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ABSTRACT 
Increased workload on our healthcare system calls for more automation, this too in the pre-operative planning 

of total knee arthroplasty (TKA) surgery. This should keep in mind however that success in TKA is measured 

through having proper limb alignment. This thesis project implemented a virtual positioning assessment software 

that provides an initial position based on its bone and implant inputs with their specific landmarks. Positions can 

be furtherly adapted and evaluated based on flexion facets, obtaining decreased pre-operative workloads. The 

software was validated through an analysis comparison of the femur positioning of nine cases with the former 

used analysis tool of the university Hospital of Ghent. The newly implemented software was concluded to 

approximate the patients’ pre-operative alignment better for all translational and rotational parameters, except 

anteroposterior translation and internal/external rotation of the femur. 
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 TERMINOLOGY 
Anterior Front 

Distal Distant from the main mass of the body 

Extension (knee) The act of straightening the knee or extending the knee 

Extramedullary Outside the medullary cavity of the bone 

Flexion (knee) The act of bending the knee or the condition of the knee being bent 

Frontal plane Plane passing through the body from side to side, dividing it into front and back 
Also called ‘coronal plane’ 
 

Intramedullary Within the marrow cavity of a bone 

Lateral Away from the midsagittal plane of the body 

Medial Toward the midsagittal plane of the body 

Posterior Back 
Also called ‘dorsal’ 
 

Proximal Nearest to the main mass of the body 

Sagittal plane Plane passing through the body from anterior to posterior, dividing it into right and left 

Transverse plane Horizontal plane through the body, dividing it into upper and lower part 
Also called ‘horizontal plane’ 
 

LIST OF ABBREVIATIONS 
CT Computer Tomography 

GUI Graphical user interface 

GUIDE GUI development environment 

ICP algorithm Iterative Closest Point algorithm 

LCC Lateral Condylar Center 

MCC Medial Condylar Center 

MRI Magnetic Resonance Imaging 

NSAID Nonsteroidal anti-inflammatory drugs 

PCA Posterior Condylar Axis 

STL Standard Triangle Language 

TEA Transepicondylar Axis 

TKA Total Knee Arthroscopy 

VPAS Virtual Positioning Assessment Software 
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1. INTRODUCTION 

1.1 BACKGROUND 
In 1968, the first Total knee arthroplasty (TKA) or total knee replacement surgery was performed. From here 

on, great improvements were made according to surgical materials and techniques and TKA is now seen as 

one of the most successful procedures. Each year, more than 600 000 knee replacements are performed in 

the United States alone. [1]  During this procedure, damaged bone and cartilage in the knee are cut away 

and replaced with an artificial joint composed of metal alloys, high-grade plastics and polymers [2]. The goal 

of replacing these surfaces with an implant articular joint is to relieve pain and increase mobility in order to 

regain the capability of everyday activities [1]. 

Long-term survival and function of the total knee are due to the advancements in surgical technologies and 

materials increasingly dependent on the restoration of an accurate limb alignment, precise positioning of 

the components, obtaining optimal soft-tissue balances [3]. It is critical for the patient to obtain symmetric 

and balanced flexion and extension gaps and a proper rotation of the femur, as malrotation is associated 

with numerous adverse consequences such as patellofemoral instabilities, knee pains, arthrofibrosis and 

flexion instability [4].  

With the dramatic increase of average life expectancy [5] an increased workload for our healthcare system 

is set to come. Taking into account that the majority of TKA patients are above 65, it can be suggested that 

the number of TKA surgeries will follow along with this growth. Altogether, this results in a call for help from 

orthopedic caregivers to get assistance handling these high amount of surgeries. Although it is too early for 

automated surgeries, the first step to more efficiency is to design a tool for pre-operative planning. This 

would facilitate the preparatory work of the surgeon and relieve some workload off the physicians. In the 

longer future, this could be expanded to performance in the operation room, first as an auxiliary but maybe 

eventually fulfilling the entire surgery. 

This master thesis project was carried out at the department of orthopedics and physiotherapy at the 

University Hospital in Ghent, Belgium. They recently started a project towards more automatization within 

TKA surgery, as them are facing the upcoming increase of healthcare workload and need for TKA surgery. 

1.2 OBJECTIVES 
The objective is to come up with a solution to facilitate the pre-operative planning as a first step in more 

automatization processes. Taking into account that proper and correct alignment within TKA surgery is very 

important, a dedicated software is needed. 

This project will implement a virtual positioning assessment software (VPAS) to be able to pre-operatively 

evaluate implant positioning of different implanting types.  With this software, pre-operative planning could 

be executed in a virtual environment.  

The aim of this thesis topic is to implement a full dedicated software in which bone models could be inserted 

and positioned based on inserted positioning parameters. These positions could then in turn be evaluated, 

resulting in constructive feedback toward optimal implant positioning. 
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2. METHODOLOGY 

2.1 PRE-STUDY 
A good understanding of all the concepts faced within this project is essential for further workflow. That’s why a 

thorough pre-study was carried out. This background information is stated in appendix A. The essential 

knowledge of this background study is that positioning is defined by six degrees of freedom, each with their own 

arguments towards optimal position. A summary of these parameters is listed in appendix A, Table 3 and Table 

4. The argumentation in all degrees of freedom is important knowledge to provide a well-approximated initial 

position, followed by manual adaptation of the position with these arguments in mind. 

2.2 INPUT DATA SETS 
Next was to understand the different necessary software inputs. Assessment of implant positioning is performed 

in a virtual visualized environment, consequently, a 3D representation provided by STL (Standard Triangular 

Language) files is needed of the bones and implants. 

2.2.1 BONE STL FILES 

Bone STL files represent the subjected bones. VPAS performs on real-life cases, using STL files obtained from 

patients’ CT (Computer Tomography) scans. The CT scans are converted into the STL file format, a known format 

and able to be modified by MATLAB. Because of this conversion, these STL files inherit the axis system of the CT 

scan. This implies that the bone STL file by definition is not centered around the origin. This is a crucial 

understanding for the positioning software and will be discussed in section 2.2.3. 

2.2.2 IMPLANT STL FILES 
Implant STL files represent the subjected implants. The used implant library contains implant sizes 1 to 10, in 

both left and right side of the Journey II of Smith & Nephew. This implant library is standardized, containing 

implant STL files set up in a coordinate system around the origin. Consequently, there is a difference between 

coordinate systems of the bone and implant STL files. More information on dealing with this difference in next 

section 2.2.3.  

2.2.3 COORDINATE SYSTEMS 
As mentioned in section 2.2.1 and 2.2.2, every STL file is defined in its own local axis system. However, when 3D 

models are put together to position relative to each other, these local positions are inserted in a bigger global 

axis system, as depicted in Figure 1.  

 

FIGURE 1 THE INSERATION OF LOCAL AXIS SYSTEMS IN A GLOBAL AXIS SYSTEM 
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The software must consequentially include functions that transform the objects to fit them in the positioning 

software irrespective of their local axis systems. A suitable transformation must be applied on each bone or 

implant components vertices to rotate and translate to a standardized position, from which positioning can be 

initiated. The responsible implemented function is explained in section 3.3.4. 

2.2.4 LANDMARKS 
Landmarks are three dimensionally defined points, serving as a reference set. A landmark set holds four points: 

a proximal, distal, medial and lateral point. The proximal and distal points construct the mechanical axis of the 

bones or implant components, whereas the medial and lateral points indicate the condylar centers. These four 

points provide a sufficient reference set to define each bone and implant in a standardized unambiguous 

reference frame. 

2.3 SET-UP POSITIONING EVALUATION METHOD 
Positions can be approximated by means of the landmarks sets, but it is also necessary to finally evaluate these 

positions. With the underlying thought that patients’ pre-operative bones largely meet the mechanical alignment 

requirements, it is determined to provide this evaluation by means of flexion facets. Flexion facets are three 

dimensionally defined zones on the implant models with variable sizes, shapes and location-dependent 

orientations. After definition of the implant relative position to the bone, analysis of these zones will determine 

the distance between the pre-operative bone and the positioned implant for particular zones. Based on these 

distances, conclusions can be drawn about how well the original bone was approximated, if the original joint line 

is shifted and if the implant size is too large or too small in case of excessive distances Deviations of the patients 

pre-operative mechanical alignment can be taken into account when these numbers are interpreted, obtaining 

the best possible position. 

2.4 SOFTWARE DEVELOPMENT 
The software environment of choice is MATLAB. MATLAB handles a high order programming language, which is 

beneficial as this eases the definition of complex functions and handling of complex data structures. Another 

advantage is that MATLAB has a broad community of users, resulting in many sources of troubleshooting 

information. VPAS is also provided with a Graphical User Interface (GUI), built in MATLAB’s GUIDE (GUI 

development environment). Furthermore, programming was carried out in an object-oriented manner based on 

a cluster of objects. These objects contain predefined fields, filled with object-specific data. The field data is 

manipulated by means of methods on a particular object.  

2.5 SET-UP POSITIONING SOFTWARE VALIDATION 
A validation is needed to understand the performance of VPAS. This validation is done by comparison between 

the new software and the former assessment software of the orthopedics department: IBOO. IBOO is MATLAB-

based and idem assesses implant positioning through flexion facet analysis.  

The validation was carried out by inserting nine cases of TKA surgery patients in both softwares and compare the 

obtained results. Each case includes the STL file of the pre-operative femur and its respective implant component 

with their landmarks sets. No evaluation of the tibia was performed. Eight specific flexion facet zones were 

defined, as illustrated in Figure 2. Each case is evaluated on the orthogonal distances between the pre-operative 

bone and the implant for each specific flexion facet.  

The nine cases (Table 1)  are patients at the Orthopedics department of Ghent University Hospital, undergoing 

TKA surgery between 2013 and 2014. Five had TKA surgery to the right knee, four to the left. All implants were 

Journey II implant models by Smith & Nephew. Patient STL files were obtained from their pre-operative x-ray 

examinations. Landmarks were defined by means of Materialise’s Mimics software by an orthopedic surgeon, as 

well as the flexion facet zones.  
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TABLE 1 CASE INFORMATION 

Case Type Femur size L/R Surgery 

001 JII BCS 3 R 09/2013 

003 JII BCS 5 R 04/2013 

004 JII BCS 5 R 08/2013 

005 JII BCS 6 R 10/2013 

006 JII BCS 4 L 10/2013 

007 JII BCS 5 R 04/2014 

008 JII BCS 5 L 05/2013 

010 JII BCS 3 L 01/2014 

011 JII BCS 6 L 05/2013 

 

 

FIGURE 2 THE EIGHT SELECTED FLEXION FACETS SEEN IN THE (A) POSTERIOR VIEW, (B) ANTERIOR VIEW AND (C) INFERIOR VIEW 

The eight flexion facet zones are chosen to address all implant sides for a complete and overall conclusion of the 

implant positioning. The eight flexion facet zones listed with their name and location: 

▪ Zone 1:  lateral sided edge of the implant 

▪ Zone 2B: inferior circle on the lateral condyle 

▪ Zone 4B: postero-inferior circle on the lateral condyle 

▪ Zone 6B: posterior circle on the lateral condyle 

▪ Zone 7:  medial sided edge of the implant 

▪ Zone 10B: postero-inferior circle  

▪ Zone 12B: posterior circle on the medial condyle 

▪ Zone 13: anterior semi-squared zone 

IBOO evaluates the position prior composed by a physician in an external position simulator software. This in the 

light of an earlier pre-operative planning assessment project. The input of IBOO is the manipulated local axes 

system output of this position simulator. The VPAS however, positions all components based on their landmarks 

sets independent of local axes systems, analyzing the landmark-based suggested initial position.  
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3. IMPLEMENTATION 

3.1 PROGRAM OUTLINE 
The program includes four main building blocks: main menu, input manager, position simulator and evaluation 

module. The main menu overarches the other three, serving as the software backbone. The general program 

outline is illustrated in Figure 3 below. The general workflow is to first add the bone and implant inputs in the 

input manager. Two dedicated sublevels take care of managing the bone and implant inputs. The third sublevel, 

the landmarks manager, handles the assignment of their landmarks. Next is the virtual positioning simulator 

where the positioning between two selected components can be manually adjusted according to six degrees of 

freedom and saved. The evaluation module will finally evaluate the earlier defined positions based on flexion 

facets and suggests optimal positioning from the results. More information about each building block’s individual 

workflow and features can be found in appendix B. Screenshots of all user interface windows can be found in 

appendix C. 

 

FIGURE 3 GENERAL OUTLINE OF THE MAIN BUILDING BLOCKS OF THE VIRTUAL POSITIONING SOFTWARE 

3.2 DATA FORMATS 
It is important to keep knowledge of where all data is stored as they are manipulated by the software throughout 

the program. Therefore, the data structure was set up logically and unambiguously. The full project is divided 

into a ‘project’, ‘check’ and ‘default’ field section. The ‘project’ structure holds all project-related data such as 

inputs, positions and additional data. Furthermore, the ‘check’ structure includes boolean flags to keep track of 

what data is put in and initialized and what not. Finally, the ‘default’ field contains the workspace directory. The 

data is visualized by a class diagram seen in appendix D.  

3.3 KEY PROGRAM FEATURES 

3.3.1 STANDARDIZATION OF IMPLANT INPUTS 
As mentioned in section 2.2.3, each input is defined in its own local axes system. The positioning simulator unit 

acts independent of this axes system. However, it is desired to construct a standardized implant library with 

equal axes systems. Hence, a newly added implant, source object, transforms to match the local axes system of 

a prior added implant input, the target object. This standardization is performed by means of a rigid Iterative 

Closest Point (ICP) Algorithm. This algorithm iteratively performs a rigid registration where it assumes every point 

in the source object to correspond with its closest point in the target object. The least squares rigid 

transformation is found that relocates the source object to the same local axes system of the target object. This 

algorithm performs best if the source objects position is sufficiently close to the targets’ [6]. A similar implant 

should also be already present in the project, preferably one with a local axes system around the origin most 

likely found in a previous library.  
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3.3.2 INHERITANCE OF IMPLANT FLEXION FACETS 

In the light of automating/increase of software-usability, a flexion facet-inheritance feature is added. Defined 

flexion facets of other implants can hereby be inherited, decreasing the workload of adding them manually for 

each implant. A source and target implant should be selected, together with the to be inherited zones on the 

source implant. The inheritance function first identifies the zones on the source implant by MATLAB’s ‘knnsearch’ 

method. The indices of the nearest neighbors to the source implant of the corresponding points in the selected 

zone are returned. Next, the source implant is subject to the non-rigid ICP algorithm, which is similar to its rigid 

form but aligns and additionally non-rigidly deforms the source to the target object. Finally, the returned indices 

from the ‘knnsearch’ function correspond with the inherited zones on the non-rigidly deformed source object, 

specifying the zones for the target object. 

3.3.3 INHERITANCE OF IMPLANT LANDMARKS 
Inheritance of the implant landmarks is also inserted with focus on usability and future automation. It should be 

noted that this current feature is only applicable to femur implants. This because the different definition of the 

condylar centers between tibial and femoral components. The medial and lateral condylar centers for femur 

implants are defined as the centers of the best-fit sphere of each condyle [7]. This is approximated best by fitting 

the postero-inferior contact surface between 0 and 90 degrees flexion of the condylar implant section visualized 

in Figure 4.  

A source object with its defined postero-inferior contact surface zone and target object are selected. Similar to 

the inheritance of flexion facets, the ‘knnsearch’ function is executed returning the indices of the nearest 

neighbors on the source object to the contact surface zone. Next, the source object is nonrigidly aligned and 

deformed by the nonrigid ICP algorithm. The earlier returned indices similarly indicate the zone on the deformed 

source object. Finally, the ‘fitsphere’ function is applied to this inherited zone, returning the center coordinates 

of the fitted sphere. For the proximal and distal landmark points, the implant is assumed to be standardized with 

its center point in the origin. In that case, the proximal and distal landmark point of the implant is approximated 

by the coordinates above and below origin relative to the implant size.  

 

FIGURE 4 VISUALIZATION OF THE CONDYLAR CONTACT SURFACES IN WHICH THE SPHERE IS FITTED TO FORM THE LATERAL AND MEDIAL 

CONDYLAR CENTERS IN (A) MEDIAL VIEW, (B) POSTERIOR VIEW AND (C) INFERIOR VIEW 

3.3.4 POSITIONING OF TWO COMPONENTS 

Both component inputs are accompanied by their landmarks set of four landmarks and three landmark-based 

axes. The z axis is defined as the axis between the proximal and distal landmark, coinciding with the mechanical 

axis of the component, the y axis is the cross product of the mechanical axis and the line segment between medial 

and distal landmark and the x axis is the cross product of the y and z axis. The positioning includes three steps. 

First step: position components regardless of local axes system. The original axes systems reference axes are 

defined as axes of length one around the origin. The reference axes of both components are defined as axes of 

length one coinciding with their x, y and z input axes around the components’ center point. This point is the 
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crossing of the two line segments between the proximal-distal landmarks and medial-lateral landmarks. First, 

the component reference axes are subjected to the ‘eq_point’ function that has a similar approach as the ICP 

algorithm. It returns the translation and rotation matrix needed to relocate the component reference axes to the 

reference axes. The translational and rotational matrices are subsequently applied to the vertices of their 

respective components. This manipulation results in alignment of both components with each of their center 

points matching the origin and axes lying along the original coordinate systems axes. 

Second step: apply the position simulators rotational parameters. The implant vertices are multiplied by a 

combined transformation matrix of the three rotational parameters without deforming the implants rigid form.  

Final step: apply translational parameters with regards to previous transformations.  

Altogether, these transformations transform the input component STL vertices for a correct visualization of the 

set position.  
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4. VALIDATION RESULTS  
This section shows the results from the validation between the old analysis software IBOO, and the new software 

VPAS. The results are divided by zone to make location-based conclusions. The complete result tables of each 

zone according to each case are found in appendix E. Additional plots for each zone are listed below as a base 

for a qualitative discussion. These graphs plot the absolute average orthogonal distance in mm between the 

respective zone and bone for each case. 

 

FIGURE 5 AVERAGE ABSOLUTE DISTANCES PER CASE ACCORDING TO IBOO AND VPAS OF ZONE 1 

 

FIGURE 6 AVERAGE ABSOLUTE DISTANCES PER CASE ACCORDING TO IBOO AND VPAS OF ZONE 7

Zone 1’s graph shows that VPAS approximates the pre-operative bone in all cases except case 003 better as the 

analyzed position in IBOO. This implies a good approximation of the lateral side by the new software’s landmarks-

based initial position. The IBOO analysis also shows more fluctuations compared to the VPAS analysis. Contrary, 

zone 7 shows less straightforward results, as both analyses have alternating results and fluctuated behavior.  

Ideally, both graphs should have similar behavior, as this implies equal overhang on both sides. This interactivity 

is more noticeable in the VPAs analysis. Especially in case 004 and case 007, the overhang of the implant is very 

noticeable for the IBOO analysis.
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FIGURE 7 AVERAGE ABSOLUTE DISTANCES PER CASE ACCORDING TO IBOO AND VPAS OF ZONE 2B 

The analyses of zone 2B show alternate smaller absolute distances for both softwares with the VPAS slightly 

more than the IBOO analysis. 

 

FIGURE 8 AVERAGE ABSOLUTE DISTANCES PER CASE ACCORDING TO IBOO AND VPAS OF ZONE 4B 
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FIGURE 9 AVERAGE ABSOLUTE DISTANCES PER CASE ACCORDING TO IBOO AND VPAS OF ZONE 6B 

The analysis graph of zone 4B shows that IBOO  experiences a steady trend in its absolute distances, while VPAS 

shows more fluctuations. The VPAS results however seem to show a slight closer approximation to the bone 

overall. Zone 6B shows a much closer and steady result by IBOO compared to the VPAS analysis.  

 

FIGURE 10 AVERAGE ABSOLUTE DISTANCES PER CASE ACCORDING TO IBOO AND VPAS OF ZONE 10B 
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FIGURE 11 AVERAGE ABSOLUTE DISTANCES PER CASE ACCORDING TO IBOO AND VPAS OF ZONE 12B 

Zone 10B and 12B are the counterparts of zone 4B and 6B. Here, the fluctuations are much more pronounced in 

zone 10B than in zone 12B. From the results in zone 12B, can be seen that IBOO has a good and steady 

approximation of the pre-operative bone. This steadiness is not notable in the analysis of zone 10B. This shows 

that the postero-inferior surface is more prone to fluctuations.  

Zone 13 indicates the anterior surface of the implant. Overall, the IBOO results show smaller average distances 

compared to the VPAS.  

 

FIGURE 12 AVERAGE ABSOLUTE DISTANCES PER CASE ACCORDING TO IBOO AND VPAS OF ZONE 13 
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Additionally, in Table 2, the average absolute distance of all cases according to IBOO and VPAS is depicted. This 

gives an overall view about how well the IBOO input local axes positioning was performed versus the landmarks 

based initial position that VPAS analyzed.  

TABLE 2 AVERAGE ABSOLUTE DISTANCES PER ZONE ACCORDING TO BOTH SOFTWARES 

 zone 1 zone 2B zone 4B zone 6B zone 7 zone 10B zone 12B zone 13 

IBOO 4,936 3,487 4,857 2,473 3,718 3,924 0,977 2,777 

VPAS 3,233 3,359 4,273 5,651 3,498 3,716 4,234 3,783 
 

Table 2 shows that the averages of the average absolute distances between both software analyses for all zones 

show that with exception for zone 6B, the posterior lateral zone, and 12B, the posterior medial zone, the 

difference between both analyses is in the order of 1mm. This of which VPAS shows smaller average distances 

for five out of those six zones. Only for zone 13, the IBOO analysis is providing better approximation to the bone. 

This is probably a direct translation of the peaking values for zone 6B and 12B, which show that the 

anteroposterior approximation of the initial implant position of the VPAS is not accurate enough to be used 

without additional parameter adjustments. The mediolateral approximations however show steady and 

balanced to each other results. This implies that the mediolateral translation parameter minimizes medial and 

lateral overhang well by placing the implant with equal overhang. 
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5. DISCUSSION 

5.1 FLEXION FACETS ANALYSIS 
The VPAS generates its initial position based on user-inserted landmarks. It will generate two axes systems based 

hereon, relocating the components to match the original axes system. This is regardless of the input bone and 

implant files local axes system. How this exactly is performed is found in section 3.3.4. A first consideration hereof 

is the position precision’s complete dependency on the precision of the landmarks. The software handles the 

coordinates in type double with eight digits, thus the source of error is primarily in the definition of these 

landmark coordinates. Victor et al. [7] investigated the observer’s precision while marking bony landmarks on 

cadaver knees. They stated that the mean intra-observers position ranked around 1mm for all landmarks, with 

the highest intra-observer and inter-observer variability of 1.3mm and 3.5mm respectively for the lateral femoral 

condyle. This study resulted in a variability of the femoral mechanical axis 0.12° intra-observer and 0.19° inter-

observer. This type of error affects the complete positioning as the landmarks sets of VPAS were also subjected 

to this size of error margin. This feature should be kept in mind when the results are analyzed. 

From the results stated in the Validation results section above, the first notice are the result differences for zone 

6B and 12B between both analyses. According to the combined average per zone in Table 2 of the results section, 

the difference in average distance for all cases is 3,178mm for zone 6B and 3.257mm for zone 12B. These zones 

represent the posterior lateral and medial zone respectively, indicating an error affecting the posterior 

approximation. A first possible source for this lies in the anteroposterior translation. For this,  the anterior zone, 

zone 13, should be assessed that shows a difference in average absolute distance between both software 

analyses of 1.01mm. This is not very large as it is the average distance. Table 12, the complete zone 13 results 

table shows that the calculated distances handle a wide range sizing 14mm up to 24mm with a large standard 

deviation from 1.4mm up to 2.74mm. This indicates the possibility that the anteroposterior translation plays a 

(big) error in the initial positioning of the VPAS. A possible cause for this is the location of the crossing of the two 

landmarks line segments. For the femur, the mechanical axis lies anterior relative to the location of the 

mediolateral line. This results in a crossing point in between both lines to approximate the best crossing point. 

This is however not the case with the mechanical line of the implant, as it is assumed to lie in the same coronal 

plane as the implants condylar centers. Altogether, this results in an anterior shift of the implant when the two 

crossing points relocate to the origin. This theory is backed up by the complete result tables of zone 6B, 12B and 

13. However, there is an abnormality noticeable. In the case of all left implants, the results show an posterior 

shift instead of an anterior shift. This is caused by an error in the calculation software to calculate these distances. 

Because the component axes systems are based as the axes from proximal to distal and from medial to lateral, 

the components were turned 180° for left legs, causing the distances to be positive instead of negative and visa 

versa. This could be prevented be adding a side-dependent input setting of the positioning software, which will 

be added in a future version. This mistake doesn’t affect lateromedial or superior/inferior distances. Another 

possible source of error is that VPAS only aligns the mechanical axis of both components for its initial position. It 

doesn’t take into account the axes used for the femoral rotation, as it will align the perpendicular axes on the 

mechanical axis with the original axes system. The internal/external rotation should consequently be adjusted 

manually. This can be interpreted also from the combined analyses of zone 6B, 12B and 13. By adjusting the 

internal/external rotation, the implant will rotate around the landmarks crossing point, further improving the 

alignment.  

The mediolateral positioning shows less sources of error as seen by the results of zone 1 and 7. Compared to 

IBOO, their average distance over all cases in both zones show a more balanced and better approximation. This 

is good as it would lead to less overhang. Overhang, on either side is considered as a factor causing patient 

dissatisfaction and pain, as said in a paper from Mahoney and Kinsey [8]. Additionally, as a consequence of the 

balanced approximation by VPAS, it is possible to get indications on component size. If both sides show an equal 

overhang/resection, it could be suggested to consider another implant size. The satisfying mediolateral 

approximation can be caused by the mediolateral translation caused by relocation of the landmark crossing point 



 
14 

with the origin. The crossing point, contrary to the anteroposterior translation, lies in the same plane as the 

mechanical axis, resulting in a mediolateral alignment of the mechanical axes conform the predefined 

translational objective.  

Zone 2B represents the inferior analysis of the components. It should be noted however, that pre-operative 

bones have cartilage wear, so distances should be evaluated based on this knowledge and a patient-specific 

conclusion should be drawn from these distances. Purely based on numbers, VPAS has a slight better 

approximation in the superior-inferior translational direction than IBOO. Positioning within VPAS is based on 

relocation of the crossing between mechanical axis and mediolateral axis with the point of origin. This point is 

defined within the boundaries of the component. This results in an overlap, approximating both condylar centers. 

The objective is to obtain a resection depth of about 10mm, the thickness of the implant to restore the joint line, 

this can be translated to an objective VPAS or IBOO distance about the worn cartilage. If a medial inferior zone 

was defined, this could give an indication for the varus/valgus angle, but unfortunately, this was not. 

Finally, from the previous discussed results is found that, zone 4B and 10B are biased by anteroposterior and 

superior-inferior translation and the internal/external rotation. However, they are also an indication for the 

posterior slope of the implant as changes in this slope result in changes in both zones and for the varus/valgus 

angle comparing changes relative to each other.  In both zones, VPAS shows more fluctuations, but in general al 

slight better approximation than IBOO. There is similar behavior in both zones with the anteroposterior 

translation of zone 6B, 12B and 13, but also with the superior-inferior translation of 2B, clearly showing their 

bias. From this could be suggested that the varus/valgus angle and the posterior slope are well-approximated by 

VPAS. This is suggested to be caused by the fact that both components’ mechanical axes are matched with the 

original axes systems z-axis, coinciding their mechanical axis. The varus/valgus angle is consequently dealt in a 

patient-specific way, based on the mechanical axis and not on a fixed angle, as suggested by Deakin and Sarungi 

[9] and Bardakos et al. [10]. Also the posterior slope is handled, as the objective here too is to realign mechanical 

axes. 

The validation analysis suggests that the initial position generated by VPAS approximates the femur bones 

generally better than the position evaluated by IBOO. This is striking, as IBOO’s position was prior positioned by 

a professional in the light of working with post-operative position assessment. This points out the potential of 

VPAS and if external/internal rotation and the anteroposterior translation can be optimized, this opens doors for 

future automation and pre-operative planning. 

5.2 OPTIMIZATION 
- A first optimization would be to include the distinction between left and right legs, concerning the 

analysis of the flexion facet zones. In that way the results can be unambiguously interpreted.  

- Another optimization would be to redefine the proximal and distal landmarks of the implants more 

anteriorly. In this way, the anteroposterior translation would be approximated much better as this was 

the biggest source of error. 

- Optimization of the flexion facet inheritance could also be implemented, as sometimes the inherited 

zones loses some surface. 

5.3 FUTURE WORK 
The recommendations for future work is presented here: 

- A more statistical study should be carried out to find the significance of this project software 

- The software should be further automated to expand the ability of pre-operative planning 

This would imply that the software’s initial position is based on not only the mechanical axes, 

but also takes the internal/external rotation of the femur into account, and maybe add other 

landmarks to base this position on multiple variables. 

- Dedicated tibia positioning should be added to the positioning software  
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6. CONCLUSIONS 
Increased demand for automation in TKA surgery called for a well-based pre-operative planning tool. This thesis 

project took the first step toward this kind of automation. A software, VPAS, was implemented in which implant 

and patient-specific bone STL files could be inserted, together with their landmarks sets. Based on these inputs, 

an initial position between that specific bone and implant is suggested, visualized in the virtual position simulator. 

Additional tweaking of positioning parameters is hereon possible by the user to finalize the potential position. 

Obtained position can furthermore be subjected to an analysis of flexion facet zones to evaluate the 

approximation of the implant to the bone. Based on this analysis, conclusions can be made and the software 

could, based on the analysis, suggest an optimized position.  

VPAS’ was validated by comparing the analysis results of its initially suggested position with the analysis results 

of IBOO, the former analysis tool of the department of orthopedics of Ghent university Hospital. These analyses 

were performed on nine cases and both softwares analyzed the positions by means of flexion facet analysis on 

eight predefined zones. The input position of IBOO held prior defined positions by another positioning simulator 

in the light of earlier pre-operative planning. In general, VPAS showed better approximation results compared to 

IBOO, with exception for zones concerning the anteroposterior translation and internal/external rotation. This 

should be taken into account when additional parameter setting is performed, and can maybe be eliminated in 

the future with new versions of the software.  
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APPENDIX

A. STATE OF THE ART 
The state of the art will start with a detailed description of the anatomy of the components of the knee joint, 

followed by some information about the clinical background; about osteoarthritis and how to treat it, a 

discussion about the good positioning in TKA surgery and the Measured Resection method to determine the 

position. Finally, information is provided about 3D images and how they are retrieved. 

1. KNEE JOINT ANATOMY 
The knee joint is the joint that connects the thigh with the lower leg. This joint is formed by three bony 

components: the distal end of the femur, the proximal end of the tibia and the knee cap, or patella. The fibula is 

attached on the lateral side of the tibia but does not contribute to the knee joint. This is illustrated in Figure 13. 

The femur and tibia articulate with each other on two sites, medially and laterally, referred to as the tibiofemoral 

joint. The third articulating surface is between the distal femur and the patella. This patellofemoral joint is 

capsulated by numerous ligaments strapping its components together while the patella is attached to the knee 

by tendons. In between articulating surfaces of the femur with the tibia, are two crescent shaped cartilage pads, 

the menisci, which provide cushioning and form the gliding surfaces of the joint. Additional cushioning and 

friction reduction is provided by bursae, small fluid-filled sacs located all around and in between the joints 

components [11]. 

 

FIGURE 13 ANTERIOR VIEW OF THE MAIN COMPONENTS OF THE KNEE JOINT  

(SOURCE: AMERICAN ACADEMY OF ORTHOPEDIC SURGEONS) 

1.1 FEMUR 

The femur or thigh bone (Figure 14) is the most proximal bone of the leg. The proximal end of the femur 

comprises four features: the head with its neck and two trochanters. The head of the femur is located medial on 

the most proximal end and articulates with the acetabulum in the pelvis forming the hip joint. On the distal end, 

are two eminences: the condyles. These eminences each contain an elevation on top, the epicondyles. 

Articulation between these condyles and the tibia are with the condyles’ anterior, inferior and posterior surfaces. 

The distal end of the femur is depicted in Figure 15 in (a) anterior view and in (b) posterior view. Anteriorly, in 

between the two condylar structures is the patellar surface where the patella adjoins. Posteriorly, there is a 

deeper groove, called the intercondylar fossa. The medial condyle is slightly longer in the proximal-distal 

direction than the lateral [12].  
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FIGURE 14 ANATOMY OF THE FEMUR 

(SOURCE: DAVID DARLING) 

 

 

FIGURE 15 DISTAL END OF THE FEMUR IN (A) ANTERIOR VIEW AND (B) POSTERIOR VIEW 

(SOURCE: TEACHMEANATOMY) 

1.2 TIBIA 

The tibia is the medial bone of the lower leg. Contrary to the fibula, the tibia contributes to the knee joint. The 

anatomy is pictured in (a) anterior and (b) posterior view in Figure 16. On the superior end, the tibia contains 

two condyles: the medial and lateral condyle. They are both flat superiorly in the horizontal plane. The medial 

condyles’ superior flat surface is oval, whereas the lateral condyles’ surface is circular. These sites function as 

articulating surfaces with the femur and form the tibiofemoral joint. This is the weight bearing part of the knee. 

In between both condyles is the intercondylar area where the inner ligaments and menisci attach to the knee. 

The intercondylar eminence is formed by a medial and lateral eminence located in the intercondylar area. 

Altogether, this is called the tibial plateau. Inferior to the condyles is the attachment site of the patella ligament: 

the tibial tuberosity [13].  
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FIGURE 16 ANATOMY OF THE TIBIA IN (A) ANTERIOR VIEW AND (B) POSTERIOR VIEW 

(SOURCE: TEACHMEANATOMY) 

The inferior end has a medial-sided prolongation, the medial malleolus. On the lateral side is the fibular notch, 

the articulating site with the fibula [13]. 

1.3 PATELLA 

The patella, or kneecap, as illustrated in Figure 17, is a circular-triangular bone that articulates with the femur. 

The apex of the patella is inferior and serves as attachment of the patellar ligament, whereas the base of the 

patella superior attaches to the quadriceps tendon. Anteriorly, there are two facets serving as articulating 

surfaces with the medial and lateral condyles of the femur. The patella’s function is to cover and protect the 

anterior articular surface of the knee joint and working as a leverage for the knee extension mechanism of the 

quadriceps [14].  

 

FIGURE 17 ANATOMY OF THE PATELLA IN (A) ANTERIOR AND (B) POSTERIOR VIEW 

(SOURCE: TEACHMEANATOMY) 

2. CLINICAL BACKGROUND 

2.1 OSTEOARTHRITIS 

Osteoarthritis, joint degeneration disease or degeneration arthritis, is a chronic joint condition theoretically 

occurring in all joints, but mostly in knee, hip, lower back and neck and small joints of the fingers, on which the 

knee joint is focused in following text. The cartilage covering the joint articular surfaces breaks down and 

consequently induces pain, swelling and difficulties in joint motion. After some time, bone starts breaking down 
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too and growths named ‘spurs’ or osteophytes start to develop on the articulating surfaces. As the osteoarthritis 

worsens, cartilage and bone will wear off and float around in the joint, causing an inflammatory reaction of the 

joint.  Finally, the cartilage will be fully worn and a bone-on-bone articulation will take place causing even more 

pain and joint damage. Osteoarthritis is present in all age categories, but especially in people above 65. Risk 

factors include increasing age, obesity, previous joint injury, overuse of the joint, weak thigh muscles and a 

genetical factor. [15]  

2.1.1 CAUSES 

Historically, osteoarthritis was believed to be caused by the everyday wear and tear that joints underwent. 

However, scientists found that it is a disease of the joint. Different factors contribute to its emergence. First, 

genes are said to have a big influence as various traits can make up an increased probability. For example, a gene 

defect that induces a decreased production of collagen, the protein that makes up cartilage. Or a less-than-

perfect fitting of the bones, making the wear in between joints to be bigger than usual. Another contributing 

factor is weight. Overweight puts more pressure on joints such as hips and knees. Consequently, the cushioning 

cartilage in between breaks down faster. This is also the case with frequent heavy-weight training. Furthermore, 

there is the injury and overuse factor. It is said that repetitive movements and injuries contribute to the increased 

chance of osteoarthritis. Damage by injuries can speed up cartilage breakdown, as well as standing for long 

periods of time and repetitive bending of the joint. Other contributing factors are believed to be bone and joint 

disorders such as rheumatoid arthritis, certain metabolic disorders such as hemochromatosis, and acromegaly, 

where the body will overproduce growth hormone. [15] 

2.1.2 SYMPTOMS 

Depending on which joints are affected and how severe the disease is staged, the symptoms of osteoarthritis 

vary. However, the most common symptoms are joint stiffness and pain, especially after longer durations of 

inactivity and overuse. Other common symptoms are:  

- limited range of motion  

- mild swelling around the joint 

- joints get locked or dislocated 

- constant pain 

- decreased activity 

- a clicking or cracking sound during bending of the joint.  

These symptoms limits patients with osteoarthritis to perform everyday tasks. Simple tasks can become nearly 

impossible, such as fine movements of degenerated finger joints or difficulties in walking, running, standing up, 

… with affected lower extremity joints. This altogether influences the patients social life, family life and work if 

the symptoms are not treated. [15] 

2.1.3 DIAGNOSIS 

Multiple tests are needed to confirm diagnosis of osteoarthritis and rule out other possibilities. Generally, an 

orthopedic specialist will initially observe patients’ movements in a physical examination and do a review of the 

clinical history. After, the physician can order a X ray examination or Magnetic Resonance Imaging (MRI) to 

determine type of arthritis and severity of the joints’ damage. X rays are able to show features such as bone 

damage, cartilage loss and bone spurs. Drawback of X ray is that it can only detect further-than-initial staged 

osteoarthritis. MRI, however, can give perspective on the early damaged cartilage and soft tissues that aren’t 

able to be detected by the X ray images. [16] 
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2.1.4 AVAILABLE THERAPIES 

Osteoarthritis is a cureless chronic disease, where treatment is very stage-dependent and involves managing the 

symptoms. Early stages can be treated traditional and non-invasive. However, as the disease advances, invasive 

treatments are suggested and in most severe cases, diseased and damaged bone and cartilage should be 

replaced.  

In any case, patients are suggested to do exercise and, if necessary, control their weight. Exercise is an 

inexpensive way of increasing the mood, decrease pain, improve flexibility, maintain weight and promote general 

physical activities. If done correctly, it also should not have any negative influences on the affected joint. 

Strengthening exercises build muscle around the joint, and will consequently ease the pressure on the affected 

joint and reduce pain [15]. The amount and form of the exercise is dependent on the joints involved, their stability 

and whether or not a joint replacement has been done before. Additional weight control is suggested in the case 

of overweight or obese patients. This will reduce stress on the joints, limiting further injury and degeneration of 

cartilage and increase mobility. [16] 

2.1.4.1 NON-INVASIVE TREATMENT METHODS 

Non-invasive treatment methods are applied especially in the early stages of osteoarthritis. These treatments 

include pain relief and anti-inflammatory medications, eliminating or reducing pain and improve functioning. 

Pain relief medication has two main categories: over-the-counter pain relievers, which are oral pain medications, 

often a first-line approach in pain-management, and nonsteroidal anti-inflammatory drugs (NSAID). NSAIDs are 

mostly prescribed drugs and include narcotic agents as pain relievers, corticosteroids as anti-inflammatory 

hormones, topical pain relieving creams, rubs and sprays. [16] 

2.1.4.2 INVASIVE TREATMENT METHODS 

In more advanced stages of osteoarthritis, pain relievers are insufficient to provide enough pain relief. Surgery is 

then suggested. Surgery can have different goals:  

- Arthroscopic debridement: Removal of loose pieces of cartilage and/or bone if they cause symptoms of 

locking of the joint. 

- Osteotomy: repositioning of the bones. 

- Joint resurfacing: resurfacing or smoothening out bones. 

In case of severe osteoarthritis, surgeons may opt to (partially) replace affected joints with artificial ones. For a 

knee, these surgeries are called Partial Knee Replacement surgery in the case of partial replacements or Total 

Knee Arthroscopy in the case of total knee replacement. Its primary indication is to relief significant and disabling 

pain [17]. The decision for surgery depends on several factors including the patient’s age, occupation, level of 

disability, pain intensity, and the degree to which arthritis interferes with his/her lifestyle. After surgery and 

rehabilitation, the patient usually feels less pain and swelling and can move more easily. [16] 

2.2 ALIGNMENT IN TKA 

Total knee Arthroscopy surgery is considered to be a successful and effective treatment method in cases of 

advanced arthritis [18]. Its success is primarily measured by proper limb alignment including femoral rotation, 

soft tissue balance and compatibility between femorotibial articulation and the quadriceps [19]. It is suggested 

that presence of these features correlate with long-term durability of the TKA. Particular emphasis is present on 

the coronal alignment (varus/valgus), by restoration of the femorotibial mechanical axis of the knee. This is 

because misalignment in the coronal plane is shown to increase the risk of abnormal prosthesis wear, premature 

loosening of the polyethylene implant and patellofemoral problems [10][18]. Femoral rotational misalignment 

can cause problems with the patellofemoral and femorotibial kinematics and within the balance and stability of 

the replaced joint [20]. After the diseased bone, cartilage and excessive tissue is removed, (re)gaining good 

alignment between all components in coronal, sagittal and axial planes is aimed. This is challenging, because all 

variables closely interact with each other and a small error can affect other parameters considerably. [19] 
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Alignment is relative and should be adjusted relative to another component, a defined construct, axis or plane. 

This can be approached for the lower limb as a whole or for separate components [19]. The leg is represented as 

a whole by the mechanical axis of the limb, defined as the axis from the center of the femoral head to the center 

of the ankle joint. In general, this axis is in a 3° angle with the vertical axis, a downward axis from the symphysis 

pubis, the center of the pelvis, serving as a reference. This angle, however, can differ depending on the width of 

the pelvis and the height of the patient [21]. The separate leg segments are represented with either their 

mechanical or anatomical axes. The mechanical axes of the femoral and the tibial segments are the straight lines 

from the femoral head to the middle of the intercondylar region and the center of the tibial plateau to the center 

of the ankle joint respectively. The anatomical axes of femur and tibia lie along the length of their respective 

intramedullary canal. In a mechanically-neutral condition, the anatomical axis of the tibia coincide with the 

mechanical axis of the lower leg, whereas the anatomical axis of the femur has a 5° to 8° angle with the lower 

legs mechanical axis. 

 

Figure 18 is an illustration of these features. 

 

 
 

FIGURE 18 DIAGRAM ILLUSTRATING THE MECHANICAL AXIS OF THE LIMB VERSUS THE ANATOMICAL AXES OF THE LOWER LIMB 

COMPONENTS REFERENCED TO THE VERTICAL AXIS. [21]                    

Positioning of the femur and tibia with their implant components is based on an axial system with six degrees of 

freedom: three translational axes, each additionally functioning as an axe of rotation. In Figure 19, the six degrees 

of freedom are illustrated of a femoral component relative to a tibial component with its terminology. Every 

degree of freedom has arguments towards an optimal position. In general, the aim is to reconstruct the femoral 

and tibial components along the mechanical axes of the respective bones in the coronal and sagittal plane [19]. 

The horizontal plane holds its own argumentation.  

 

                                                femoral anatomical axis     

Mechanical axis lower limb         femoral mechanical axis 

  

 

Vertical axis 
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FIGURE 19 SIX DEGREES OF FREEDOM MOTIONS PRESENT IN THE HUMAN KNEE. (A) THE FLEXION-EXTENSION ANGLE SEEN IN A LATERAL 

VIEW, (B) VARUS/VALGUS ANGLE SEEN IN ANTERIOR VIEW, (C) ANTERIOR-POSTERIOR AND PROXIMAL-DISTAL TRANSLATIONS IN 

MEDIAL VIEW AND (D) MEDIAL-LATERAL TRANSLATION AND INTERNAL-EXTERNAL ROTATION SEEN IN POSTERIOR VIEW OF THE KNEE. 

(SOURCE: BOND, 2014) 

First the rotational parameters. In the coronal plane, this holds the varus/valgus angle. For the femur, its 

anatomical axis lies in a mean angle of 5°-8° with its mechanical axis. Consequently, majority of orthopedic 

surgeons tend to use a fixed angle of around 6° to reconstruct the proper alignment in the coronal plane. 

However, a study of Deakin and Sarungi [9] shows that the diversity for this angle is too big to use a fixed angle 

and they suggest to use a custom variable angle based on the actual angle between mechanical and anatomical 

axis. For the tibia, the mechanical and anatomical axis coincide, so the tibia is suggested to be cut off 

perpendicular to these axes to reconstruct the alignment. This study is backed up by the study of Bardakos et al. 

[10]. These angles are illustrated in Figure 20. The alpha angle is the angle between the anatomical axis of the 

femur with a tangential line to the distal condyles of the femoral implant. This is about 96° in the case of a fixed 

angle. The beta angel is the angle between the anatomical axis of the tibia and the tangential line to the tibial 

plateau of the tibial implant. Consequences of improper varus/valgus cuts are in case of a too valgus 

femoral/tibial cut, an increased laxity on the lateral side of the knee, whereas in case of a too varus cut, and 

increased laxity on the medial side [21], as illustrated in Figure 21. 

The sagittal plane holds the anteroposterior slope, which should also approximate the mechanical axis of the 

femur and tibia. This slope is important as this affects the balance between flexion and extension gaps [19]. For 

the tibia, in case of an increased posterior slope, the extension gap will be reduced and the flexion gap increased. 

Contrary, a decreased or reversed posterior slope produces tight flexion and a laxity in extension. The suggested 

tibial posterior slope is around 10° relative to the anatomical axis of the tibia. It is suggested that the posterior 

slope of the femur is around 0° to maintain the mechanical alignment [21] The rotational argument in the 

horizontal plane: the internal/external rotation of the femoral component and consequentially that of the tibial, 

is dependent on the surgical method used during the TKA. There are two major methods: Gap Balancing 

technique and the Measured Resection technique. Since the Measured Resection technique is the technique of 

interest of this project, this will only be discussed in the next section.  
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FIGURE 20 VARUS/VALGUS ANGLES OF THE FEMUR AND TIBIA 

(SOURCE: RADIODIAGNÓSTICO, UCR, HOSPITAL INFANTA 

LEONOR VALLECAS) 

 

FIGURE 21 THE EFFECTS ON INCREASED/DECREASED 

VARUS/VALGUS ANGLE. AN EXCESSIVE VALGUS CUT INDUCES 

LATERAL LAXITY, AN EXCESSIVE VARUS CUT INDUCES MEDIAL 

LAXITY. [19] 

The translational arguments in coronal and sagittal plane are also based on the approximation of the mechanical 

axis of the respective components [19]. In the coronal plane, the translational position for both the femur and 

tibia is determined by approximating the mechanical axes with the center of the implant component. In case the 

implant is positioned too laterally, a more valgus femoral cut will be made, whereas a too medially positioned 

implant would make a more varus femoral cut. These errors could give implications of the soft tissue balancing 

and consequently the wear of the implant [21]. In the sagittal plane is also an approximation of the mechanical 

axis of both bones with the implants center. When the implant would be positioned too posteriorly, a relative 

flexion will be obtained, whereas a too anteriorly positioning would result in a relative extended femoral cut. 

This results in implications with the component size, because when the anterior and posterior femoral cuts would 

be performed, the femur would either be oversized or the anterior surface could be notched, causing a risk for 

peri-prosthetic fractures [21].  As for the transverse plane, a study of Berend et al. [22] suggests that the resection 

depth of the proximal tibia shouldn’t be too big. Increased resection depth results in smaller tibial components 

and thicker implant bearings and will in turn result in substantial strain increases in the proximal and peripheral 

regions of the tibia. It can be suggested that this also holds for the femur as increased resection depth would 

also result in smaller femoral component, hence increased strain in the peripheral regions. The paper suggests a 

resection depth of 10mm. In cases of severe osteoarthritis, it is possible that more tissue should be removed, on 

which Berend et al. suggest to minimize the resection depth by for example cutting away layers of two millimeter 

at a time. It is also said that rotational reference marks change with the level of resection level. This is said to be 

true for the tibia by Graw et al. [23], but this is also applicable for the femur. Resection blurs the specific shapes 

of the bones, making it harder for the physicians to base their landmark definition on. 

2.3 SURGICAL POSITIONING METHOD DURING TKA: MEASURED RESECTION 

Within Measured Resection, the bone cuts are made independently of tension in the soft tissues. The technique 

is based on three landmark axes to set the femoral component of rotation. The landmark axes are illustrated for 

the femur in Figure 22. [24]. The axes are virtually drawn in the horizontal plane. The transepicondylar axis (TEA) 

is the line connecting the prominence of the lateral epicondyle to the medial epicondylar ridge , for the clinical 

TEA, or the medial epicondylar sulcus, a little bellow the medial epicondylar ridge, for the surgical TEA. The 

anteroposterior (AP) axis, is the line connecting the center of the trochlear sulcus, a groove on the anterior side 

of the femur where the femur articulates with the patella, and the midpoint of the intercondylar fossa on the 

posterior side of the femur. The Posterior condylar axis (PCA) is the line interconnecting the posterior surfaces 

of the femoral condyles. [24] 
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FIGURE 22 DIAGRAM REPRESENTATION OF THE TRANSEPICONDYLAR (TEA), ANTERIOR-POSTERIOR (AP), AND POSTERIOR CONDYLAR 

(PCA) AXES OF A FEMUR IN THE TRANSVERSE PLANE. [24] 

The TEA is an approximation of the flexion-extension axis of the knee and is in general perpendicular to the 

mechanical axis of the leg. If the femoral implant component is put in parallel to the TEA, enhanced central 

patellofemoral tracking and improved femorotibial kinematics are said to be obtained [25]. The problem with 

this axis is the intraoperative difficulty to define, and consequentially suggested to be an unreliable landmark. 

The Whiteside line, or anteroposterior axis is found to be more reliably findable intraoperatively [26]. The 

Whiteside line is a line along the deepest part of the trochlear groove and perpendicular to the TEA and has the 

advantage to be utilized even in cases of posterior condylar bone erosion or hypoplasia, which is not the case 

with referencing to the PCA [27]. It is however discouraged to use this landmark solely, because it is said to have 

a wide range of error, especially with patients with severe arthritis [28]. Third option is to reference relative to 

the PCA, which has a small internal rotation of around 5°. However, this is a approximative number and not 

useable for all subjects. The choice of using a fixed angle of about 5° or a variable angle is strongly under 

discussion and dependent on the surgeon’s preferences. External relative rotation of this angle will make it 

possible for the femoral component to orient perpendicular to the resected tibial surface [24]. Because 

Measured Resection is based on landmarks and due to large variations in femoral anatomy, it is suggested to use 

all bone landmarks combined to limit errors in femoral component rotation [24]. In general, independent on the 

reference of choice, it should be noted that ensuring correct alignment of the rotational landmarks is more 

important than equalizing bone resection depths. Because this would induce internal rotation of the femoral 

component translating in relative lateral laxity and medial tightness in flexion and difficulties with the soft tissue 

balance of the knee. Excessive external rotation, on the other hand, induces lateral tightness and medial laxity in 

flexion, causing a medial lift-off when the knee is flexed. Both situations will show a limited range of flexion 

because of tightness in the ligaments. [19], [21] 

Concerning the tibial internal/external rotation, excessive internal rotation of the tibial component will result in 

relative external rotation of the tibial tuberosity and will increase the chance of subluxation or dislocation of the 

patella. Excessive external rotation of the tibial component will result in posterolateral overhang of the implant 

with consequently soft tissue impingement and relative internal rotation of the tibial tuberosity. This can lead to 

pain and poor functioning of the knee. [21] It is suggested that the tibial component is placed in a 10° external 

rotation relative to the posterior condylar axis of the tibia [23].  
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Below is a summary of these six degrees of freedom. Within these tables, every parameter is listed with their 

two excessive conditions and the effect in case of the respective excessiveness. In the final column is a target 

value stated for this parameter for the tibia and the femur. 

TABLE 3 TRANSLATIONAL PARAMETERS FOR POSITIONING WITHIN TKA SURGERY WITH THEIR POSSIBLE CONDITIONS, CONSEQUENTIAL 

EFFECTS AND TARGET VALUE 

 Parameter Condition Effect Target value 

Tr
an
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n

a
l p

ar
am

e
te

rs
 

Mediolateral 
translation 

Too medial Femur & tibia: 
Implies a more valgus cut, 
increased laxity on the lateral 
side of the knee Femur & tibia: Approximation 

of the mechanical axis of the 
bone with the implants center Too lateral Femur & tibia: 

Implies a more varus femoral 
cut, increased laxity on the 
medial side of the knee 

Anteroposterior 
translation 

Too anterior Femur & tibia: 
Provoked relative extension, 
problems with the component 
size 

Femur & tibia: 
Approximation of the 
mechanical axis of the bone 
with the implants center 

Too posterior Femur & tibia: 
Provoked relative flexion, 
problems with the component 
size 

Resection depth 

Too far resected Femur & tibia: 
Smaller bone component, thicker 
implant bearings, resulting in 
substantial strain increases in the 
proximal and peripheral regions 

Femur & tibia: 
Restore the original joint line, 
target resection depth of 
10mm 

Too little resected Femur & tibia: 
Too little diseased cartilage and 
bone resected to obtain 
satisfactory long-term and short-
term results 
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TABLE 4 ROTATIONAL PARAMETERS FOR POSITIONING WITHIN TKA SURGERY WITH THEIR POSSIBLE CONDITIONS, CONSEQUENTIAL 

EFFECTS AND TARGET VALUE 
R

o
ta

ti
o

n
al
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ar
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e

te
rs

 

Varus/valgus angle 

Too varus cut Femur & tibia: 
Increased laxity on the 
medial side of the 
tibiofemoral joint 

Femur: 
Fixed angle: 5-8° 
variable angle: patient 
specific, dependent on the 
angle between mechanical 
and anatomical axis of the 
femur 
Tibia: 
perpendicular to anatomical 
& mechanical axis of the tibia 

Too valgus cut 
Femur & tibia: 
Increased laxity on the 
lateral side of the 
tibiofemoral joint 

Posterior slope 

Increased posterior 
slope 

Femur & tibia: 
Reduced extension gap, 
increased flexion gap 

Tibia: 
10° angle relative to the 
anatomical axis of the tibia 
Femur: 
Perpendicular to the 
mechanical axis 

Decreased/reversed  
posterior slope 

Femur & tibia: 
Tight flexion,  
laxity in extension 

Internal/external 
rotation 

Excessive internal 
rotation 

Femur: 
Relative lateral laxity and 
medial tightness in flexion, 
and soft tissue balance 
difficulties 
Tibia: 
Relative external rotation of 
the tibial tuberosity, 
increasing the change of 
subluxation of the patella 

Femur: 
Dependent on surgical 
technique: 

- Femoral implant 
component parallel 
with the TEA 

- Perpendicular to the 
Whiteside line 

- Under a fixed angle 
of about 5° with the 
PCA or variable 

 
Tibia: 
Component in 10° external 
rotation relative to the 
posterior condylar axis of the 
tibia 

Excessive external 
rotation 

Femur: 
Induces lateral tightness and 
medial laxity in flexion, 
causing medial lift-off in 
flexion 
Tibia: 
Posterolateral overhang of 
the implant with 
consequently soft tissue 
impingement and relative 
internal rotation of the tibial 
tuberosity 

 

 

 

 

 

 

 

 Parameter Condition Effect Target value 
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3. 3D IMAGES 

This thesis project will take use of 3D imaging in order to virtually construct the position of both implant as well 

as the bone of interest. This is carried out by means of STL files. The next section will provide more information 

about what an STL file is and how these files will be computed. 

3.1 STL FILE FORMAT 

STL is a file format with its origins in stereolithography CAD software, created by the company ‘3D Systems’. STL 

was initially first derived from the word ‘stereolithography’, but later got the backronym ‘Standard Triangle 

Language’.  

The STL file format describes the surface geometry of a three dimensional object, without details about color, 

texture or other CAD attributes. This geometry is described in a triangulated manner as the surface of a 3D object 

is tessellated logically into a series of small triangles. The triangulated surface is then described by the unit 

vectors of the normal, or the ‘unit normal’ and the vertices (corners) of the triangles by means of a Cartesian 

coordinate system. Each triangle is defined by twelve numbers: three for the unit normal, and three for each 

x/y/z coordinate of each vertex. All these numbers are then put into the STL file in ASCII or Binary form, 

respectively for ASCII STL and Binary STL files. Some variations add the possibility to include color into the STL 

file format, but this is only possible in the case of adapted dedicated software. Software that will not be used 

throughout this project. [29]  

The triangles should be defined according to rules in order to retrieve unambiguous reconstructions of any 

object. The main rules include [29]: 

- The unit normal should point outward to the object. This vector defines the overall direction of that 

triangle, the facet orientation. 

- The vertices are listed counterclockwise and with their vector pointed inward to the object.  

- Each triangle must share two vertices with each of its adjacent triangles. This is a rule to prevent that 

vertices emerge halfway through the adjacent triangle. 

3.2 FROM CT SCAN TO STL FILE 

3.2.1 CT SCAN AND ITS OUTPUT FILE FORMAT 

A CT or Computer Tomography scan is a scan that makes use of different radiographic images from different 

angles, combined by computer processes. A large series of 2D images around a single axis of rotation, for example 

the midsagittal plane of the patient, is combined and digital geometry processing  is used to generate a 3D image 

of the scanned body. From these computer-processed 3D images will cross-sectional images, virtual “slices”, be 

retrieved, allowing to see specific areas inside the scanned body. [30] 

CT scans are in general performed by X ray technology, but other types of tomographic imaging techniques can 

also be applied. Various body tissues are able to be seen through CT. This is because X-ray scans are based on 

the ability of tissues to absorb x rays as they pass through. This results in its main advantage; CT has got an 

inherent high-contrast resolution. It is possible to differentiate tissues with an absorption capacity up to less than 

1% difference. Final output data of a CT scan consist of multiple contiguous images in the axial, coronal of sagittal 

plane, depending on the diagnostic interest. This feature is called ‘multiplanar reformatted imaging’. [30] 

3.2.2 FROM CT OUTPUT FILE TO STL FILE 

The CT output file format is according to the DICOM (Digital Imaging and Communications in Medicine) standard, 

which describes the handling, storing printing and transmitting of medical images. This output file contains the 

2D slices data set obtained from the CT scan. [31] Computer processing software can now import this DICOM file 

and reconstruct these 2D virtual slices again to a 3D model, inversely to what the CT scanner software did to slice 

the 3D scanned object into the sliced output format. Additionally, the reconstructed 3D image’s surfaces are 

triangulated, as mentioned before in the STL file format section above.  
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B. PROGRAM FEATURES 
In the next appendix section, each building block is discussed together with its program features. Green arrows 

indicate the transition of one building block to another (main or smaller) building block. Blue arrows indicate the 

input/output parameters. In the case of an input, it shows which inputs are needed for this block and in case of 

an output, it shows the output to the workspace directory. 

1. MAIN MENU 

The main menu is serves as the starting building block. When the software is being launched, the main menu 

module is accessed. An outline of the main menu building block is featured in Figure 23.  

 

FIGURE 23 OUTLINE OF THE MAIN MENU MODULE 

The main menu has several features. First of all, it is possible to launch the Input manager, Position simulator 

and evaluation module by clicking their respective buttons in the main menu user interface.  

Another feature of the main menu is that it has the possibility to go into debug mode. This is for programming 

purposes and if selected, it will set a flag in the code so debugging messages will be displayed in the command 

window of MATLAB in order to check variable sizes and content. This debugging mode is maintained for future 

programming expansions.  

Also, in the main menu, a new project can be initialized. This feature loads a predefined standard project file, 

‘standardproject.mat’ that contains the backbone data format with an empty ‘check’ structure, a ‘project’ 

structure containing predefined lists of implant specifications and the variable ‘default’, which is the standard 

project directory. This standard project file is predefined by the standardproject.m file containing all predefined 

structure settings and predefined default directory. This new project is named ‘nameless_project’ automatically 

and saved in the default directory. It is also possible to load an existing project. In this case, a selected project 

with a .mat extension is loaded from the directory with its own settings and saved ‘project’ and ‘check’ structures 

and ‘default’ variable. Finally, the current running project can also be saved. If the name input is changed before 

executing this feature, it is possible to rename a project as this is saved under this new name. When a project is 

saved, the full ‘project’, check’ and ‘default’ variables are saved in a MATLAB data file (.mat extension) in the 

default directory. 

2. INPUT MANAGER 
The input manager is responsible for all inputs. Because of the diversity between implants and bones, dedicated 

sublevels were deployed: a bone manager and an implant manager. A third sublevel: the landmarks manager 

was added to provide the input of landmarks of both bones and implants. The outline of the input manager 

module can be seen below, in Figure 24. It is recommended to pass these building blocks in the presented 

sequence from top to bottom: bone manager – implant manager – landmarks manager. 
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FIGURE 24 OUTLINE OF THE INPUT MANAGER MODULE 

The input manager visualizes the names of all currently added bones and implants in their respective listbox. The 

names of these bones and implants are colored green if all specs and the STL file are present, if information is 

missing, this will turn red for the user to know. In the bones and implant dedicated landmarks listboxes, the 

names of these components will turn green if landmarks are added. If not, the user interface will communicate 

this by turning the name red. The input manager can directly remove bones, implants or landmarks sets by 

selecting the to be removed object in its listbox and push its dedicated delete-button. For every other input 

modification, the respective manager should be launched. 

The bone manager is responsible of managing all bone inputs. It has two ways to add bone inputs: manually or 

automatically. To manually add a bone, push the ‘manually add bone’ button. A popup will jump up where a 

name for the bone can be set and a bone STL file can be uploaded. The software will automatically remesh (edit 

and repair the polygon meshes) the STL file and put it in the project workspace. To automatically add a bone, 

push the ‘Load library .mat file’ button. This library has a specific structure according to the University Hospital 

file format, also used by its other analysis software. All components of the library are automatically added to the 

project workspace. In case the bones in the library already have a landmarks set added, this is also communicated 

by a flag. Contrary, the bone manager can also save all current input bones to a .mat library in the default 

directory. This conform the hospital format, to provide compatibility. 

The implant manager works similarly to the bone manager. It is also possible to add implant inputs manually 

(‘Add implant manually’), through a popup, and automatically (‘Add implant library .mat file’), with a library file. 

When an implant is added manually, the software will automatically standardize its location to the location of 

the already inserted implant inputs. This to provide a standardized implant input location and to obtain better 

libraries. It is for that reason that it is recommended to first add a library to the implant inputs and then extra 

manual addition of other implants. Finally, a library can also be generated (‘Save implants to library .mat file’). 

Additionally to bones, implant inputs also have to deal with flexion facet zones. These zones can either be added 

one by one manually. This by clicking the ‘Add zone manually’ button. Again, a popup appears to set a name and 

upload the specific STL file. Or another way is to inherit flexion facet zones automatically from another implant. 

The ‘Inherit zones’ button’ will open a window. Here, a source implant should be selected. This is the implant 

from which the zones will be inherited. Also a target implant should be selected. This is the implant that will 

inherit the zones. The to be inherited zones can be selected by means of the buttons on the right. By clicking the 

‘start inheritage’ button, the software will generate the appropriate inherited flexion facet zones and add them 

automatically to the target implant in the project workspace. The zones can be managed by the implant manager 

with the remaining buttons under the zone listbox. Activity of the zones determine if they can be analyzed by 

the analysis building block or not. The MCC and LCC zones are the zones used for the landmarks inheritage 

procedure, discussed in the next paragraph. These can be assigned a title of MCC (Medial Condylar Center) or 

LCC (Lateral Condylar Center) to specifically identify these zones through the ‘set zone MCC’ or ‘set zone LCC’ 

button. 
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Finally, the landmarks manager takes care of the landmarks sets of the bone and implant inputs. Landmarks can 

added manually for both types by selecting the component in a dropdown menu and uploading a .txt file 

specifying the 3 dimensional coordinates of the landmark reference points. After adding this file, the ‘Proceed’ 

button should be pressed, this enables the function to specify which coordinates belong to which landmark point. 

Four landmarks should be specified: proximal, distal, lateral and medial. ‘Save’ will save the landmarks to its 

implant in the project workspace. The manual addition of landmarks is enabled automatically in the case of bone 

landmarks. In the case of implant landmarks, the user should first specify which module it wants to execute, as 

implants can also automatically add landmarks. This is performed by a landmarks inheritage procedure of 

another implant. It should be noted that the source implant needs to have a MCC and LCC zone specified for this 

feature. As these zones specify the fitted sphere the Condylar Centers landmarks are based on. ‘Start inheritance’ 

will take care of the inheritage procedure of the MCC and LCC zone and the fitted sphere to eventually generate 

the condylar centers, which are also the medial and lateral landmark of the implant. The proximal and distal 

landmarks are generated based on the implants position. 

3. POSITION SIMULATOR 

The virtual positioning simulator module is responsible for simulating two components (bone-bone, bone-

implant) positioned relative to each other. Its outline is illustrated in Figure 25.  

 

FIGURE 25 OUTLINE OF THE VIRTUAL POSITIONING SIMULATOR MODULE 

In the top left corner, the user can select for the proximal and distal component its type: bone or implant and in 

the accompanied dropdown menu the respective implant or bone of choice. It should also be specified which 

knee side is visualized, as this is important for the parameters to move in the right direction conform the 

convention. The initial suggested position is based on the set landmarks, but this position can be modified by the 

six degrees of freedom parameters in the ‘rotation’ and ‘translation’ panel. The parameters panel below gives 

feedback information about the angle and displacement between both components mechanical axis in three 

planes. Each plane can be requested by the dropdown menu. The visualization on the right is immediately 

updated according to the set parameters. It is possible to zoom in and out of this visualization with dedicated 

buttons on the right. Also it is possible here to adapt the view to ‘superior’, ‘inferior’, ‘medial’, ‘lateral’, ‘anterior’ 

and ‘posterior’ view. When one is satisfied about the position between the two components, this position can 

be saved by the ‘Save position’ button within the positions panel. Here, it is also possible to remove positions or 

load a prior saved position. The ‘Screenshot’ buttons makes it possible to save the current graph. A .png file is 

saved in the default directory with the same position and view as visualized. The automatically generated file 

name consists of the name of both components and the current date and hour. 
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4. EVALUATION MODULE 

The final step in the workflow is carried out in the evaluation module, of which the outline is illustrated in Figure 

26 below.  

 

FIGURE 26 OUTLINE OF THE EVALUATION MODULE 

The evaluation module is responsible to generate an evaluation of the positions generated in the position 

simulator module between a bone and an implant. Consequently, the prerequisite is to have a position saved 

earlier. This, with an implant that has at least one defined active flexion facet zone. This module will calculate 

the orthogonal distances between the bone and implant for the selected zones. To start up the evaluation, first 

select that position of interest in the left upper dropdown menu. Next, it is possible to select one flexion facet 

zone of interest in the dropdown menu next to the position menu to calculate. This only shows the active flexion 

facet zones. Note that the six position parameters are filled in in the ‘calculations’ panel. It is now possible to 

decide if each parameter stays static throughout the calculation or if it should variate. If the ‘variable’ box is 

ticked, that parameter will variate during the calculation with a middle value of the initial position parameter, a 

deviation of the value in the ‘dev’ box and with a step size of the value in the ‘step’ box. This makes it possible to 

evaluate the impact of errors or other deviations to the implant position. The calculation of the chosen zone will 

start when the ‘calculate’ button is pressed, when ‘calculate all’ is pressed, all “active” zones will be calculated. 

When the calculations are finished, the left graph shows the results according to the selected results (y axis) and 

parameter (x axis) on the left of the graph. On the right side, the bone component with its implant is visualized. 

Additionally, the flexion facet zone is also visualized with colors scaled according to distance to the bone. It is 

possible to change the 3D graph options (below the visualization) and views (right of the visualization). The 

software provides the feature to export the distance information in Excel format through the ‘Excel’ button, or a 

screenshot of both graphs through the ‘Save graph’ button. It is possible to save the whole project file in the 

library format through the ‘Save data’ button, or load a library format project through the ‘Load data’ button. 

Finally, the ‘Generate position’ button will suggest an optimal position based on the prior calculations that will 

be saved as a new position, making it possible to load this in the position simulator building block.  
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C. SCREENSHOTS OF THE VIRTUAL POSITIONING SOFTWARE 
This appendix contains the screenshots of all program windows of the Virtual Positioning Assessment Software 

(VPAS). The sequence is according to the sequence used in ‘Program features’. 

 

FIGURE 27 SCREENSHOT OF THE POSITIONING SOFTWARE'S MAIN MENU 

 

FIGURE 28 SCREENSHOT OF THE POSITIONING SOFTWARE'S INPUT MANAGER 

 

FIGURE 29 SCREENSHOT OF THE POSITIONING SOFTWARE'S BONE MANAGER MENU 
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FIGURE 30 SCREENSHOT OF THE POSITIONING SOFTWARE'S MENU TO ADD BONES MANUALLY 

 

FIGURE 31 SCREENSHOT OF THE POSITIONING SOFTWARE'S IMPLANT MANAGER MENU 
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FIGURE 32 SCREENSHOT OF THE POSITIONING SOFTWARE'S MENU TO ADD IMPLANTS MANUALLY 

 

FIGURE 33 SCREENSHOT OF THE POSITIONING SOFTWARE'S MENU TO INHERIT FLEXION FACETS FROM ANOTHER SELECTED IMPLANT 
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FIGURE 34 SCREENSHOT OF THE POSITIONING SOFTWARE'S LANDMARK MANAGER FOR BONES AND IMPLANTS 

 

FIGURE 35 SCREENSHOT OF THE POSITIONING SOFTWARE’S MENU TO INHERIT LANDMARKS FROM ANOTHER SELECTED IMPLANT 
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FIGURE 36 SCREENSHOT OF THE POSITIONING SOFTWARE'S POSITION SIMULATOR MODULE 

 

FIGURE 37 SCREENSHOT OF THE POSITIONING SOFTWARE'S EVALUATION MODULE 
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D. CLASS DIAGRAM OF THE PROJECT DATA 

 

FIGURE 38 CLASS DIAGRAM OF THE PROJECT DATA
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This is the class diagram of the project data. A class diagram is made up of different classes (the square units), 

each with their specific name, a fields section and an optional methods section. The field section holds the 

information of the respective field: first the visibility of that specific field (+ stands for a public, in order for that 

field to be modifiable throughout the whole software), then, the name of the field followed by the type of 

variable. The methods section can hold class specific methods, which are callable throughout the software for 

an object of that class.  

The red lines represent the ‘aggregation’ relationship between two classes. This relationship can be interpreted 

as Object A ‘has one or more’ Object B, in which Object A is the object originated by the ◊, and object B has a flat 

line attachment point. Furthermore, the blue lines represent an ‘inheritance’ relationship, of which Object A ‘is 

a type of’ Object B. Specifically here, the bone and implant classes are types of the body class, meaning they 

inherit the fields of the body class and additionally have their own specific fields defined.  

This class diagram is organized in an attempt to visualize the data structure in a left-to-right approach. For 

example, to call the vertices of a 3D zone of the implant, the readability explains that this is called by 

‘project.implants.(name_of_implant).zones3D.(name_of_zone).stl.vertices’.   



 
XXIV 

E. COMPARISON RESULT TABLES 
Following tables contain the results of the flexion facets analysis according to the old, IBOO, software and the 

new, VPAS. The results per zone are divided by case number, with their respective IBOO and VPAS average, 

standard deviation, minimum distance and maximum distance. The units are millimeters (mm).  

TABLE 5 COMPARISON BETWEEN IBOO SOFTWARE AND THE VIRTUAL POSITIONING ASSESSMENT SOFTWARE (VPAS) FOR ZONE 1 

Zone 1 case Software avg (mm) stdev (mm) min (mm) max (mm) 

 001 IBOO 2,776 2,486 -11,670 5,907 

  VPAS 0,786 1,208 -3,023 3,096 

 003 IBOO 0,605 2,271 -14,861 3,597 

  VPAS -5,139 1,468 -7,533 6,101 

 004 IBOO 9,686 3,194 -4,537 14,270 

  VPAS 1,210 1,390 -2,637 2,812 

 005 IBOO 5,874 1,926 -14,912 9,283 

  VPAS -3,806 2,852 -6,954 5,395 

 006 IBOO -7,081 4,286 -14,961 6,421 

  VPAS -5,594 1,895 -12,190 8,059 

 007 IBOO 4,668 3,467 -2,419 13,735 

  VPAS -4,246 1,438 -13,593 8,737 

 008 IBOO -1,439 4,296 -14,978 5,075 

  VPAS 1,080 1,236 -2,521 3,255 

 010 IBOO -8,200 3,879 -14,999 4,259 

  VPAS -4,893 3,910 -14,969 6,641 

 011 IBOO 4,099 1,967 -14,352 7,282 

  VPAS 2,344 1,467 -2,090 5,724 
 

TABLE 6 COMPARISON BETWEEN IBOO SOFTWARE AND THE VIRTUAL POSITIONING ASSESSMENT SOFTWARE (VPAS) FOR ZONE 2B 

Zone 2B case Software avg (mm) stdev (mm) min (mm) max (mm) 

 001 IBOO 2,624 0,162 2,284 2,971 

  VPAS -2,255 0,496 -3,016 -0,766 

 003 IBOO 2,955 0,075 2,720 3,082 

  VPAS -4,345 0,349 -5,041 -3,479 

 004 IBOO 6,060 0,150 5,717 6,305 

  VPAS -2,713 0,306 -3,114 -1,527 

 005 IBOO 3,644 0,256 3,108 4,131 

  VPAS -4,609 0,333 -5,376 -4,141 

 006 IBOO -3,052 0,193 -3,330 -2,641 

  VPAS -0,586 1,044 -4,674 0,640 

 007 IBOO 5,748 0,232 5,107 6,121 

  VPAS -3,126 0,251 -4,029 -2,763 

 008 IBOO -3,219 0,107 -3,452 -3,007 

  VPAS 4,234 0,212 3,888 4,693 

 010 IBOO -3,467 0,111 -3,685 -3,290 

  VPAS -1,799 0,416 -2,504 -0,809 

 011 IBOO -0,612 0,146 -1,095 -0,342 

  VPAS 6,565 0,344 6,044 7,187 
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TABLE 7 COMPARISON BETWEEN IBOO SOFTWARE AND THE VIRTUAL POSITIONING ASSESSMENT SOFTWARE (VPAS) FOR ZONE 4B 

Zone 4B case Software avg (mm) stdev (mm) min (mm) max (mm) 

 001 IBOO 4,516 0,102 4,288 4,828 

  VPAS -2,494 0,229 -4,735 -2,062 

 003 IBOO 4,455 0,358 3,407 4,884 

  VPAS -5,299 0,439 -12,327 -4,953 

 004 IBOO 5,870 0,221 5,309 6,285 

  VPAS -4,302 0,441 -10,044 -3,736 

 005 IBOO 6,113 0,142 5,711 6,445 

  VPAS -7,186 0,686 -8,351 -5,881 

 006 IBOO -3,910 0,147 -4,274 -3,603 

  VPAS 2,192 1,034 -14,119 3,231 

 007 IBOO 7,037 0,140 6,633 7,267 

  VPAS -1,182 0,577 -8,786 -0,537 

 008 IBOO -3,948 0,253 -4,509 -3,341 

  VPAS 7,646 0,814 6,148 12,386 

 010 IBOO -5,522 0,144 -5,838 -5,191 

  VPAS 1,304 0,495 0,327 2,214 

 011 IBOO -2,343 0,423 -3,038 -1,321 

  VPAS 6,854 0,407 6,113 7,903 

 

TABLE 8 COMPARISON BETWEEN IBOO SOFTWARE AND THE VIRTUAL POSITIONING ASSESSMENT SOFTWARE (VPAS) FOR ZONE 6B 

Zone 6B case Software avg stdev (mm) min (mm) max (mm) 

 001 IBOO 2,069 0,444 0,983 2,836 

  VPAS -4,805 0,500 -12,661 -4,198 

 003 IBOO 0,968 0,693 -2,357 2,266 

  VPAS -6,660 1,085 -9,813 11,693 

 004 IBOO 2,055 0,575 0,853 3,018 

  VPAS -4,365 0,649 -13,892 -3,458 

 005 IBOO 3,497 2,204 -6,865 4,883 

  VPAS -8,104 2,905 -13,856 10,062 

 006 IBOO -3,028 0,486 -10,888 -2,630 

  VPAS 3,860 0,898 2,690 13,728 

 007 IBOO 3,250 0,788 1,997 8,677 

  VPAS 0,349 0,462 -3,254 1,256 

 008 IBOO -2,229 0,663 -12,366 -1,113 

  VPAS 9,858 1,261 -11,829 11,197 

 010 IBOO -4,131 0,536 -4,896 -2,696 

  VPAS 6,409 0,819 5,214 13,901 

 011 IBOO 1,034 0,806 -10,016 5,191 

  VPAS 6,453 1,100 -11,645 10,193 
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TABLE 9 COMPARISON BETWEEN IBOO SOFTWARE AND THE VIRTUAL POSITIONING ASSESSMENT SOFTWARE (VPAS) FOR ZONE 7 

Zone 7 case Software avg (mm) stdev (mm) min (mm) max (mm) 

 001 IBOO -1,013 2,814 -11,176 7,296 

  VPAS -2,163 1,671 -9,934 4,958 

 003 IBOO -3,732 2,491 -8,577 6,529 

  VPAS -2,130 2,088 -11,788 10,634 

 004 IBOO -1,337 3,192 -8,943 5,874 

  VPAS -6,397 1,756 -9,169 8,537 

 005 IBOO -4,904 3,285 -11,705 11,451 

  VPAS -0,067 1,643 -12,359 3,976 

 006 IBOO -6,046 2,264 -14,994 9,627 

  VPAS -2,239 1,038 -7,098 6,529 

 007 IBOO 9,633 4,452 -14,468 14,888 

  VPAS -5,620 1,760 -7,311 6,846 

 008 IBOO 0,056 1,714 -14,244 5,019 

  VPAS 1,914 1,961 -9,410 7,291 

 010 IBOO -5,961 6,214 -14,970 12,188 

  VPAS 3,806 6,731 -14,982 12,492 

 011 IBOO 0,780 3,916 -14,793 10,210 

  VPAS 7,150 2,208 -11,472 12,518 

 

TABLE 10 COMPARISON BETWEEN IBOO SOFTWARE AND THE VIRTUAL POSITIONING ASSESSMENT SOFTWARE (VPAS) FOR ZONE 10B 

Zone 10B case Software avg (mm) stdev (mm) min (mm) max (mm) 

 001 IBOO 3,099 0,200 2,561 3,435 

  VPAS -0,724 0,307 -1,455 -0,295 

 003 IBOO 3,240 0,215 2,823 3,851 

  VPAS -7,933 0,398 -8,845 -7,028 

 004 IBOO 4,854 0,251 4,269 5,401 

  VPAS -2,725 0,506 -3,733 -1,483 

 005 IBOO 3,175 0,182 2,743 3,549 

  VPAS -7,424 0,395 -8,193 -6,590 

 006 IBOO -3,473 0,425 -4,130 -2,526 

  VPAS 1,080 0,444 0,295 1,932 

 007 IBOO 6,521 0,599 5,267 7,529 

  VPAS -0,502 0,437 -1,151 0,406 

 008 IBOO -1,123 0,348 -1,834 -0,319 

  VPAS 5,676 0,300 5,090 6,461 

 010 IBOO -4,256 0,183 -4,594 -3,762 

  VPAS 0,471 0,462 -0,474 1,435 

 011 IBOO -5,570 0,599 -6,356 -4,132 

  VPAS 6,906 1,030 5,111 9,220 
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TABLE 11 COMPARISON BETWEEN IBOO SOFTWARE AND THE VIRTUAL POSITIONING ASSESSMENT SOFTWARE (VPAS) FOR ZONE 12B 

Zone 12B case Software avg (mm) stdev (mm) min (mm) max (mm) 

 001 IBOO -0,793 0,478 -1,994 0,131 

  VPAS -6,294 0,293 -7,070 -5,690 

 003 IBOO 0,691 0,296 0,146 1,381 

  VPAS -5,262 1,188 -7,425 -2,915 

 004 IBOO 2,115 0,395 1,318 2,855 

  VPAS -4,178 0,555 -5,036 -2,861 

 005 IBOO 0,634 0,252 0,022 1,280 

  VPAS -3,452 1,205 -5,678 -0,643 

 006 IBOO -1,904 0,464 -2,692 -1,066 

  VPAS 1,423 0,485 0,351 2,325 

 007 IBOO -1,145 0,664 -2,525 0,355 

  VPAS 0,986 0,305 0,464 1,590 

 008 IBOO -0,977 0,273 -1,492 -0,371 

  VPAS 3,396 0,830 1,940 5,108 

 010 IBOO -0,329 0,396 -1,192 0,608 

  VPAS 5,731 0,429 4,599 6,680 

 011 IBOO 0,201 1,128 -1,982 2,414 

  VPAS 7,384 0,514 6,211 8,417 
 

TABLE 12 COMPARISON BETWEEN IBOO SOFTWARE AND THE VIRTUAL POSITIONING ASSESSMENT SOFTWARE (VPAS) FOR ZONE 13 

Zone 13 case Software avg (mm) stdev (mm) min (mm) max (mm) 

 001 IBOO -1,866 2,297 -8,157 4,216 

  VPAS 4,449 2,066 -6,308 13,904 

 003 IBOO -2,596 1,190 -8,430 10,034 

  VPAS 4,959 1,601 -9,894 9,894 

 004 IBOO -0,636 2,357 -12,449 11,922 

  VPAS 3,494 2,335 -13,465 9,916 

 005 IBOO -5,875 2,130 -14,362 8,796 

  VPAS 6,102 1,457 -11,355 11,355 

 006 IBOO 0,514 1,644 -5,997 5,307 

  VPAS -4,246 1,438 -13,593 8,737 

 007 IBOO -1,661 1,812 -12,408 2,763 

  VPAS -0,106 2,658 -12,152 12,795 

 008 IBOO 4,839 2,036 -7,443 14,163 

  VPAS -4,809 1,125 -10,904 10,904 

 010 IBOO 2,255 2,436 -4,155 7,085 

  VPAS -5,051 2,738 -11,017 7,112 

 011 IBOO 4,753 1,714 -10,962 11,881 

  VPAS -0,834 2,335 -9,127 5,410 
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