  

The main disadvantages are the lack of feedback and data which can be collected from training. 

It is difficult to evaluate the skill of trainees based on anything but observation and end results. 

Due to the often static nature of the modules and training boxes used, movement which would be 

encountered during surgeries is very difficult to simulate, for example the movement caused by a 

patient breathing during surgery.  

 

2.1.1.2 Computer-based Simulators 

Computer-based Simulators are based on computer generated graphics to simulate training of 

simple tasks or entire procedures. With advancements in robotics and computer graphics these 

simulators have become a popular choice. The obvious advantage over mechanical training 

boxes is the data that can be collected from training sessions. This information allows for 

personalized and custom training depending on the needs of the trainee. In recent platforms, 

haptic feedback is implemented to better simulate operation conditions. Without haptic feedback 

the platform loses an integral part of the training, growing accustomed to the feel of the tools and 

their interaction with tissue.  

The cost of the training platforms is the main limiting factor. They cost considerably more than 

Model-based training boxes. Although the additional cost of modules is saved, the major initial 

investment demands for the platforms to be sustainable for a longer period of time. With the 

rapid advancements in both robotics and computer graphics it is very likely that every iteration 

of the platforms will result in significant improvements over the previous versions. Which makes 

the investment fairly risky (Maria P. Laguna, 2005), (Mentice), (Surgical Science), (OKB 

Medical), (Jens-Uwe Stolzenburg, 2007). 

 

Figure 3 The simulator based trainer Lap Mentor from Simbionix. The images to the right show screenshots from 

simulation training sessions. (Simbionix USA Corporation, 2012) (OKB Medical) 

Even though Computer-based Simulators have grown in popularity, there are studies that suggest 

there is no distinct difference in results in suturing skills when comparing Model-based 

Simulators with Computer-based Simulators (Elspeth M. McDougall, 2008). (Diana L. Diesen 

M.D., 2011) 
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2.2 Parallel platforms 

There are two ways of solving the position of the end effector in a parallel platform; through 

forward/direct or inverse kinematics. Forward/direct kinematics involves calculating the position 

of the end effector based on the length of the joints. This approach, while it may seem logical, 

often results in multiple solutions, many of which are in the imaginary plane and require 

optimization algorithms and verification checks to be made viable. A lot research is being done 

on finding efficient solutions to apply forward kinematics (Xiguang Huang, 2007), (Domagoj 

Jakobovic) (Egner, 1995), (Peidong Wu, 2008). In most cases however inverse kinematics are 

sufficient and desirable since the calculations often are very straight forward. As opposed to 

forward kinematics, inverse kinematics focuses on solving the lengths of the joints based on the 

position of the end effector. For this project, inverse kinematics alone is sufficient and thus will 

be the only covered solution. This section will start by introducing the common aspects and 

annotations for most types of 6 DOF 6 legged parallel platforms. Section 2.2.1 will cover the 

inverse kinematics of the simplest parallel platform the Stewart-Gough platform and 2.2.2 covers 

the inverse kinematics of the rotational parallel platform, which is relevant for this project. 

The manipulator is divided into an end-effector and a base; both have their own separate 

specifications and spatial coordinate systems.  

 

Figure 4. Common annotations for parallel platforms  

This gives the positions for where the links are connected as follows;  
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Here Ei is the position of leg i on the end-effector, Bi is the position of the leg i on the base and P 

is the position vector between the origins of the base and the end-effector.   

The rotation of the end-effector in relation to the base is calculated using a rotation matrix based 

on rotations around the x-, y- and z-axes.   
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For simplicity’s sake the R matrix elements will only be referred to as rij. 

 

2.2.1 Inverse kinematics of the Stewart-Gough Platform 

The Stewart-Gough platform is the simplest type of 6 DOF 6 legged parallel platforms. It 

consists of 6 links using prismatic joints to vary the length of the links as seen in figure 5. All 

annotations used in the following equations are included in the aforementioned figure. 

 

Figure 5. Layout of a Stewart-Gough platform 

The inverse kinematics of the Stewart-Gough platform consists of simple vector algebra to find 

the length Li. 
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2.2.2 Inverse kinematics of the Rotational parallel platform 

The inverse kinematics for the rotational platform is a bit more complex due to the layout of the 

motors which are not prismatic but as the name infers; rotational. This means that instead of 

finding the length Li, what is sought after is the angle between the base and the leg that is 

connected to the motor by using the length Li (wi) as a reference. (l2i in figure 6).  

 

Figure 6. Layout of a rotational parallel platform 

Here two normalized directional vectors are introduced: zi, the direction of the top leg l1i and z’i 

which is the direction of the lower leg l2i. 
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Similarly simplifying for the y and z components gives 
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By using equations (14) – (16) and simplifying using trigonometric identities gives 
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Solving equation (13) using (17) with trigonometric identities and exploiting the fact that zi is a 

unit vector, the sought angle qi can be found as follows 
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Where d is 
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2.2.3 Singularities 

When designing parallel platforms one factor that needs to be thoroughly considered is the rise 

of singularities. A singularity is a position where the end-effector cannot move in a certain 

direction without losing or gaining a degree of freedom. Thus the differential equation for an 

infinitesimal movement along a direction has to equate to 0 as seen in equation (24).  

 0 
 JxJ x   (24) 

Jx and Jθ are n x n dimensional Jacobian matrixes which for 6-legged parallel platforms are 

defined as  
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The Jx Jacobian is the same for all types of parallel platforms. As before, zi is the direction of the 

top leg, R is the rotational matrix and Ei is the vector from the origin of the end-effector to the 

top leg.  

The Jθ Jacobian however is different for the different types of parallel platforms. For the 

rotational parallel platform, Jθ is defined as 

   '

ii Lzdiag
F

J 



  (26) 

Where Li
’
 is the derivative of Li with respect to qi as defined in equation (11) 

 )cossin(2

'

yiixiiii eqeqlL   (27) 

Singularities occur when either of the Jacobians become singular; whenever the determinant of the 

Jacobians equals to zero.  

 0)det( xJ  (28) 

The physical representation of a singularity due to the condition in equation (28) is that an 

infinitesimal motion of the end-effector in a certain direction cannot be achieved and usually 

occurs at the boundaries of the workspace for the parallel platform. 

 0)det( J  (29) 

The condition in (29) gives rise to a singularity where the end-effector can move in some direction while 

the actuators are locked. The platform gains an extra degree of freedom. This means that the platform 

can’t resist forces or moments applied to the end-effector in some direction.  
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3  METHOD 

This chapter will specify the requirements and methods for fulfilling the goals specified in 

section 1.2-1.3.  

 

 

3.1 Software model 

The software model will be the basis of the optimization. To have a solid software model that is 

flexible and easy to adjust will greatly simplify simulations. The requirements for this software 

model will be discussed in section 3.1.1. and the method for fulfilling the requirements in section 

3.1.2. 

 

3.1.1 Requirements for software model 

For the software model to be useful it has to fulfill a number of criteria.  

Adjustability – Since this is a optimization problem, it is important that the model is easy to 

adjust to simulate different types of rotational parallel platforms. Initially the variable parameters 

set by Professor Ishii involve top leg length, low leg length and actuator placement and direction.  

Inverse kinematics – The model has to be able to efficiently be able to perform inverse 

kinematic calculations for all positions.  

Singularities – To be able to evaluate and find a useful workspace for the models it is imperative 

that singularities can be found and avoided.  

Workspace – Finding an optimal workspace is the main objective of this project. It is therefore 

one of the main goals of the model to be able to evaluate the workspace of a specified platform. 

It is also important that the method is efficient and optimal enough to be able to be used for 

different kinds of optimization processes such as being run through a Genetic Algorithm (more 

on this in section 3.2).  

Rotational manipulability – Finding the Rotational manipulability of platforms in different 

positions is a way of evaluating the usefulness of said position. If the end-effector can move to a 

certain position but not perform any kind of rotation along any axes, that position may not be 

useful for certain applications. The rotational manipulability method also needs to be able to be 

run through a Genetic Algorithm for optimization.  

Force and torque evaluation – Since the parameters of the existing platform are going to be 

changed and the actuators can’t handle unlimited torque, measuring the torque on the actuators 

based on applied force and moment on the end-effector has to be possible.  

Visual representation – A visual representation of the models while not vital is going to be 

really helpful to better understand the physical nature of the platforms. It should also visualize 

singularities and the limitation causing said singularities.  

 

3.1.2 Method 

To ensure the adjustability of the model, the most viable implementation is an object based 

model where every model of the platform is a separate object. This will also simplify 

optimization since it offers an easy way to compare different objects. The model will be 
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implemented in Mathworks’ MATLAB (v. R2011a) (The MathWorks, Inc). This is mainly due to 

the extensive and simple mathematical toolboxes that are supplied with MATLAB.  

Alternatives would be to construct the model in less mathematically oriented languages such as 

C++, C# or Java. The main benefit would be performance boosts over MATLAB. However the 

implementation time would be significantly increased and due to time restrictions it is deemed 

unnecessary. 

 

3.2 Optimization software  

As stated in section 1.2.-1.3 the main objective of the project is to optimize the workspace of a 

rotational parallel platform. Therefore the optimization software is one of the key factors in 

successfully achieving the goals of the project.  

 

3.2.1 Requirements of optimization software 

The main requirement for the optimization software will be to successfully improve the current 

platform by varying the variables mentioned in section 1.3. The improvement factor is to be the 

workspace volume. After discussions Professor Ishii it was agreed upon that optimizing the 

platform’s rotational manipulability would be a good idea. Therefore the optimization software’s 

requirements are to be able to optimize the platform based on workspace, the platforms angular 

manipulability as well as both the workspace and the angular manipulability. No limitations are 

set on maximum workspace.  

The optimization software also needs to be able to work within the limits of what is reasonable. 

For example, while a platform whose leg lengths are one meter long would have a much larger 

workspace than one with ten centimeters, a platform with one meter long is unpractical. No 

predefined limitations will be set, however it is important the platform’s size and weight does not 

require too much torque for the actuators.  

Automation of the process will also be a requirement.  

 

3.2.2 Method  

The variables mentioned in section 1.3. require the optimization to rely on four (4) variables; top 

leg length, low leg length, position of the actuators on the base as well as the angle of the 

actuators on the base. This means that the search space is too large to search through using step 

searches (for loops). Limiting the leg lengths to 200 mm would still mean that there are 864 

million permutations to search through.  

Another alternative is the use of a genetic algorithm to optimize the platform. Due to the fact that 

genetic algorithms perform random searches, the number of permutations needed to reach a 

result is significantly reduced. The downside with genetic algorithms is that their randomness 

also may generate different results every time they are run depending on the conditions set on the 

algorithm. However it is deemed that the advantages of using a genetic algorithm outweigh this 

demerit.  

Since the goal is to make the software model into an object based platform in MATLAB, the 

optimization software will also be written using MATLAB. This may reduce the efficiency over 

using an existing genetic algorithm. However time restrictions make this a better alternative 

since it would require extensive research into the subject.  
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3.3 Platform construction 

After finding the parameters for an optimized platform; the existing platform is to be modified to 

fit the model. This means that new hardware needs to be used. There is also a need to update the 

platform’s software to be able to run using the new hardware.   

 

3.3.1 Requirements for platform construction 

The four variables that are to be changed will require construction of three (3) new parts; the top 

leg, the lower leg and a new base plate with new actuator locations.  

Since these all depend on the outcome of the optimization no further requirements are set at this 

point.  

The current control software is written in C++ using Borland C++ Builder 6.0. This is an 

outdated version of the C++ Builder and therefore the development has to be completed using 

the same version to avoid compatibility problems.  

 

3.3.2 Method 

The Takanishi lab uses SolidWorks for all their in-house CAD drawings, therefore all new CAD 

work will be done in SolidWorks (v. 2008 SP2.1) (Dassault Systèmes SolidWorks Corp.).  

All new parts will be modeled to be compatible with existing parts to minimize costs. 

The new base plate will be created using a Connex 500 (Objet Inc.) 3D printer which is available 

at the lab.  

As mentioned in the requirements section above, the current software is written using a outdated 

version of the C++ builder. Therefore there may be problems running the IDE on newer 

operating systems. If possible, a computer using Windows XP will be used to avoid 

compatibility issues.   
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4  IMPLEMENTATION 

This chapter will focus on the implementation of the parts of the project mentioned in chapter 3.  

 

 

4.1 Implementation of software model 

The software model was realized by making an object based model of a rotational parallel 

platform in MATLAB (v. R2011a). The most significant features are described below. 4.1.1 

handles the inverse kinematic calculations of the object. 4.1.2 covers the workspace evaluation, 

4.1.3 the angular agility,  4.1.4 Forces and Torque 4.1.5 singularity detection and limits and 

lastly 4.1.6 covers the visual representation of the platform.   

Due to the amount of code written, source code will not be published in this report. All code is 

however available and functioning. 

The parameters that can be changed to modify the platform are as follows; 

- Translation in x,y and z direction. 

- Rotation around x,y and z axis.  

- actuator delta and actuator angle delta (please note that these variables are different from 

the ones presented in equation (1) see figure 7 below)  

- length of the top and lower leg 

- motor position angles 

- Base and End-effector radii 

- Limit of joint flexibility 

- Various properties to aid properly model the actual physical properties of the platform 

Function call:  platform(Base_radius, End_radius, Delta_end, Delta_base, 
Delta_motor, Lowleg_length, Topleg_length, Xrot, Yrot, Zrot, Xtrans, Ytrans, 

Ztrans, Joint_flex) 

 

Figure 7. Clarification of platform variables. Left: delta_base and delta_motor as specified in the software model. 

Right: lowleg_length and topleg_length as specified in the software model. 
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4.1.1 Inverse Kinematics 

Function call: <obj>.inversekin 

The method ”inversekin” uses the current settings of the platform and perform inverse kinematic 

calculations based on the method described in 2.2.2. However due to design of the existing 

platform extra parameters have to be calculated in order to simplify the construction process of 

the platform. These include the lengths of the physical lower leg and position of the end-effector 

joint connectors for example. While this adds some calculation time to the calculations, these 

calculations are essential to produce a valid model, especially during singularity and workspace 

evaluations.  

 

Figure 8. Differences between the physical platform and the platform properties used during inverse kinematics 

calculations. 

Figure 8 shows the physical platform parts as blue while the inverse kinematics calculations are 

based on the black lines. As seen the length of the physical lower leg differs from the inverse 

kinematic calculations. But they also change the angles at the knee-joint of the platform and 

significantly improve the reachable workspace of the platform.  The method also calculates the 

Jacobians at the current position as described in section 2.2.3. 

The function performs these calculations in about 4ms on an Intel Core 2 Duo 2.6Ghz processor. 

 

4.1.2 Workspace 

Function call: <obj>.workspacemap(xy_resolution_in_mm,z_resolution_in_mm) 

Workspace calculations are done by the method “workspacemap”. This function maps the 

reachable workspace of the platform with the set specifications. Several methods exist for 

measuring the workspace of parallel manipulators. Theoretical solutions involve using Jacobians 

to find singular points and edges of the workspace (Merlet, 2006) (Zhang, 2009). More practical 

implementations require consideration of joint limitations and link interactions. To find the 

actual workspace there is a need to find the limits of the workspace. The easiest approach is to 

swipe through a grid of positions and perform inverse kinematics to see when singular points 

occur (Ryu Nakadate, 2010). This method, while simple, is slow and requires calculations in a lot 

of redundant parts of the grid. The most logical approach is to use a cube grid to search through; 

however a large part of the grid would be outside the actual workspace. One method to approve 

upon this is to first evaluate the range of motion of each leg and limit the grid based on that 

information (Anjan Kumar Dash, 2004). 
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To avoid calculations in redundant positions and achieve a coherent workspace, an edge search 

algorithm was implemented. The algorithm’s workflow is described in figure 9. 

 

Figure 9. Principle behind the edge-search algorithm 

The algorithm searches for the complete z-range of the platform and then calculates the area of 

each slice. The edge search is done by moving in a constant direction until an edge is found. The 

moving direction is decided by a 3x3 matrix where the midpoint is the actual position and the 

other points are the surrounding points. The positions take the values 0 or 1 depending on if the 

point is outside or inside the workspace. This matrix is converted into a binary string and 

compared to a database of all 256 permutaions (2
8
). The midpoint is excluded due to the fact that 

it is always within the workspace and excluding one bit halves the number of permutations 

needed in the database. The database returns a direction that the platform needs to move in order 

to stay at the edge of the workspace. The sum of each area slice gives the expected volume while 

also returning a complete map of the workspace edge. Figure 10 shows the achieved workspace 

map of the original platform. 

 

Figure 10. Workspace map of the original platform at different angles.  
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Each position of the 3x3 matrix is checked for four (4) criteria to ensure they’re inside the 

workspace.  

- The position of the end-effector matches the position of the end position of the top leg. 

- The angles of the knee joints are within the max range of the physical joints. 

- The angles of the end effector joints are within the max range of the physical joints. 

- The torques extorted on the actuators is within their maximum range.  

As seen the Jacobians are not used for singularity detection. This is due to the construction of the 

parallel manipulator. The inverse kinematics do not correspond with the actual physical 

properties of the platform as described in 4.1.1 and thus the singularity points do not correctly 

correspond to the actual limits.  

This algorithm allows for a much faster and more efficient workspace mapping than the 

traditional grid search. Not only is the search’s number of calculations dependent on the actual 

workspace, but the method also allows for variable resolutions in x-,y- and z-axis to further 

speed up the search. Each position of the matrix is given by the equations; 

Edgedirection matrix positions 

(xpos-1*res,ypos+1*res) (xpos,ypos+1*res) (xpos+1*res,ypos+1*res) 

(xpos-1*res,ypos) (xpos,ypos) (xpos+1*res,ypos) 

(xpos-1*res,ypos-1*res) (xpos,ypos-1*res) (xpos+1*res,ypos-1*res) 

 

Also there is no need to estimate the size of the workspace and base the search space on 

estimations which may be too large or too small to contain the entire workspace.  

The method at its current state ignores the presence of internal singularity points. This can easily 

be implemented by checking each position within the workspace. However it is deemed 

unnecessary due to the fact that internal singular points are thought to be nonexistent with the 

current general platform layout.  

 

4.1.3 Angular agility 

Function call: <obj>.angularagility(no_of_points) 

Determining the rotational workspace of a parallel platform is a far more complex problem than 

the spacial workspace.  Rotational workspaces are inherently difficult to visualize and involve 

codependency difficulties between the axes. Rotating the platform around one axis completely 

changes the rotational workspace map for the platform. 

The main method of evaluating parallel platforms rotational capabilities are by determining the 

kinematic manipulability of the platform. This method, introduced by Yoshikawa Tsuneo, uses 

singular value decomposition of the Jacobians to create so called manipulability ellipsoids which 

evaluates the possible range of movement in each direction at the current pose (Yoshikawa, 

1985). This method is as described before unsuitable for this project since it relies on the 

Jacobians. The manipulability ellipsoids also do not return specific ranges until edges are hit, but 

rather estimations since the decomposition of the Jacobians are dimensionless.    
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Employing the same technique as used to find the workspace described in 4.1.2 would require a 

total of three functions, one for rotation around each axis. While possible, the time requirement 

would be about three (3) times as long as finding the workspace for a single platform. And to 

correctly evaluate the rotational workspace, evaluating a single position does not give any 

conclusive results; instead ideally all edge positions should be evaluated. Which makes the total 

time consumption for a complete evaluation of a single platform in the range of 3*n longer than 

evaluating the spatial workspace where n is the number of edge points evaluated.  

Also such a method would create a sort of pseudo volume which does not accurately visualize 

the workspace without complicated recalculations of each point in Cartesian space. Such 

functions were however implemented into the model and can be accessed using the function 

calls; 

<obj>.angularmapxy(xy_resolution_in_mm,z_resolution_in_mm), 

<obj>.angularmapxz(xz_resolution_in_mm,y_resolution_in_mm), 

<obj>.angularmapyz(yz_resolution_in_mm,x_resolution_in_mm). 

where each function represents rotation around one axis.  

A complete rotational workspace was deemed too time inefficient to be useful for optimization. 

Instead a different way of evaluating the workspace was implemented which will be referred to 

as angular agility. The function employs the same edge search method as described in 4.1.2 to 

find a single rotational “slice” around each axis. The area of each slice is then calculated and 

stored as a measure of the agility around that axis in that position. Figure 11 shows the basic 

principle behind this measure. 

 

Figure 11. Principle of the angular agility measure 

Ideally this would be done for each edge position of the edge created by the workspacemap 

function, however time restrictions may require lower time requirements. At the same time, 

checking a single position, such as the center yields inconclusive results. Thus the input 

argument of the function is the number of points on the edge that are to be estimated. The 

positions in the workspace map grid are randomly permutated and the n first positions and the 

center position are then evaluated as described in the paragraph above.  

This allows for an objective and relatively easily understandable measure for the rotational 

capabilities of the platform. While the randomness may cause inaccurate evaluations based on 

which points are checked, it will be shown that this is not a problem due to the optimization 

process which will be described in section 4.2. An example of the output of a single position of 

the function can be seen in figure 12 below. 
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Figure 12. Output of the angular agility measure at the center position of the original platform. 

 

4.1.4 Actuator forces and torque 
Function call:  <obj>.motortorque(force_vector, moment_vector) 

 <obj>.maxtorque(force_vector, moment_vector) 

The motortorque uses classical mechanics to calculate the forces on the lower legs and those 

forces are used to calculate the torque on the actuators. The method used to calculate the leg 

forces is a similar method as the ones used by Dwarakanath (T.A. Dwarakanath, 2001) and Chen  

(Chen, 2010).    
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Equations (30)-(35) give the following correlation between external forces/moments and leg 

forces 
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Where T is a transformation matrix as seen in equation (37) 
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In this case it is assumed that the external forces are known while the leg forces are not. Using 

equation (36), the expression for finding the leg forces is found as seen in equation (38). 
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As mentioned in Chen’s report (Chen, 2010), the geometry of the platform ensures linear independence of 

the leg vectors which in turn ensures an invertible transformation matrix T. 

The torque is then calculated using equation (39) 

  )(2 iiii zfl   (39) 

Where l2i is the lower leg vector and fizi is the force vector for leg i. 

The maxtorque function applies the motortorque function at each edge position in the 

workspace map and returns the value of the max torque (torque_max) found and the position in 

which that torque was found (torque_max_pos). This was implemented to make sure that the 

torque on the actuators was within working range throughout the entire workspace. This may 

seem redundant since torque check is already part of the workspacemap function, however if the 

actuators of the platform are to be changed, the maxtorque function acts as an evaluation tool for 

determining the requirements of the new actuators.   

 

4.1.5 Singularity and limit detection 
Function call: <obj>.check_all, <obj>.check_length, <obj>.check_kneeangle, 
<obj>.check_endangle, <obj>.check_torque 

The model uses four (4) criteria to determine whether a position is a singularity. These are; 

- The position of the end-effector matches the position of the end position of the top leg. 

- The angles of the knee joints are within the max range of the physical joints. 
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- The angles of the end effector joints are within the max range of the physical joints. 

- The torques extorted on the actuators is within their maximum range. 

The function check_length compares the position of the top legs with the target positions of the 

end effector. Since the model is based on inverse kinematics in which the leg lengths are 

determined by the position of the end effector, this function makes sure that the end effector 

position is indeed attainable with the leg configuration. 

Check_kneeangle and check_endangle calculates the angles of the joints based on the position 

and properties of the platform. These checks are based on the physical properties and not the 

inverse kinematic ones. The checks are compared to be smaller than the variable flex_joint 

which determines the range of motion of the joints used (45 degrees for this project’s universal 

joints).  

Check_torque uses the function motortorque described in section 4.1.4 to access the torque on 

the aquators to make sure they can operate within the workspace with specified load on the end 

effector. The actuators used for this project are Harmonic Drive System’s RH-8D-6006-E036AL 

(Harmonic Drive Systems Inc.) with a rated torque value of 1.4 Nm. 

All check functions are encompassed in the check_all function for simplification.  

As explained in previous sections the Jacobians are an unreliable check for singularities in this 

project. Therefore singularity checks using the Jacobians have been excluded. The Jacobians are 

however implemented and calculated within the inversekin function; thus if desired, a simple 

check can be implemented to check the determinant of the Jacobians.  

 

4.1.6 Visual representation and GUI 

Function call: <obj>.drawplatform(obj), kinematicsGUI.m 

Visualization of the platform is done by the function drawplatform. It takes the current position 

and parameters of the platform and creates a figure which shows: physical structure of the 

platform, kinematic structure of the platform, leg forces as well as singular points and where the 

structure fails in a singular point. Figure 13 shows what the output of the function and some of 

check fails look like.  

 

Figure 13. Output of the drawplatform function and some of the check fail visual cues.  

The GUI function kinematicsGUI.m is a GUI shell that encases a platform object. It allows for 

real time manipulation and experimentation of a platform object. This involves changing the 

layout of the platform, its pose and position as well as provides information about each leg’s 
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positions, angles and torque. This was mainly designed to aid in hardware development and 

quick evaluations. However the final GUI proved to be a useful tool for understanding the 

properties of rotational platforms in general.  

 

Figure 14. Screenshot of the final GUI layout.  

4.2 Implementation of optimization software 

The optimization was to be made based on four (4) parameters; length of the top and the bottom 

legs, motor placement on the base as well as the angle of the motors on the base. As mentioned 

in section 3.2.2 a complete sweep through all permutations is highly impractical. Thus the use of 

a simple genetic algorithm was chosen. Genetic algorithms are a good optimization tool when 

the number of parameters are relatively high. Similar solutions have been presented previously, 

e.g. by Suleman Khan (Khan, 2012). However due to the object based structure of the platform 

model, it was decided that constructing a simple genetic algorithm in Matlab would be easier to 

implement than using a preexisting genetic algorithm. This poses the problem of over 

simplifications, which are thought to have been overcome by several runs instead of reliance of a 

single run.   

Section 4.2.1 describes the algorithm for workspace optimization while 4.2.2 handles rotational 

workspace optimization.  

 

4.2.1 Workspace optimization 

Function call: [survivors] = geneticalg(initialplatform, mutationrate, 
minimprovement) 
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The workspace optimization is based on a very basic genetic algorithm structure as seen in figure 

15. The population sizes were kept rather small (100 per iteration) due to time constraints.  

 

Figure 15. Workflow of the genetic algorithms. All of the implemented genetic algorithms are based on the same 

principle but evaluate different measures.  

The mutationrate is an integer value that translates into millimeters and degrees. An integer of 

10 would generate a random integer between -5 to 5 and add it to the current value. The mutation 

changes the topleg_length, lowleg_length, delta_motor and delta_base of the platform objects. 

Here delta_base and delta_motor are the same variables as seen in figure 2.  

The minimprovement decides when to end the simulation and is set in percent. When the 

improvement rate of an iteration is smaller than the minimprovement rate, the simulation returns 

the 10 best platforms as survivors and terminates.  

The genetic algorithm maximizes the volume returned by the workspacemap function of the 

platform object.  

 

4.2.2 Rotational workspace optimization 
Function call: [rotsurvivors] = garotagility(initialplatform, mutationrate, 

minimprovement) 

[rotsurvivors] = garotagilitysimple(initialplatform, mutationrate, 

minimprovement) 

 

The rotational workspace optimization works much similar to the method described in 4.2.1, 

however, due to the difficulties gaining a useful quantification of the rotational workspace the 

decision is made differently.  

The workspace of the platforms are first calculated to achieve a sparse grid of edge coordinates 

(resolution of 10 in x-,y- and z-axes. See 4.1.2 for further details.). It then uses the 

angularagility function described in 4.1.3 for 10 points of the grid. The mean of the mean of 

those 11 points (10 + center position) are calculated to acquire a single comparable number 

which is to be maximized. While the number of points may seem very low, time and computer 
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power restraints makes evaluation of more points too time consuming. With 10 points this 

method is already about 2-3 times as time-consuming as the workspace optimization.  

In the version garotagility the standard deviation is also calculated and after the first mean check 

mentioned above, the population is further discriminated by removing the ones with a higher 

standard deviation than the previous top candidate. This was done to achieve a more even 

rotational workspace around all three axes instead of large discrepancies between them.  

However tests showed that this method was too discriminatory with the few points that were 

evaluated. A second version, garotagilitysimple was created that only maximizes the mean to 

counter this.  

 

4.3 Construction Implementation 

The variables chosen for optimization were done in a way to minimize the cost of reconstructing 

the existing platform. Thus only three (3) parts needed to be constructed; top leg, low leg and 

base plate. 

The top legs and low legs were ordered based on results from the genetic algorithms. Two new 

platforms were constructed, one based on workspace optimization and one based on rotational 

workspace optimization.  

Coincidentally the top leg lengths were similar for both platforms, thus only one set of top legs 

needed to be acquired. The lower legs were remodeled using existing SolidWorks models and 

ordered to be created in two sets. 

The base plates were modeled in SolidWorks, modifying the existing model. These were then 

printed using Connex 500 (Objet Inc.) which was available at the lab.  
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5  RESULTS  

Here the results of the project will be presented. The chapter will be divided into results for the 

software model, optimization software and final construction as in previous chapters.  

 

 

5.1 Software model 

The software model is deemed to be a success. The final program and GUI can be seen in figure 

14. The model behaves as predicted by the work presented in the frame of reference chapter. It is 

also easy to adjust and implement new features without deteriorating the state of the current 

model. This is evident by the extra features that were implemented later on in the project as 

requested by the supervisor Professor Ishii. E.g. force and torque implementation as well as the 

angular agility of the platform.  

One feature that was discussed but not implemented due to time restrains and complexity is the 

evaluation of backlash on the platform in the software model.  

The software is an adequate development platform for evaluation and experimentation for further 

iterations of the project as it is easily adjustable within the constraints of the physical properties 

of the actual platform. 

 

5.2 Optimization software  

To achieve the goals set in the methods chapter of this report, an improvement of the current 

platform was to be made. The results of each optimization will be represented in subsections 

5.2.1 and 5.2.2.  

 

5.2.1 Workspace optimization 

The genetic algorithm that was developed consistently returned platforms that had a workspace 

that was several times larger than the existing platform. Not only were the workspaces larger but 

the resulting layout was consistent in all runs. The results converged around the same basic 

layout. The maximum workspace reached was about 10 times larger than the existing platform; 

however the layout of the actuators were deemed to result in a less stable platform. Due to the 

already existing problem with backlash such a platform would yield a larger workspace but less 

desirable performance.  

The optimal design converged around a delta_motor and delta_base of 0 degrees which results 

in a platform in the form of the existing Delta parallel platform (Bonev) which is one of the 

mostly used layouts of parallel platforms for industrial use. An example of such a platform can 

be seen in figure 16a which is the output of one of the runs of the genetic algorithm. However 

the delta platform is a three (3) legged parallel platform with five (5) degrees of freedom, 

sacrificing the rotation around the z-axis, which is not what is sought after for this project. Also 

the close proximity between the actuator pairs makes a 0 degree motor delta difficult to 

physically implement. There was also an concern regarding the structural stability of the 

platform with such an layout. As seen in figure 16b, the delta platform stabilizes the platform by 

using a fork mechanism between the lower and top leg. 
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Figure 16. Output of a run of the genetic algorithm compared to a delta platform. The circled areas shows structural 

instability and how it is compensated in the delta platform. 

Instead a platform whose workspace was 6.7 times larger than the existing platform was chosen. 

This platform was chosen for its structural stability as well as a relatively large workspace. The 

parameters for the platform are as follows; 

Base radius (mm) : 125 (constant) 

End effector radius (mm) : 52 (constant) 

Lower leg length (mm) : 121 

Upper leg length (mm) : 193 

Joint flexibility (deg) : 45 (constant) 

End effector delta (deg) : 35 (constant) 

Base delta (deg) : 13 

Motor delta (deg) : 0 

A figure of the resulting platform can be seen in figure 17. 

 

Figure 17. The chosen layout for spatial workspace optimization. 
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A comparison of the workspace attained in the model compared to the existing platforms 

workspace can be seen in figure 18. 

 

Figure 18. Comparison between the original platforms workspace and the spatially workspace optimized one. 

In numbers the workspace optimized platforms workspace is 3,276,018 mm
3
 while the original 

platforms volume is 425,080 mm
3
. 

Using the angular agility as a measure the rotational workspace of the platform was reduced 

around the y-axis by around 3% and around the x-axis by around 4%. The angular agility around 

the z-axis was however increased by 20%. Around the center point the angular agility of the 

platform was reduced by an overall mean of 19% around all three axes. 

 

5.2.2 Rotational workspace optimization 

Optimization of rotational workspace proved to be more challenging than spatial workspace 

optimization. The genetic algorithm returned consistently improved platforms, however the 

improvements were not as significant as the spatial workspace optimization.  

While the genetic algorithm returned similar platform layouts, the results were further spread 

apart than the spatial workspace optimization.  All runs returned base_deltas of 30-38 degrees 

and motor_deltas of 16-23 degrees, which suggests that the optimal solution is within that range.  

The optimal solution chosen showed a 25% improvement of angular agility in the center 

position. This may seem like a small improvement compared to the improvement of the spatial 

workspace; however unlike the spatial workspace the rotational workspace is not unlimited. 

While the absolute maximum measure of angular agility achievable is an area of 

25447*90 2`  deg
2
 realistically leg interactions limit this significantly. A more realistic 

maximum measure is 6362*45 2`   deg
2
. The mean angular agility measure returned by the 

original platform is 3637 deg
2
. This means that the maximum improvement that could be 

expected to be reached is about 75% around the center position. And it is believed that such a 

platform can’t be achieved using the current manipulator layout.  



 38 

The overall improvement of the optimized platform is 77% when compared to all edge points in 

a sparse (x- ,y- ,z-resolution of 10mm) grid map returned by workspacemap. The angular agility 

was improved by 64% around the x-axis, 64% around the y-axis and 102% around the z-axis. 

The parameters for the platform are as follows; 

Base radius (mm) : 125 (constant) 

End effector radius (mm) : 52 (constant) 

Lower leg length (mm) : 78 

Upper leg length (mm) : 183 

Joint flexibility (deg) : 45 (constant) 

End effector delta (deg) : 35 (constant) 

Base delta (deg) : 31 

Motor delta (deg) : 21 

A figure of the resulting platform can be seen in figure 19. 

 

Figure 19. Layout of the rotational workspace optimized platform generated by the genetic algorithm. 

A comparison of the angular agility attained in the model around the center position compared to 

the existing platforms’ can be seen in figure 20. 

The spatial workspace was also slightly improved. The optimized platform gives a volume of 

520,540 mm
3
 compared to the original platforms’ 425,080 mm

3
. 
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Figure 20. Angular agility visualized around the center point. Original platform to the left, rotational workspace 

optimized platform on the right.  

 

5.3 Construction 

This section will be divided into two subsections, 5.3.1 for details regarding the hardware and 

5.3.2 for details regarding the software for the platform control. 

 
5.3.1 Hardware  

The constructions of the optimized platforms were done in a way to minimize cost. Therefore 

only essential new parts were ordered and built. Two new base plates were modeled in 

SolidWorks in accordance to the new parameters and printed using Connex 500. The CAD 

models in figure 21 show the final layouts.  

 

Figure 21. SolidWorks CAD models of the base plates for the optimized platforms. 
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Two new sets of lower legs were modeled in SolidWorks and ordered to be made by a metal 

workshop. New ball bearings and connector rods were also ordered for the new lower legs.  

As seen in section 5.2.1 and 5.2.2 the length of the upper leg for both optimized platforms are 

fairly similar (193mm and 183mm) therefore it was decided upon to order just one set of new 

upper legs to achieve the length a total of 183mm for the upper leg part of the kinematic chain. 

This would result in a workspace volume of 3,112,046 mm
3
, a reduction by around 5% 

compared to top leg lengths of 193 mm. 

Due to time constraints only the spatial workspace optimized platform was built and evaluated, 

although all parts necessary to construct the rotational workspace optimized platform were built 

and bought in.  

Backlash in the platform was a concern at the beginning of the project since it was believed that 

part of the jagged motion of the platform was due to backlash. Increasing the leg lengths without 

any modification also results in increased backlash. It is believed that the overall backlash of the 

platform was increased with the new layout. This is partly due to the increased leg lengths but 

also due to slight misfit of the new ordered ball bearings and bearing connector rods. However it 

is also believed that backlash of the platform while apparent is not the cause of the jagged 

motion, but the result of control issues in the software of the platform.  

Initial testing shows that the performance of the new optimal platform is comparable to that of 

the model. The backlash in the platform affects rotational movement significantly more than 

translational movement. Thus while the translational movement of the platform is very similar to 

that of the output of the model, the rotational movement is severely reduced.  

 

5.3.2 Software 

To function with the new platform, the inverse kinematics section of the control software had to 

be changed. There was no data available previously regarding the performance of the existing 

platform or how it functioned compared to expectations. However a discrepancy between the 

software model and the actual platform was observed during testing, both for the previously 

existing platform and the new optimized platform.  

This proved to be due to a difference between the calculated kinematic chain and the actual 

kinematic chain. As mentioned in section 4.1.1; design choices to increase the joint range and to 

simplify the inverse kinematics of the platform meant that there is an angle discrepancy between 

the calculated kinematic chain angle and the actual actuator angle. It was believed that this was 

taken into account, however further inspection showed that it was not. A simple fix was 

implemented to recalculate the angle based on the length of the joint and the length of the lower 

leg. This fix automatically recalculates the angle for any leg length so that no further hard coding 

is needed. 

After implementation of the angle fix the performance of the platform improved significantly 

and matched the output of the model more accurately. Tests show that the target actuator output 

corresponds to that of the model. Further testing is needed to conclusively evaluate the precision 

of the platform. Further testing is planned for future work and tools to complete these tests will 

be discussed in chapter 7. 

The problem with the jagged motion was however not addressed. It is suggested that the actuator 

control code is rewritten. The motion discrepancy can be seen in the output of the actuators as a 

step error between the target position and the actual position. Gain adjustments or 

implementation of a PID controller are both viable solutions that could improve the control. 
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6  DISCUSSION AND CONCLUSIONS 

This chapter will address and evaluate the results of the project presented in chapter 5. Here the 

results will be compared to the objective targets set in chapter 3.   

 

 

6.1 Discussion 

Subsection 6.1.1 will discuss the validity of the results achieved by the optimization process 

while 6.1.2 handles the validity of the implementation and evaluation methodology used and 

developed. 

 

6.1.1 Result and optimization validation 

To conclusively validate the results and final platform layouts is difficult due to the large amount 

of permutations that make up the entire search space. Which mentioned before, with a limit of 

200 mm leg lengths is made up of 864 million platform layouts, only limiting the search to four 

(4) variables. Thus to validate the results the area around the found optimized parameters were 

investigated to evaluate the results. 

For the spatial workspace one (1) variable was varied while the other three (3) were kept 

constant, and this was done for all four (4) variables. The results can be seen in figure 22. 

 

Figure 22. Validation of achieved results for spatial workspace optimization. Rings mark chosen parameter by the 

genetic algorithm while the vertical bars show the optimal area. 
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As seen in figure 22 almost all chosen parameters are either inside or very close to the optimal 

range. It needs to be pointed out that these tests were done on a sparse workspace map (x-, y- and 

z-resolution of 10 mm) while the original optimization was performed on a complete map with 1 

mm resolutions. This affects the results in two ways. Firstly as seen, the volumes for the 

optimized positions are lower than those presented in the results section. Also strange 

fluctuations may occur (as seen in lower left graph). Both these problems are a result of how the 

volume is calculated by the function.  

As mentioned in section 4.1.1 the volume is calculated by adding the areas of each slice in z-

direction. When the resolution is decreased, the method multiplies each slice by the resolution to 

compensate for the lack of data between each slice, which causes a discrepancy between the real 

value and the obtained value. The function also forces non-coherent area slices to zero, and these 

are more likely to occur with sparse mapping. This may account for the fluctuations seen in the 

graphs. 

The rotational workspace optimization is more difficult to fully evaluate. A similar approach was 

taken where the angular agility measure around each axis was plotted along with the mean. In the 

validation only the center points were evaluated as seen in figure 23. 

 

Figure 23. Validation of the rotationally optimized platform. Rings mark the parameters chosen by the genetic 

algorithm while the vertical bars mark the optimal areas. Only measured around center points. 

Also in the rotational workspace optimization parameters it is seen that the chosen parameters 

mostly lie in the optimal areas. The only major discrepancy is the base delta value which can be 

explained by the optimization method of the genetic algorithm. Apart from trying to maximize 

the mean of the angular agility measure, it also tried to minimize the standard deviation between 

the three axes. As seen in the base delta graph the chosen point coincides with the point where 

the standard deviation of the three axes is lower than in the optimal area. The result of this can 
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also be seen in the motor delta plot where the point chosen shows low variance even though the 

measure is consistently increasing. 

It is however important to point out that the validation is only based on the center positions. The 

chosen parameters were based on the center positions as well as 10 random points at the edge of 

the workspace. The plots in figure 23 do not relay any information about the angular agility on 

the edge of the workspace, while the chosen parameters were chosen based on more information. 

 

6.1.2 Implementation and methodology discussion 

To discuss and evaluate the results of the project it is important to evaluate the overall state of 

research in parallel robotics. It is a field that is gaining popularity due to its many benefits. 

However it is also a field that has remained stagnant. Most applications in the industry use the 

well evaluated and tested delta robot layout, and most research and evaluation in the subject are 

still based on theoretical methods such as Jacobians and manipulability measures using 

Jacobians.  

As seen in the results, the optimal workspace achieved seems to overlap with the layout of the 

delta platform, which in addition to the refinements made over the years makes the popularity of 

the layout reasonable.  

However as seen in this project, the use of Jacobians can often be problematic due to differences 

in physical and model characteristics. As in this project, these differences may often increase the 

usability of the platforms by for example using different joint placements. While the Jacobians 

and the manipulability measure offer a more general approach, reliance on them may affect 

usability and reliability of parallel platforms. 

It is believed that the implemented edge search algorithm is a significant improvement over 

existing methods of finding the workspace edges of parallel platforms. The advantages of this 

method are explained in section 4.1.2 and the only downside of ignoring internal singular points 

could easily be implemented by simply searching inside the workspace. Since the method is 

basically just a search algorithm the basic principle can be used independent of the methods used 

for limiting the range of the platform. The adaptability of the method can easily be seen as it was 

used to evaluate the rotational workspace as well using a different measure.  

Rotational workspace evaluations are often omitted in workspace optimization problems. A lot 

of times the only measure given or evaluated are in the center point of the workspace, which in 

the majority of the cases gives the highest range. While this is understandable from a time 

perspective, as the rotational workspace is different in each spatial position of the end effector, 

this is considered to be an insufficient measure since the rotational workspace around the center 

point does not give any information about the platforms abilities in the edges of the workspace, 

which are considerably worse.  

The proposed method of angular agility tries to address this issue. By using the efficient edge 

search algorithm, not evaluating the entire rotational workspace in each spatial position and 

randomizing the search locations along the edge of the spatial workspace a more conclusive 

evaluation is found. One flaw with the method is the negligence of the shape of the slices that are 

found. Along the edges the shapes of the edges are seldom symmetrical but this is not evaluated 

by the measure. While the method does have its flaws the measure of angular agility is believed 

to be a step forward in evaluating rotational workspaces of parallel platforms.  

One point that needs to be addressed is the use of the word optimal used in this paper. The 

results achieved and the constructed platforms are not the absolute optimal layouts achievable. 

They are the results of a genetic algorithm, which due to its random nature returns different 

“optimal” layouts on each run. In this paper the word optimal refers to the improved layout 

achieved by the genetic algorithm as the top survivor. There is a very large possibility of finding 
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layouts that further improve the platform. The results achieved were strictly limited by the 

amount of time that was available. Better results could easily be obtained by for example simply 

increasing the population sizes of the genetic algorithm.  

The next step of the project should be focused on improving the control of the platform. The 

limited workspace which made an optimization necessary was proved to be due to a mistake in 

the inverse kinematics code of the original software. The platform has limited space to move 

inside the training box and it is believed that the reachable workspaces of the improved platforms 

are sufficient. However problems still exist in the motion of the platform. Some of these 

problems are due to backlash, but improved actuator control is thought to currently be the 

biggest concern.  

6.2 Conclusions 

As all of the project objectives were fulfilled the project is deemed successful.  Two new layouts 

were chosen to be constructed. One layout aimed to optimize the spatial workspace of the 

parallel platform. The workspace of that layout achieved a 630% improvement over the previous 

existing platform with a theoretical workspace volume of 3112046 mm
3
.  

The second layout aimed to maximize the rotational workspace and using the measure of angular 

agility the rotational workspace was improved by 25% at the center position and 77% 

improvement along all edge points in a sparse grid map of the achievable spatial workspace.  

New methods were developed to efficiently evaluate the workspaces of parallel platforms. The 

basis is an edge search algorithm which efficiently finds the workspace edges of a parallel 

platform.  

Due to time constraints the platforms were not fully tested; however initial tests and bug fixes in 

the software of the platform show that the movement closely corresponds to that of the software 

model.   

It is concluded that the goals and objectives set at the beginning of the project are fulfilled.  
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7  RECOMMENDATIONS AND FUTURE WORK 
In this chapter, recommendations on more detailed solutions and/or future work for this project 

are presented.  

 

 

7.1 Recommendations 

As mentioned in chapter 6 it is believed that the new layouts fulfill the requirements needed to 

for the intended purpose. Therefore it is recommended that the optimization part of the project is 

considered complete.  

At the moment there are two major issues that need to be addressed for the platform to be useful 

for its intended purpose. The first issue is the backlash. Backlash is present in the universal joints 

as well as the ball bearing connectors on the lower leg. One possibility would be to evaluate the 

backlash and implement a measure of this into the model software to avoid positions where 

backlash could cause singular points. While backlash evaluation is an extremely useful possible 

tool, eliminating the backlash would be more beneficial for the project. The most obvious 

approach would be to replace the universal joints. Joint types with less backlash, such as ball 

joints or zero backlash universal joints (Ondrives.us Corp) could be used. These kinds of joints 

are however more expensive and have limited life cycles where zero backlash is guaranteed. 

Another approach could be to try and reduce backlash in the joints using spring mechanisms to 

force the joints to a “stable” position. Figure 24 presents a few solutions based on this idea. This 

does however require the workspace of the platform to be shrunk to assure that the forced 

position does not push or pull the platform into a singularity.  

 

Figure 24. Backlash reduction using springs. a and b represent spring mechanisms in the platform, where a requires 

six smaller springs while b requires one large spring. c presents a solution inside the actual universal joint with one 

spring in x-axis and one in y-axis. 

The second issue is the actuator control code. This problem is believed to be easily fixed since 

the Takanishi lab already has extensive experience and source code for precise motor control. 

The code just has to be implemented into this project. If this is not the case, it is believed that 

most of the problems with the control can be alleviated by adjusting the gain of the actuators 

and/or implementing a PID controller.  
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7.2 Future work 

Once the issues mentioned in section 7.1 have been addressed, the best course of action is 

believed to be software pattern coding and hardware production optimizations.  

For the platform to be used as a training tool for laparoscopy, several training patterns need to be 

programmed and implemented into a simple user interface. The user interface should apart from 

allowing choice of different patterns also provide some sort of feedback regarding the training in 

progress.  

Compliance is already implemented into the platform and software and should be used for both 

feedback and reaction movement of the platform. Feedback would come in the form of applied 

pressure for example and reaction movement could simulate how the organs would respond to 

such pressure. The compliance sensor offers a wide range of extra functionality to the platform 

which should be taken advantage of.  

The hardware of the platform also needs to be optimized for production if it is to be used on a 

larger scale than a single prototype. The optimization should take into consideration cost of parts 

needed as well as performance of wearable parts such as joints and actuators.  

There are already many aspects of the current prototype that could be improved upon to 

minimize material costs which should be a priority. E.g. lower leg, base plate, end-effector.  
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