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Abstract 

Modern aeroengine design focuses on reducing overall weight and improving 

component service life. For fan blade assemblies, the blades and hub/shaft are attached by 

the most common dovetail (or fir tree) attachment design, which experiences fretting 

fatigue at the joint resulting in lower reliability and higher repair difficulty. A new joining 

design that connects blade /disk by welding and eliminates the attachment, has been 

implemented in military and commercial aeroengines. This joining design is most suitable 

for large diameter fan blades where single piece machining is impractical and time 

consuming. The joined blade requires post-process machining to remove excess weld 

material.  However, because of varying assembly geometry, joints must be individually 

measured and tool paths consequently adjusted to match actual surface locations. The 

objective of this thesis is to develop an automated and geometrically adaptive post-

process weld machining system.  

This thesis proposes a solution that integrates surface digitization, computer aided 

design (CAD) and computer aided manufacturing (CAM) systems, to accommodate the 

part-to-part variation issue. The integrated system includes precise laser digitizing, 

geometric modelling, tool path customizing, coordinate registration and CNC machining. 

The core algorithm was designed on the open and object-oriented C++ ACIS/HOOPS 
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kernel. The customized tool paths are prepared based on the misalignment distance 

measured by laser digitizing, and a custom developed mathematical correction algorithm 

that can be implemented on a typical personal computer. At present, the machining 

process is designed for a three-axis machine tool. Suggested future works include 

implementation on a five-axis machine, and feed rate optimized tool paths.    
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Chapter 1  

Introduction 

1.1 Motivation for this Work 

The traditional design of large scale aeroengine fan blades involves an 

interlocking mechanism consisting of a dovetail (or fir tree) attachment at the blade root 

and the corresponding groove at turbine hub and shaft. This approach provides for ease of 

assembly and future repair, but is susceptible to wear and fatigue damage that is difficult 

to repair and normally results in a scrapped blade. Moreover, the dovetail design 

increases the overall aeroengine weight, decreases the engine performance, and increases 

the operation cost. Therefore, a new manufacturing method for large fan blade assemblies 

is desired.  

Joining blade and shaft by welding is one of the new methods that have been 

applied in many military and commercial aeroengines. Because the manufacturing 

process of complex blade components usually involves multiple stages, including heat-

treating, welding, forging, etc., misalignment of the joined blade and hub/shaft can occur. 
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As a result every component is different and requires post-weld machining to recover 

geometry as close as possible to the nominal CAD model. Figure 1.1 shows the geometric 

comparison of a blade CAD model and a laser digitized or scanned model of a misaligned 

blade assembly cross-section. Because of the misalignment, the nominal CAD model is 

no longer suitable for tool path generation for post-process machining. Moreover, the 

excess material from the additive welding process obstructs direct tool path generation 

from the scanned model. Therefore, in order to generate correct tool path for post-weld 

machining, a new approach based on the nominal CAD model and the scanned data is 

introduced in this thesis.    

 

Figure 1.1. Misaligned blade assembly 

1.2 Thesis Objectives 

The objective of this thesis is to develop a complete workflow to solve the part-to-

part variation of joined fan blade and move toward the goal of high speed, high accuracy, 

low scrap rate refurbishment system. Due to the complexity of blade geometry, the 
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system requires a series of development cycles involving the cooperation and integration 

of two independent systems - a scanning laser digitizer and CNC machine tools. This 

requires a specialized CAD/CAM kernel to establish the connection and develop the 

necessary mathematical algorithm for data processing. The developed workflow can be 

extended to other applications, such as geometrically deformed moulds and dies after 

heat-treatment.  

1.3 Contributions of this Thesis 

The significant contributions described by this thesis include: 

1. System design and workflow for a post-process machining process of the 

joined blade assembly 

2. Cross-functional systems integration of laser digitizer and CNC machine tool 

without significant hardware upgrade 

3. Algorithms to robustly generate tool path for solving part-to-part variation 

issue of the misaligned blade assembly 

4. Minimization of the manual grinding process to improve efficiency, accuracy 

and precision 

5. Easy to adapt workflow for other engineering applications, such as mould 

repairing    
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1.4 Scope of Thesis 

The remainder of the thesis is organized as follows: 

Beginning in Chapter 2, typical manufacturing methods for the blade and 

hub/shaft design are reviewed. A new manufacturing approach by welding is then 

introduced to reduce repairing cost and improve life cycle. Background information on 

repairing welded blades is provided, including surface geometry acquisition technologies, 

data registration methods and tool path generation techniques. The employed CAD/CAM 

kernel system is presented to handle sophisticated mathematical calculation.  

Chapter 3 provides the general architecture of the proposed refurbishment system. 

The overall data processing methodology is introduced, followed by description of major 

sub-systems, including the rotary type laser scanner, the data processing PC and CNC 

machine tool.     

Chapter 4 presents the detailed refurbishment workflow based on the proposed 

system architecture. The workflow includes an algorithm developed to modify the 

nominal tool path to solve the part-to-part variation of blade-disk assembly. Process 

details for extracting the nominal tool path and coordinate transformation are also 

described.  

Chapter 5 validates the refurbishment workflow through series of machining 

experiments. Testing results are digitized and compared with CAD models. 

Chapter 6 concludes the thesis and presents suggested future work.    
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Chapter 2  

Literature Review 

2.1 Blade Design and Manufacturing  

The physical properties of blades are strongly influenced by manufacturing 

technology and material selection. Blade manufacturing involves a multistage process 

including, based on the size and application, casting / forging and machining. Stainless 

steel is the most common material of compressor blades. Material choices include 

stainless steel and highly alloyed metals including nickel, cobalt, chromium, titanium, 

molybdenum and tungsten. In this section, blade design and manufacturing technology 

will be reviewed.       

2.1.1 Conventional Dovetail / Fir-Tree Design 

The conventional dovetail / fir-tree blade design (Figure 2.1) is susceptible to 

fretting wear that occurs from vibration induced oscillation forces between two contacting 

components [1]. Fretting results in wear and high local stress concentration near the edge 

of contact, and leads to propagation of cracks and reduction of fatigue life [2]. Fatigue 
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failures caused by fretting have become a major concern in aircraft components because 

of the high maintenance costs. In a turbofan engine application, the dovetail of blade and 

disk attachment is the most common location of fretting damage due to high rotational 

force and close fit of joint. Additionally, fretting fatigue in dovetail joints has been 

recognized as one of the most difficult and costliest source of high cycle fatigue in the US 

Air Force [3]. Different designs of blade root attachment, such as fir-tree geometry shown 

in Figure 2.2, have been implemented to minimize the effect of fretting fatigue. 

Researchers and industry continue to seek an alternative design to replace the 

conventional blade and hub/shaft mechanical attachment design.    

  

 

Figure 2.1. Fan and compressor blade dovetail displacements [4] 



Master Thesis – Y.P. Lin                                          McMaster – Mechanical Engineering 

 

 

 

7 

 

 

Figure 2.2. Schematic of fir-tree blade root [5] 

2.1.2 New Blade Assembly Design and Manufacturing Technology  

In order to improve performance and reliability, some recent studies also focus on 

the new design of the blade assembly structure known as bladed disks (Blisks), or 

integrated bladed rotors (IBRs) that eliminate the dovetail joint and associated fretting 

fatigue. The structure of mechanical attached blade-disk and blisk are compared in Figure 

2.3 [6]. Starting in mid-1980s, blisks have been employed in the design of military and 

civil aero-engines, for example: Pratt & Whitney’s PW6000 commercial turbofan engine 

for Airbus A318, Eurojet’s EJ200 military turbofan engine for Eurofighter Typhoon and 

Europrop International’s TP400 turboprop engine for Airbus A400M [7]. 
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Figure 2.3. Structure comparison of mechanical attachment blade-disk and blisk [6] 

Compared to the conventional assembled blade and disk counterparts, the design 

of blisks has significant advantages as following: [7] [8] 

 weight reduction by 20 to 30%  

 improvement of aerodynamic efficiency 

 reduction of fuel consumption and emission  

The reduction of structure complexity and component weight of blisks 

substantially improves the reliability and performance of aero-engines, and results in 

reduced hardware life cycle cost. [9] The study done by MTU Aero Engines GmbH has 

forecasted the growth of blisks market in commercial aero-engines (referring to Figure 

2.4) because of the reliable structure and improved thrust-to-weight ratio. However, high 

manufacturing costs and machining/repairing difficulty are the major challenges for 
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industry. Single piece design remains impractical for larger diameter fan blades. Based on 

the overall engine / fan blade diameter, manufacturing of involves the following 

manufacturing process [8]:  

 joining process 

 machining process 

 electrochemical machining (ECM) process 

This thesis concentrates on only the joining and particularly machining processes. 

 

Figure 2.4. Blisk demand forecast 2001 - 2020 [8] 

2.1.2.1 Joining Process 

The joining process assembles separately machined/forged blades and disks 

together by welding. This is then followed by adaptive NC machining to remove excess 

weld material. The approach is most suitable for large diameter fan blades. The fan blade 

for the Joint Strike Fighter (JSF) System Development and Demonstration (SDD) phase 

by Rolls-Royce is an example of an assembly manufactured by joining. Compared to 

machining only, the welding process is capable of joining blades and hub disks made 
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from different materials. The joining process can also be employed for refurbishment to 

increase the life cycle and reduce repair cost.   

2.1.2.2 Machining Process 

The machining process involves NC machining of blades and disk on five-axis 

machine tools. Compared to joining processes, the reliability of only machined blisks is 

higher. Therefore, smaller compressor blisks are usually manufactured exclusively by 

machining. Because of difficult to machine titanium and nickel materials, the high cutting 

forces can result in geometrical deformation of thin-walled airfoils. Therefore, a multistep 

joining and machining process is usually employed in manufacturing of larger diameter 

blade assemblies.   

2.2 Review of Blade Refurbishment Technology  

In the previous section, the design and manufacturing technologies of blades have 

been reviewed and compared. The joining process of blisks is a new method, which 

serves to lower manufacturing and refurbishing cost of large scale fan blades. Although 

the refurbishment technology of joined fan blades slightly differs from convention, the 

conventional method concepts can be adapted and adjusted for joined fan blades repairing. 

In this section, conventional refurbishment technologies will be reviewed.  
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2.2.1 Conventional Refurbishment Technology  

For a conventional attached blade, the most common repairing approach of blade 

is welding with the combination of manual machining or grinding. Manual processes may 

produce a visually pleasing result. However, it may be time-consuming and geometrically 

inaccurate to fulfill the quality standards of aerospace industry [10]. Therefore, industry 

has been developing advanced automated systems to overcome these disadvantages. 

2.2.2 Advanced Compressor and Turbine Blade Tip Profiling 

Research of advanced compressor and turbine blade tip repair has been studied by 

many research institutions and companies [11]. Most of them employed the methodology 

of single freeform surface digitization and tool path generation with the aim of 

computerized inspection and recontouring process. The practical steps of blade tip 

refurbishment systems can be summarized in Figure 2.5 [12] For CNC machining process, 

tool path travels in latitudinal direction along the blade profile. Freeform surface 

machining is achieved with multiple layers of blade profile, which relied on blade surface 

digitization and modelling of the actual blade to generate the machining tool path. The 

authors claimed that this method greatly improved the efficiency and accuracy of 

refurbishment process by greater automation and less setup time. However, when dealing 

with large amounts of sampling data, the efficiency of this method decreases due to long 

data capturing, processing and calculating period for generating a precise tool path.  
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Figure 2.5. Practical steps in refurbishing blade tips [12] 

Remove the blades from the 
engine. 

Clean the blade surfaces to remove deposits and 
coatings. 

Inspect for crack, wear and gross 
damage. 

Select repairable blades. 

Grind the blade tips to a common 
height. 

Weld the missing blade 
tips. 

Digitize the blade tips below the weld to 
account for variation in blade geometry. 

Reconstruct the blade surfaces from the measured 
information. 

Construct the tool paths. 

Remove the excess weld material along the constructed tool 
paths. 
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2.2.3 Adaptive Machining Strategy for Conventional Attached Blade 

Refurbishment 

In the last decade, adaptive machining strategy has become very popular for the 

improvement of conventional blade refurbishment technology. Because blades undergo 

twist, bow and shift during service, the geometry of every blade is different, and 

coordinate measurement is required. The nominal CAD model cannot address the change 

of blade geometry. Therefore, adaptive machining can be employed to adapt the 

geometric data to accommodate the changing conditions and combine with the nominal 

CAD model. In order to cope with subtle part-to-part variation, Walton from TTL 

proposed the adaptive machining strategy by scanning the blade section profile adjacent 

to the weld bead and modifying the programmed tool path using special software and an 

attendant computer integrated with three or five-axis CNC machine control [13]. A 

typical adaptive machining cycle of TTL system is capable of digitizing, computing and 

restoring the welded blade tip profile in under two minutes, which greatly improves the 

refurbishment efficiency [14].  

Bremer from BCT introduced the similar machining solution. After precise 

scanning, the scanned data is processed and best-fit with the nominal CAD geometry for 

generating the adapted NC programs. The BCT adaptive machining system is capable of 

compensating part-to-part variation and inaccurate clamping positions of complex 

components. 
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The refurbishment methodologies and systems mentioned above can only deal 

with blade outside tip or edge. The tool path is constructed based on the geometric 

information of a single surface. For joined fan blade manufacturing and repairing, weld 

material is located closed to disk in order to maintain blade position. Therefore, geometric 

data of both blade and disk surfaces is needed. This thesis work employs an adaptive 

machining methodology similar to blade tip refurbishment to solve the part-to-part 

variation problem of joined fan blades. 

2.3 Surface Geometry Acquisition Technologies  

The accuracy of the resulting tool path mainly relies on data acquisition. It is very 

important to acquire accurate and precise surface geometry.  Different types of data 

acquisition systems have been developed to overcome the diverse physical constraints, 

such as material, size and complex feature. As shown in Figure 2.6, the data acquisition 

systems can be categorized into two main streams: contact and non-contact technologies. 

In this section, these fields of technologies will be briefly reviewed and compared. 
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Figure 2.6. Classification of various data acquisition technologies [15] 

2.3.1 Contact Technologies  

Contact methods usually involve a touch trigger probe to contact the surface of 

workpiece and record the absolute position of the probe tip’s center in the three 

dimensional Cartesian coordinate system (x, y, z). The measuring device can be mounted 

on traditional fixed Coordinate Measuring Machine (CMM) or portable articulated arm 

depending on application requirements. Figure 2.8 demonstrates a typical inspection 

process of CMM. Compared with the vision based non-contact devices, a CMM has much 

higher accuracy, and is not limited or affected by viewpoint or lighting conditions [16]. 

Moreover, the touch trigger probe can easily be retrofitted onto the CNC machine tool. 

Figure 2.7 [17] represents the schematic of Renishaw M12 probe system, which will be 

implemented for registration purpose later in this thesis.   

Data Acquisition 
Methods 

Non-contact 
Methods 

Magnetic Acoustic Optical 

Laser 
Triangulation 

Time of Flight Interferometers 
Structured 

Lighting 
Stereo Analysis 

Tactile Contact 
Methods 

CMMs Robotic Arms 
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Figure 2.7. Schematic of the Renishaw MP12 probe system [17] 

However, several disadvantages limit the data acquisition process using contact 

technologies. Since this method requires physical contact between probe and measuring 

object, surface damage to either the probe or part being measured can occur. Inefficient 

data collection is another disadvantage of contact devices. The touch-trigger technology is 

a single-point measuring method, which can only achieve a maximum rate of 50 to 60 

points per minute. Advanced analog scanning probe technology was developed to 

dramatically improve the scanning rate by thousands of data points per minute. 

Comparing to touch-trigger type, analog scanning is a continuous method, that the probe 

remains in contact with the workpiece surface and produce analog readings while 

travelling. However, each inspection requires unique setup and NC programming to 

define the sampling route, which increases the sampling time further [18]. Because of 
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these limitations and constraints contact measuring probe methods are usually chosen 

only for low density and simple geometries. 

 

Figure 2.8. CMM inspection  

2.3.2 Laser Digitizer (Non-Contact Technologies)  

In the case of a workpiece containing multiple complex features, high density and 

non-contact methods are preferred. In addition, optical type non-contact scanning 

technology has a very fast measuring speed exceeding 20000 points/s – much greater than 
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contact scanning technology. Recent development of commercial optical type systems has 

improved the accuracy to about 0.025 mm. [19] [18].  

A typical high-density, non-contact digitizer contains a laser that emits light in the 

form of a spot or stripe onto the measuring workpiece. The reflected light can then be 

sensed by one or two sensors or charge-couple device (CCD) cameras and stored as 

intensity data in pixels, which is converted and analyzed to determine the three 

dimensional coordinates for scanned points on workpiece. The techniques of analyzing 

position include triangulation, time of flight, and interferometry. The triangulation 

technique has been widely implemented in high-density, non-contact digitizers. Referring 

to Figure 2.9 [20], with known projection and collection angles relative to the baseline, 

the coordinate of a point on the workpiece can be determined by analysing the dimension 

of a triangle. If a stripe-type laser beam is emitted onto the surface of scanning object, 

multiple points can be acquired at once, improving the rate of data acquisition.         
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Figure 2.9. The basic principle of triangular-based laser digitizer  

The non-contact laser digitizer can be further categorized based on the 

configuration of the platform. The selection of platform depends on the characteristics of 

scanning object and the corresponding application. Figure 2.10 [21] presents three of the 

most popular configurations. The scanning system shown in Figure 2.10(a) shares the 

same methodology of a typical three-axis milling machine and CMM - the scanning 

device travels in three perpendicular linear axes. The accuracy of this type of 

configuration usually outperforms other types due to structural stability of platform.  

The second type of scanning system features rotary table and scanning device as 

presented in Figure 2.10(b). A scanning object mounted on the rotary table, while a 

stationary or rotating scanning device digitizing its contours. Either the rotary table or 



Master Thesis – Y.P. Lin                                          McMaster – Mechanical Engineering 

 

 

 

20 

 

scanning device travels along the Z axis in a stepwise manner to incrementally obtain the 

complete geometric information.   

The design of the third type as presented in Figure 2.10(c) integrates the scanning 

device into an articulated robot arm, which is operated manually by skilled technicians. 

This configuration has six degrees of freedom, which allows the scanning device to travel 

and digitize freely within the work envelope of robot arm. Among all configurations, this 

type is the most flexible method to digitize an oversized workpiece, such as an 

automobile, but less accurate due to bending and joint / linkage uncertainty.     

 

                     (a)                                             (b)                                             (c) 

Figure 2.10. Types of laser scanner configuration  

In this thesis work, the laser scanner, Roland LPX-600DS, features triangulation 

technology and rotary table was first considered and employed for initial process 

development. This machine is capable of producing dense results with scanning pitch 

0.2 mm in width and height direction [22]. As the project proceeding to the next stage 

with actual size fan blade, a laser scanner integrated CMM or CNC will be implemented 

due to size and stability requirements.   
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2.4 Point Cloud and Registration 

This section describes the post-processing of acquired measurement data. As 

described in the previous section, the surface of an object can be modelled by geometrical 

information collected using a CMM, laser scanner or other digitization device. The 

collected geometrical information is called point cloud data (PCD). The point cloud data 

stores the information in 3-dimensional coordinate system. There are two common 

formats of point cloud data: text files and STL file format, which is the polygonal mesh 

representation of a point cloud [23]. 

In the previous section, we introduced some of the most common laser scanning 

devices and configurations. Although the technology of laser scanning has greatly 

improved, multiple scanning is essential to ensure flawless data collection. Therefore, 

registration is required to align and merge multiple scan data. After registration, surface 

fitting is required for construction of a continuous surface model. The surface model can 

then be applied for tool path generation. Other applications, such as rendering for product 

presentation and computer-aided engineering analysis, also depend on surface model [24].  

Typical PCD registration is performed for the purpose of 3D model acquisition, 

object recognition and geometry processing. For optical scanning technology, data 

acquisition may require multiple scanning from different view angles to capture hidden 

features. In addition, registration can be employed to perform pairwise alignment of two 

PCDs by minimization of the squared distance between the underlying surfaces in order 

to unify the coordinate system between multiple views of a 3D scanned object [25]. 
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Moreover, product quality improvement and scrap rate reduction are critical in modern 

manufacturing and reverse engineering. The geometry of a machined part or heat-treated 

mould may deviate from the nominal design model. Therefore, dimensional inspection 

and tolerance evaluation also require the registration of scanned PCD and nominal CAD 

model in order to fulfill the functional requirements or assembly conditions [26]. In this 

thesis, the registration serves to align the coordinate system between PCD and nominal 

CAD model. This process relies on a homogeneous transformation matrix (HTM) to 

convert the position vector of point clouds relative to the PCS into the CAD Coordinate 

System, CCS the coordinate system of the CAD model.  Mathematically, the HTM 

equation is written as [27]: 

     [ ]            (2.1) 

where       and      represent the position vector of a point relative to the CCS and PCS, 

respectively. [ ] is a      HTM: 

 [ ]  [

      
      

      
      

      
  

      
  

]  [
[ ] 

       
 

    
]       (2.2) 

where [ ] 
  is the rotation matrix that represents the orientation of PCS relative to CCS; 

      
  is the position vector of the origin of PCS relative to CCS. The resulting HTM will 

be assigned to the coordinate transformation of tool path. To generate HTM, two 

commonly employed alignment techniques, best-fit and 3-2-1, are introduced below.  
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2.4.1 Best-Fit Alignment 

Best-fit alignment is a common mathematical algorithm employed in many 

CAD/CAM systems. Conventionally, the registration of scanned data to the CAD model 

can implies best-fit alignment. The aligned model can be used in many engineering 

applications, such as dimensional inspection and tolerance evaluation, to improve product 

quality and reduce scrap rate. The best-fit algorithm employs the Orthogonal Least 

Squares (OLS) data fitting method to minimize the distance error between pairwise 

sampling points, which can be simply obtained with tooling spheres. The mathematical 

functions of OLS can be expressed as following.  For a sphere with sample points   , 

center point   and radius  , the orthogonal distance error is 

     
1/2

2 2 2

, , ,j j x x j y y j z zd S S S S S S r       
          

(2.3)

 

and the OLS sum to minimize is 2 2

1
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where   is the number of sphere sample 

points. Assuming that the sphere is very nearly perfectly round (small form errors), a 

clever initial approximation is obtained using the linear approximation [28] 
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and then minimizing the sum 
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where 
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partial derivative equations 
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leads to the linear system 

, , ,

1 1 1 1

2

, , , , , ,

1 1 1 1

2

, , , , , ,

1 1 1 1

2

, , , , , ,

1 1 1 1

1

2

2

M M M M

j x j y j z

j j j j

M M M M

j x j x j x j y j x j z

j j j j x

M M M M

j y j x j y j y j y j z

j j j j

M M M M

j z j x j z j y j z j z

j j j j

S S S

h
S S S S S S

S

S S S S S S

S S S S S S

   

   

   

   

 
 
 
 
 
  
 
 
 
 
 
  

   

   

   

   

1

,

1

,

1

,

1

2

M

j

j

M

j x j

j

M
y

j y j

jz

M

j z j

j

g

S g

S
S g

S

S g









 
 
 
  
  
   
  
  
  
 
 
  








      

(2.7)

 

that can be solved for h , xS , yS , and zS .  Newton-Raphson or equivalent iterative 

improvement is then used to minimize 2Σ  in the exact problem by solving for xS , yS , 

and zS  in the matrix equation 
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and then updating the sphere center estimate using x x xS S S  , y y yS S S  , and 

z z zS S S  . The improved radius estimate is 

      
2 2 2

, , ,

1

1 M

j x x j y y j z z

j

r S S S S S S
M 

      
  

  

        (2.9) 

Iterations continue until the estimates for xS , yS , zS , and r  converge.  Note that 

convergence is to a relative extreme, and this might be a maximum rather than a 

minimum.  Using the linearized initial approximation, with small form errors, practically 

eliminates this possibility. 

2.4.2 3-2-1 Alignment 

An alternative 3-2-1 alignment approach is commonly applied in coordinate 

registration and is available in most commercial alignment software. The methodology is 

to constrain the six degrees of freedom of the test object with the reference object (CAD 

model) using three orthogonal reference datums. Referring to Figure 2.11, the first plane 

is constructed by measuring or selecting three points from the first datum, i.e. plane Xo-

Yo. Similarly, the second plane perpendicular to the first plane is established by 

measuring two points from the second datum, i.e. plane Xo-Zo. Finally, the third plane 

perpendicular to the first two planes is established by measuring a point from the third 

datum, i.e. plane Yo-Zo [19]. The coordinate system of the test object is then aligned with 

that of reference object by matching the corresponding reference planes. After alignment, 

the resulting HTM will be applied in the transformation of tool path coordinate system. 
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For most of the free-form components, datum features are not available on the 

workpiece, and 3-2-1 alignment technique cannot be directly employed for registration 

[29]. In this thesis, the design of the simulated blade consists of datum planes for the 

application of 3-2-1 alignment. For five-axis machining strategy in the future, the engine 

disk will provide the necessary datum for the alignment purpose.     

 

Figure 2.11. 3-2-1 alignment approach  

2.5 Tool Path Generation Methods 

The early stages of product development flow usually include design concept, 

prototype, and CAD modelling. The process of product development can be categorized 

into forward engineering and backward engineering. For forward engineering, the design 

concept is directly transformed into CAD model in a CAD platform. For backward 

engineering, the design is first prototyped by design engineers, and then digitized the 

geometry into CAD data for modelling. Chui et al. [24] compares the general workflows 
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as shown in Figure 2.12. After approval of product design, the manufacturing engineers 

need to design the most cost efficient manufacturing processes. In general, both forward 

and backward engineering require machining processes to achieve a specified standard or 

function. With the aid of commercial CAM software, tool path generation for forward 

engineering is simple and straightforward. However, the tool path generation for reverse 

engineering requires surface fitting and modelling of scattered points. Details of different 

tool path generating method will be discussed in the following sections.  

 

(a)                                             (b) 

Figure 2.12.  (a)  forward engineering;  (b)  backward engineering     
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2.5.1 Tool Path Generation for Polyhedral Model by Surface Fitting 

Conventionally, scattered PCD cannot be implemented directly in the generation 

of tool path because the lack of parametric information, such as surface normal and 

curvature. Polyhedral (or triangular facet mesh) models created from measured data 

points have been widely studied for the generation of tool paths. The techniques of 

creating polyhedral models usually involve surface fitting of data points. Herein, some of 

the surface fitting techniques and the corresponding tool path generation methods are 

reviewed in section 2.5.1.1 and 2.5.1.2 respectively. 

2.5.1.1 Surface Fitting Techniques for Generation of Polyhedral Mesh 

Lee et al [30] fitted the four corner points from measured data by employing the 

Ferguson surface model with the following equation: 

00 01 00 01
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(2.10)

 

where 00P , 01P , 10P  and 11P  are the corner  points of surface patch and 

00 10 01 11 0uv uv uv uvP P P P     [24]. The Ferguson surface patch is then fit as shown in Figure 

2.13 and a polyhedral model is created by connecting all surface patches.  
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Figure 2.13. Ferguson surface patch [24] 

Another approach of surface fitting was studied by Kawabe et al. [31], who 

employed an offsetting algorithm and a cubic Bezier surface to fit the point clouds using 

the equation [24]: 
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As seen in Figure 2.14, the methodology was to fit and intersect two sets of 

orthogonal Bezier curves by passing through measured data points along the traces 1 to 4 

and a to f respectively. The Bezier curves are the boundaries of each segmental surface 

patch.  
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Figure 2.14. Bezier surface patch [24] 

Besides surface fitting techniques, in the past decade researchers have focused on 

triangulation by connecting three non-collinear points. Different algorithms and rules of 

triangulation have been developed to prevent invalid facet generation. [32] [33]. Details 

of each algorithm are outside the current thesis scope.   

2.5.1.2 Tool Path Generation  

Traditional tool path generation methods include iso-parametric and iso-planar. 

The iso-parametric was first introduced by Loney and Ozsoy [34]. The concept of iso-

parametric is to generate cutter contact points along one of the parameters (u or v) of a 

parametric surface S(u,v), by keeping the other parameter constant. Because the fitted 

surface can be directly employed in the generation of tool paths, the iso-parametric 

method has become very popular in freeform surface machining [35].  Another method, 

which has been widely implemented in commercial CAM software, is iso-planar tool path 
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generation. The methodology of iso-planar is to intersect a triangular facet mesh surface 

with parallel planes in Cartesian space [36]. However, both iso-parametric and iso-planar 

methods are considered as non-optimized path planning because of the conservative path 

interval in term of scallop height k  control. Decreasing the step-over interval will 

minimize the scallop height and lead to better surface finish, but result in longer 

machining time. Therefore, Suresh et al. [37] and Lin et al. [38] employed the iso-scallop 

tool path planning method to generate consistent scallop heights over the freeform surface.    

2.5.2 Tool Path Generation from Point Clouds 

Considering the complexity of surface fitting and triangulation process, methods 

of direct tool path generation from point clouds have been employed by many researchers. 

Lin et al. [39] employed the z map approach. The methodology is to reorganize the 

measured scatter points into rectangular girds in XY plane by interpolation. The mesh 

point height of any rectangular grid region can then be extracted and linked by line 

segment for the generation of tool path. Since surface fitting is not required, this method 

has the advantages in terms of a simpler data structure and faster data processing. 

However, this method is limited to point clouds in a regular grid.  

For the case of irregular grid, Chui et al. [40] proposed the bandwidth method for 

direct three-axis machining. Their algorithm is to partition scattered points into bands. 

Each band represents the cutter step-over path. The bandwidth of planar surface is 

calculated with the following equation: 

2 22 2 ( )y r R R k    
           

(2.12)
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For point clouds from sculptured surfaces, 

2 22 2 ( )y r R R k k     
      

(2.13)
 

where R  is the radius of cutter and k  is the scallop height. Figure 2.15 shows the 

approximation of bandwidth. Within each band, spherical surfaces can be created by 

consecutive pairs of adjacent points for locating cutter positions and tool path generation. 

This direct machining method omits the time consuming surface generation and 

triangulation process.   

 

Figure 2.15. Bandwidth approximation [40]     
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2.6 CAD/CAM Development Software 

Since their inception in the 1960s, CAD systems have greatly improved and 

become very powerful. The framework of a CAD system is briefly described below. 

Similar to most computer operating systems, for the design of CAD systems the 

kernel is the main component. The modelling kernels are usually developed or owned by 

a single company and can be licensed to other developers for integration of their own 

CAD programs. Most commercial CAD software were developed based on the modelling 

kernel, that additional application, features and interfaces were added. In this thesis, the 

ACIS 3D modelling kernel, developed by Spatial Corporation [41], is introduced for the 

development of customizing tool path generation. The structure of ACIS kernel is an open, 

object-oriented C++ architecture, that features robust, 3D modelling functionality and 

flexibility for achieving application or research requirements. The developed applications 

are rendered using a 3D graphics toolkit, the HOOPS 3D Graphics System 

(HOOPS/3dGS) from Tech Soft 3D [42].      

2.7 Summary 

In this chapter, all applied technologies have been reviewed with the importance 

emphasized for the proposed fan blade refurbishment process. An overview of blade 

refurbishment, geometric data acquisition, data registration and tool path generation was 

presented, followed by the related CAD/CAM kernel required to achieve the thesis 

objectives. The remainder of this thesis will illustrate the detailed workflow.  
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Chapter 3       

System Architecture 

This chapter illustrates the refurbishment system architecture with detailed 

specifications of major components. The system is constructed by three major sub-

systems (see Figure 3.1): 

 Laser digitizing system for acquiring surface geometry  

 Personal computer (PC) for processing measured PCD, data fitting and 

customizing tool path  

 CNC machine tool for registration and executing the machining tool path  
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Figure 3.1. Architecture of proposed refurbishment system 

The Roland LPX-600 laser digitizing system captures the surface geometry of 

scanned object [22]. Geometric information will then be passed to the PC over a USB 

cable. Data is then processed to perform registration and tool path generation through a 

custom developed ACIS/HOOPS program. The tool path customization methods are 

described in more detail in Section 4.4. 

The CNC machine tool serves two important purposes workpiece registration and 

tool path execution, which requires uploading registration data and downloading NC tool 

path from the perspective of machine tool controller. As described in Section 2.3.1, a 
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Renishaw M12 probe system featuring a touch-trigger probe was integrated with the 

Matsuura FX-5 Machine Tool to measure datum for coordinate registration. The probing 

result is exported via the Ax9150 Universal Machine Interface developed by Memex 

Automation Inc. [43] through Ethernet connection to PC (see Figure 3.1). The Ax9150 

UMI is connected to Serial port 1 of the Fanuc Series 15i-MA controller, and then linked 

to PC via Ethernet and local area network router. The sophisticated probing routines for 

blade-disk assembly can be created by configuration of the probing cycle programs 

provided by the probe manufacturer. The measured data will then be processed by 

commercial inspection software installed on the PC to create HTM, which transforms the 

coordinate system of the customized tool path. Finally, the resulting tool path is fed back 

to controller for execution.      
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Chapter 4  

Machining Workflow  

Previously, blade tip refurbishment systems were reviewed. Critical steps of these 

systems include: welding the blade, digitizing the surface adjacent to the weld, 

constructing the fillet in the weld zone and generating a tool path to machine away excess 

weld material. In this chapter, a similar machining workflow is introduced for the 

manufacturing or refurbishing of large scale turbofan blades using a joining process that 

attaches the blade onto hub / disk by welding. As mentioned before, the challenge in this 

method is the transition surface smoothness. The emphasis of the proposed workflow is 

on smooth tool path construction.  

The proposed machining workflow is as follows: 
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Figure 4.1. Machining workflow 

The proposed machining workflow will be validated by three sets of CNC 

machining experiments, that contain different orientations and blade-disk assembly 

geometries. The cylinder assembly experiment is for the purpose of concept development. 

The nominal blade-disk assembly and offset blade-disk assembly experiment is for the 

verification of machining process. Details of distinct methods will be discussed in 

Sections 4.3 to 4.5.      

4.1 Nominal CAD Tool Path Generation 

After assembly and welding, it is common that the blade-disk assembly 

orientation slightly deviates from the original CAD model. Hence it is necessary to 

customize the tool path for the part-to-part variation of each blade-disk assembly. In 

addition, the ultimate goal is to implement the machining strategy on factory floor, where 
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software reliability and simplicity are key factors. Therefore, the customized tool path 

will adapt the machining strategy and tool path of the nominal CAD model, which has 

been previously created and saved.  

To create the nominal CAD model tool paths, discrete cutter contact points on the 

final workpiece are calculated. These cutter contact points are determined by applying the 

conventional iso-parametric method. The nominal CAD tool path cutter center points are 

found by projecting the cutter contact points by the known tool radius along the outward 

surface normal. By connecting all cutter center points, the nominal CAD tool path can be 

created as represented in Figure 4.2. The completed tool path of the blade is shown in 

Figure 4.3, which covers the zone within the fillet. However, the welding process is 

performed manually, which results in inconsistent welding area. Therefore, the nominal 

tool path is further extended into adjacent surfaces as presented in Figure 4.4. The scripts 

written to generate the nominal tool paths are included in Appendix B.1. 

 

Figure 4.2. Schematic of tool path generation based on surface geometry and tool radius 
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                         (a)                                                                  (b)               

Figure 4.3. Nominal tool path generation (red line) at transition area using CAD model: (a) 

global view; (b) zoom-in view 

 

                         (a)                                                          (b)               

Figure 4.4. Extended nominal tool path generation (red line) at transition transition using 

CAD model: (a) single loop; (b) multiple loops 
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4.2 Surface Laser Digitization 

The blade/shaft assembly is then laser digitized into point clouds using a laser 

scanner system. The applied laser scanning methodology is the spot-beam triangulation as 

described in Section 2.3.2. The scanning resolution is 0.2 mm in width and height to 

accurately capture fine distinction of irregular weld surface. Each scanning cycle is 

approximate 60 minutes. Time varies with the dimension of the scanning field. For 

presentation purpose, the geometry of blade assembly is entirely digitized, which results 

in longer scanning cycle. The scanning field in Z axis can be further reduced to acquire 

necessary geometry only to shorten the scanning cycle. The part to be scanned is sprayed 

with Magnaflux SKD-S2 developer [44] to minimize the noise of data acquisition during 

laser scanning. 

The digitized data is stored in the form of Point Cloud Data (PCD). Figure 4.5 

shows the laser digitized point cloud data of a blade assembly, and consists approximately 

120,000 points. Saved point cloud data will be used in the registration of coordinate 

system and construction of triangular faceted mesh for the assembly. The faceted mesh of 

assembly will be the foundation of generating customized tool path.    
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Figure 4.5. Point clouds of blade assembly 

4.2.1 Sources of Errors 

The digitizing error of the laser scanning process is the combination of random 

error and systematic error. For a triangulation-based scanner, one of the main sources of 

random errors is caused by speckle noise in CCD laser images due to the cancellation and 

reinforcement of the light wave amplitude on the CCD [45]. This effect is caused by wave 

cancellation or reinforcement and results in dark or bright speckles, respectively. Speckle 

noise can increase the uncertainties in gathering data and calculating coordinate position, 

which may result in outliners. Outliers are defined as isolated points deviating from their 

coplanar neighbouring points by a certain distance. Before any registration and 

triangulation, acquired data requires manual and/or automated removal of outliers to 

ensure accurate and repeatable results. Noise reduction features are available in most 
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commercial inspection software. In this thesis work, scanning noise of point cloud data 

was filtered by using Geomagic Qualify [52], a commercial inspection and metrology 

software. After construction of triangular facet mesh, noise of polygons could perform 

additional filtering to remove erroneous spikes to assure accuracy of the triangular mesh.      

Systematic error is a repeatable error under the same scanning conditions, which 

may be caused by the rotary table, the scanner, the fixture, the spray material the part 

setup method, etc. [46]. Feng et al. [47] claimed that when the systematic error can be 

accurately predicted by a mathematical model. The accuracy of scanning results can be 

improved if the associated random error is relatively small.  

4.3 Registration  

The registration procedure serves a very important purpose, alignment of point 

clouds and nominal CAD model, by HTM. The theoretical expression of a standard 4 x 4 

HTM is described in Section 2.4.  

Because of the innovation of laser scanning technology, dense and accurate point 

clouds can be captured. A very common registration method is to align the point clouds 

with a set of simple CAD primitives, such as spheres and planes. [48] The registration 

process herein will be performed by fitting CAD primitives with the corresponding point 

clouds using commercial inspection software. In order to perform accurate registration, 

identical reference planes/points must be established in both PCD and CCS. Point clouds 

and CAD model can then be registered by different aligning methods. In this thesis, two 
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alignment methods, Best Fit and 3-2-1 alignment, will be applied. Procedures are 

described in the following section.   

4.3.1 Best Fit Alignment  

For the cylinder assembly experiment, the point clouds are registered with the 

nominal CAD model by the alignment of tooling spheres. Since this experiment is for 

verifying and developing of the concept, the cylinder and shaft are assembled according 

to the nominal CAD model. Offset between the actual assembly and nominal CAD model 

is minimized and neglected.  

As described in thesis objective, the purpose of this refurbishment procedure is to 

remove excess weld material at blade fillet. After assembly and digitization, the joining 

region located at blade fillet is covered by weld material. Therefore, the surface 

registration method must neglect the fillet surface on the CAD model as seen in Figure 

4.6. The registration is performed by best-fitting the pairwise center points of tooling 

spheres between PCD and CAD model. The results of before and after point clouds 

registration to nominal CAD model are shown in Figure 4.6. The registration method is 

performed to align the pairwise center points of tooling spheres between PCD and CAD 

model by Best Fit Alignment, which applied the Orthogonal Least Squares Fitting method. 

The result is presented graphically as seen in Figure 4.7, which demonstrates excellent 

alignment between test (PCD) and reference (CAD) objects.       
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(a)                                       (b) 

Figure 4.6. Registration by best fit alignment: (a) before registration; (b) after registration 

 

                              (a)                                                         (b)               

Figure 4.7. 3D compare of registered PCD and nominal CAD model: (a) top view; (b) 

side view 



Master Thesis – Y.P. Lin                                          McMaster – Mechanical Engineering 

 

 

 

46 

 

4.3.2 3-2-1 Alignment  

The methodology of 3-2-1 alignment is to constrain the six degrees of freedom of 

the part needed to be registered as described in Section 2.4.2. First, a base plane must be 

created by selecting three points on the datum plane XY. This step will constrain three 

degrees of freedom: 1) movement in Z axis, 2) rotation about X axis, and 3) rotation 

about Y axis. Next, create an edge by selecting two points on the XZ or YZ plane to 

perform axis alignment, which constrains two degrees of freedom: 1) rotation about Z 

axis, 2) movement in Y or X axis depending on the orientation of edge created. Finally, 

create a point on the remaining plane to fully constrain the part. The graphic 

representation of alignment result is shown as Figure 4.8. The blade-disk assembly adapts 

3-2-1 alignment to transform its position vector from PCD to CCS.  

 

                              (a)                                                         (b)               

Figure 4.8. Registration of 3-2-1 alignment: (a) before alignment; (b) after alignment 

 

 



Master Thesis – Y.P. Lin                                          McMaster – Mechanical Engineering 

 

 

 

47 

 

4.3.3 Summary 

Two registration methods, Best Fit and 3-2-1 alignment, were introduced in this 

section. Best Fit alignment was first considered and implemented on the cylinder 

assembly test at the process developing stage. This method required laser digitization of 

additional tooling spheres, which increase the source of error and scanning period due to 

increased points collection and multiple scanning. Approximately 57,800 points were 

collected for a 1.5” diameter tooling sphere with 0.2 mm scanning resolution. As the 

research progressed, 3-2-1 alignment was implemented to replace Best Fit method by 

adding reference planes at the simulated blade assembly model. (See Appendix A.1 for 

reference planes on blade assembly.) Registration would rely on reference planes instead 

of tooling spheres, and better simulates the datums that would be available on a full 360 

degree hub assembly.    

4.4 Tool Path Customization 

The registered point clouds will be used to construct the customized tool path in 

this section. The purpose of customizing the tool path is to re-construct the continuous 

surface smoothness of blade/fillet and disk/fillet joints, that is covered by welding 

material. The re-constructed surface is described by a set of curves, where each curve 

represents a series of connected cutter contact points within a normal plane. As mentioned 

in Section 4.1, the cutter contact points represent the contact location of cutter and 

workpiece in metal cutting process. The cutter contact points are constructed using two 
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different methods: non-uniform rational B-spline (NURBS) and interpolation. Each 

method requires two sets of intersection points on the facet of blade and shaft surface.  

In Section 4.2, triangular facetted mesh of the blade-disk assembly has been 

created by digitized PCD. Each set of intersection points are found by projecting the 

nominal vectors through the facets of blade and shaft. Nominal vectors are created by 

connecting the cutter center and the corresponding cutter contact points found in Section 

4.1. Details of tool path customization for each method are described in the following 

sub-sections. Since the proposed machining method emphasizes removal of extra weld 

material, the uncut volumes left at the assembly is comparatively small. Therefore, clean-

up machining with a smaller cutter radius will be considered in the generation of 

customized tool path. Despite customization methods, all tool paths are recorded by cutter 

center points in the three dimensional Cartesian coordinate system (x, y, z) and presented 

as the following matrix form: 

 i i iP X Y Z , where i indexes through the set of cutter center points.  

The scripts written to generate customized tool paths are included in Appendix 

B.2. 

4.4.1 NURBS 

As described in 4.4, two sets of facet intersection points on blade (point A – E) 

and shaft surface (points F – J) are required. For constructing NURBS, each set of five 

intersection points is used to create a single span least squares fit cubic B-spline 

represented by S1 and S2 in Figure 4.9. Mathematically, for S1, this is accomplished by 
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denoting the intersection point coordinates    (              )          . With 

uniform knot parameters            the best fit cubic B-spline has four control points 

                    and the distance from each sample point to the curve is defined as 

   ‖∑              
 
   ‖ where          are the values of the cubic B-spline basis 

functions at    . The least squares quantity to minimize is  ̂     ∑    
  

    and the 

minimum occurs when the partial derivatives   ̂    ⁄ equal zero. Expanding 

      ̂    ⁄  ∑           ⁄ 
                           (4.1)                           

where   [             ],   [           ]
  , and   [              ]

 . 

The solution is found using matrix inversion based on Singular Value 

Decomposition (SVD) with       . Rewriting (4.1) 

                                     (4.2) 

where   [    ] and   [     ⁄ ]. 

An additional cubic NURBS curve  

     
∑            

 
   

∑          
 
   

          (4.3)  

is then created as a continuous curve that is tangent to S1 and S2. To obtain a small G2 

fillet radius, the NURBS control point weights used were                 . 

Then ACIS function api_mk_ed_int_ctrlpts() was be used to create the cubic 

NURBS curve, which is sampled to extract the cutter contact point at fillet area. The 

cutter center points are then located based on the curve normal and known tool radius. 

Finally, the customized tool path is generated by joining all cutter center points.  
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                              (a)                                                         (b)               

Figure 4.9. NURBS construction: (a) NURBS curve; (b) cutter centre and contact point 

 

 

Figure 4.10. Customized tool path by NURBS 
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4.4.2 Interpolation 

Compared to NURBS, interpolation is a simplified method to customize the tool 

path. It is constructed by using the average offset between the actual blade assembly and 

the nominal CAD model to interpolate the estimated offset within the fillet region. The 

customized cutter contact points at fillet will then be calculated based on the nominal 

cutter contact points and the interpolated offset. The interpolated points along the fillet 

region are the customized cutter contact points for blade assembly. 

The process starts with measuring the offset along blade and shaft of the actual 

blade assembly. As mentioned in Section 4.2, the actual blade assembly is laser digitized 

in the form of point clouds, which represent the digitized location of vertices in 3D 

coordinate system. Point clouds of the actual blade assembly are then converted into a 

triangular facetted mesh and registered with the nominal CAD model. Similar to the 

NURBS method, two sets of intersection points on blade and shaft surface will be used in 

the process. For intersection details refer to the method described in Section 4.4. Each set 

of intersection points contains ten sampling points, represented by           and 

         on the blade and shaft surface respectively. Each intersection point has its 

corresponding cutter contact point on nominal CAD model,           and         , on 

blade and shaft surface respectively. Mathematically, the offset between the intersection 

and nominal CAD model cutter contact points is defined as           and     

      for blade and shaft respectively.  

The average offsets of blade and shaft are 
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  ̅̅̅̅  [∑        
  
   ]   ⁄            (4.4)                   

              ̅̅̅̅  [∑        
  
   ]   ⁄                     (4.5) 

The interpolated offset is calculated using (4.4) and (4.5) as 

                     ̅̅̅̅    (  ̅̅̅̅    ̅̅̅̅ )  ⁄         (4.6) 

where   {       } and   controls the dense of interpolation.  

The customized cutter contact points at fillet region,                        , are found 

by projecting the nominal vector,  , from the nominal cutter contact points, 

                        , with the distance of interpolated offset.  [

    

    

    

]  [

    

    

    

]  

    ̂  where  ̂   ‖ ‖⁄  and   is the vector connecting the nominal cutter center and the 

corresponding cutter contact point. The interpolated curve is constructed by connecting 

all interpolated cutter contact points. The customized cutter center points can be located 

based on the curve normal and known tool radius. Finally, the customized tool path is 

constructed by connecting all cutter center points.   

4.4.3 Summary 

Two customized algorithms, NURBS and interpolation, were implemented in this 

section for the rough machining process of welded blade assembly. Although both 

algorithms produced continuously smooth transition, interpolation was preferred in terms 

of controllability. The theory and methodology of NURBS algorithm is mathematically 

more complex as comparing to interpolation. Tool path constructed by interpolation can 

be easily adjusted by manufacturing engineers depending on the industry standard.  
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4.5 Coordinate Registration 

Before executing the customized tool path on the CNC machine, the workpiece 

needs to be mounted on the CNC machine. The blade-disk assembly is mounted on a 

specially designed mounting bracket, and is mounted securely on the CNC machine table. 

The vector position of the workpiece relative to the CNC machine can be defined in the 

form of Machine Coordinate System (MCS). In Section 4.4, the customized tool path is 

defined as series of position vector of tool center points relative to the CCS. Tool path 

must be converted from CCS to MCS, which requires a homogeneous transformation 

matrix. In this section, two methods of coordinate registration will be introduced for 

different registration method in Section 4.3. 

4.5.1 Coordinate Registration by Tooling Sphere  

The coordinate registration will start with probing the tool spheres. The purpose of 

probing tool spheres is to locate the sphere center point vectors,                       

relative to MCS. Herein, commonly used 5-hit method can be applied. First, probe the 

zenith (north pole) of the sphere and move the probe in negative z direction with the 

distance of sphere radius to the equator of sphere. Secondly, collect four sample points, 

from equator in X and Y axis,      and      respectively. The center point of each sphere is 

located by averaging the data of sample points in X and Y axis, respectively. 

               
∑     

 
   

 
                   (4.7) 

               
∑     

 
   

 
                               (4.8) 
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                                           (4.9) 

where   is the number of sphere sample points and   is the radius of sphere. 

Alternatively, Orthogonal Least Squares Data Fitting method can be applied to 

acquire similar but more accurate value of sphere center point vectors. Detail of OLS can 

refer to Section 2.4.1. The sphere center points relative to MCS are then mapped to the 

corresponding points relative to CCS. The 4 4             is then created to convert 

the customized tool path from CCS to MCS. As mentioned in Section 4.4, linked cutter 

contact points denote the tool path, and each point is presented as 1 3  matrix. For 

transformation purpose, 1 3  is represented as 4i  matrix form: 

 1i i iP X Y Z , where i indexes through the set of cutter center points.    

4.5.2 Coordinate Registration by 3-2-1 Alignment  

In Section 4.3.2, datum planes on the blade assembly were used for registration by 

3-2-1 alignment method. In this section, datum planes on the workpiece will be used for 

coordinate registration to transform the coordinate system from MCS to CCS. Detailed 

description is listed in Section 2.4.2. Required points are determined by probing the 

datum planes with a touch-trigger probe as demonstrated in Figure 4.11, and then 

importing into commercial inspection software, Geomagic Qualify [49], for generating 

the 4 4            . Finally, the coordinate system of the customized tool path is 

transformed into MCS. 
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Figure 4.11. Coordinate registration by 3-2-1 alignment 

4.6 CNC Machining 

The CNC machining of blade assembly was validated on the McMaster Matsuura 

FX 5G/Fanuc 15i CNC three-axis CNC machine tool. The machine setup is presented in 

Figure 4.12 and 4.14, which includes simulated blade attached disk, fixture disk, and four 

2-4-6 blocks. As mentioned before, this thesis work focuses on the flexibility of the 

proposed machining strategy, which can be adapted to blades from different vendors. 

Therefore, instead of selecting a particular vendor a CAD simulated blade-attached-disk 

is used. (See Appendix A.1 for drawing of the simulated blade-attached-disk.) Comparing 

to normal size fan blade shown in Error! Reference source not found., the simulated 
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lade-attached-disk has been scaled down for the purpose of strategy development. Since 

registration between workpiece and machine tool coordinate system is required, a fixture 

disk (see Appendix A.2 for drawing of the fixture disk) was designed for mounting 

workpiece and datum features.  

 

Figure 4.12. Blade loaded into the fixture which is attached to table of the Matsuura FX 

5G 3-axis machine tool  
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Figure 4.13. 2-4-6 blocks support of fixture for height adjustment  

The customized tool path is loaded on controller and executed with an 8 mm 

diameter 2 flute ball nose end mill. As mentioned in Section 4.4, the uncut volumes of 

weld material are small. Good surface finish at the fillet zone can be achieved by using a 

cutter radius smaller than the fillet radius. The machining results will be discussed in the 

next chapter.  
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4.7 Summary 

In this chapter, the workflow of rough machining excess weld material for joined 

blade assembly was discussed. During customization process, the dimensional difference 

between the actual blade assembly and the tool path can be pre-determined in the 

ACIS/HOOPS kernel to prevent gouging. After CNC machining, the joining edge can be 

grinded manually to produce flawless result. This method greatly improves the machining 

efficiency, accuracy and precision comparing to manual process.  

Herein, helical downward tool path direction was presented for presentation 

purposes. The tool path direction can be adjusted to travel along the blade cross-sectional 

profile and step down incrementally. Tool lifting, re-entry and traveling distance can be 

minimized. This approach is similar to trochoidal milling, and allows better uncut chip 

thickness control than a path consisting of multiple passes around the whole fillet. It is 

easier to adjust along to actual geometry, and, when extended to 5-axis milling, will 

require much less rotary table motion.  

The tool path algorithm can be directly applied to industrial scale fan blade 

assembly. Because the welding area of industrial scale fan blade only differs from the 

simulated blade assembly in one dimension, which is the blade contour, scale difference 

will not affect the final machining results. However, the rotary type laser scanner might 

not be the optimal choice of digitizing device due to the dimensional limitation. The laser 

digitizer integrated CNC machine tool configuration is preferred because of high 

resolution laser scanner and high positional accuracy AC servo motor implemented.   
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The tool path algorithm is also capable of machining excess weld material for 

different welding methods, such as linear friction welding. The welding area of blade 

joined by linear friction welding is typically located at blade surface near shaft. Therefore, 

the surface continuity replies on two freeform surfaces, the blade surfaces above and 

below the joining area. Other than blade assembly machining, the refurbishment of mould 

can also adapt the proposed machining workflow.     
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Chapter 5  

Machining Results 

The machining strategy proposed in this thesis was validated in three stages. For 

process development, the initial validation was performed on the cylinder assembly 

presented in Section 5.1. Next the machining process was adapted for simulated blade 

assembly, where the blade was at nominal position as presented in Section 5.2. Finally, 

the machining process was tested on two offset blade assemblies as presented in Section 

5.3.    

5.1 Cylinder Assembly Machining 

The machining result for the cylinder assembly is presented in Figure 5.2. The 

majority of the excess weld material was successfully removed. The customized tool path 

that was constructed based solely on the fillet radius did not include adjacent surfaces on 

the blade and hub/shaft. Because of inconsistent welding, material could extend onto the 

blade and hub/shaft surface. To solve this issue, the customized tool path will be further 

extended in subsequent machining tests.     
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Figure 5.1. Comparison of cylinder assembly before/after machining  

 

Figure 5.2. Photograph of a refurbished cylinder assembly 
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5.2 Nominal Blade Assembly Machining 

In this section, the simulated assembly, with the blade at its nominal position is 

machined, with the extended and customized tool path. The purpose of this machining 

experiment is to validate the customized tool path. The machining result is presented in 

Figure 5.3 and Figure 5.4. In order to validate the transition surface smoothness, the 

machined blade assembly is digitized and compared with the reference geometry blade 

assembly (Figure 5.3). The machined area (circled in Figure 5.3) has a relatively small 

dimensional difference (less than 0.5 mm).   

 

Figure 5.3. Comparison of welded and machined to reference geometry (precisely 

positioned blade assembly) 
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Figure 5.4. Photograph of welded and machined result (precisely positioned blade 

assembly) 

5.3 Offset Blade Assembly Machining 

In this section, two experiments are performed in order to validate the machining 

process with a misaligned blade assembly. To simulate the misalignment, the blade 

position is shifted in translational and rotational directions. Figure 5.5 illustrates the 

cross-sectional comparison between a misaligned blade (presented by dashed line) and a 

precisely positioned blade (presented by solid line). The tables followed by the machining 

results contain the average value of blade and shaft misalignment, which provides “go/no 

go” indication before machining.    
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Figure 5.5. Schematic diagram of blade assembly misalignment 

5.3.1 Offset by Negative 0.5 mm and 1
o 
Clockwise 

Herein, the misalignment of the blade position is negative 0.5 mm in the 

translational direction and 1
o
 clockwise in the rotational direction as shown in Figure 5.6. 

The blade/fillet and shaft/fillet joints are compared with the reference geometry in Figure 

5.7. The machining result is presented in Figure 5.8 and Figure 5.9. As seen in the circled 

area of Figure 5.8, the customized tool path results in smooth transition across the fillet 

with less than 0.5 mm dimensional error.  

 

 

translational 

rotational 
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Figure 5.6. Blade assembly misaligned by negative 0.5 mm and 1
o 
clockwise 

 

Figure 5.7. Comparison of welded and reference geometry misaligned blade assembly for 

the case of negative 0.5 mm and 1
o 

clockwise (before machining)  
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Figure 5.8. Comparison of welded and reference geometry misaligned blade assembly for 

the case of negative 0.5 mm and 1
o 

clockwise (after machining) 

 

Figure 5.9 Photograph of a machined misaligned blade assembly for the case of negative 

0.5 mm and 1
o 
clockwise 
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Table 5.1. Offset at blade for the case of negative 0.5 mm and 1
o 
clockwise 

1 2 3 4 5 6 7 8 9 10 Average

1 -0.605 -0.601 -0.600 -0.603 -0.608 -0.611 -0.615 -0.619 -0.619 -0.614 -0.609

2 -0.604 -0.600 -0.598 -0.603 -0.609 -0.614 -0.618 -0.620 -0.616 -0.609 -0.609

3 -0.604 -0.602 -0.600 -0.604 -0.611 -0.615 -0.618 -0.619 -0.616 -0.607 -0.610

4 -0.605 -0.603 -0.603 -0.607 -0.611 -0.615 -0.619 -0.618 -0.614 -0.610 -0.611

5 -0.606 -0.606 -0.606 -0.610 -0.611 -0.614 -0.619 -0.620 -0.616 -0.615 -0.612

6 -0.606 -0.608 -0.609 -0.611 -0.612 -0.613 -0.619 -0.623 -0.621 -0.620 -0.614

7 -0.606 -0.607 -0.609 -0.610 -0.610 -0.614 -0.621 -0.625 -0.625 -0.624 -0.615

8 -0.602 -0.604 -0.606 -0.608 -0.611 -0.615 -0.621 -0.624 -0.625 -0.625 -0.614

9 -0.596 -0.598 -0.602 -0.605 -0.608 -0.612 -0.619 -0.622 -0.623 -0.623 -0.611

10 -0.585 -0.590 -0.595 -0.600 -0.604 -0.608 -0.612 -0.616 -0.618 -0.617 -0.604

11 -0.573 -0.581 -0.586 -0.593 -0.598 -0.600 -0.603 -0.606 -0.608 -0.608 -0.595

12 -0.561 -0.571 -0.577 -0.585 -0.590 -0.591 -0.589 -0.593 -0.597 -0.598 -0.585

13 -0.549 -0.559 -0.569 -0.575 -0.579 -0.579 -0.576 -0.579 -0.586 -0.587 -0.574

14 -0.539 -0.548 -0.558 -0.566 -0.567 -0.568 -0.564 -0.570 -0.576 -0.577 -0.563

15 -0.531 -0.537 -0.546 -0.554 -0.557 -0.556 -0.553 -0.559 -0.567 -0.568 -0.553

16 -0.520 -0.526 -0.535 -0.545 -0.547 -0.546 -0.543 -0.553 -0.558 -0.556 -0.543

17 -0.508 -0.513 -0.523 -0.534 -0.537 -0.538 -0.536 -0.542 -0.547 -0.545 -0.532

18 -0.494 -0.497 -0.512 -0.525 -0.528 -0.529 -0.530 -0.534 -0.534 -0.530 -0.521

19 -0.478 -0.482 -0.498 -0.511 -0.517 -0.522 -0.522 -0.522 -0.520 -0.518 -0.509

20 -0.464 -0.468 -0.483 -0.495 -0.505 -0.510 -0.510 -0.507 -0.504 -0.504 -0.495

21 -0.452 -0.456 -0.467 -0.478 -0.488 -0.494 -0.494 -0.491 -0.488 -0.491 -0.480

22 -0.439 -0.443 -0.452 -0.460 -0.470 -0.475 -0.475 -0.474 -0.471 -0.474 -0.463

23 -0.430 -0.435 -0.438 -0.443 -0.452 -0.456 -0.458 -0.458 -0.456 -0.458 -0.448

24 -0.423 -0.426 -0.426 -0.429 -0.436 -0.438 -0.441 -0.446 -0.444 -0.444 -0.435

25 -0.417 -0.419 -0.417 -0.420 -0.421 -0.422 -0.427 -0.433 -0.435 -0.432 -0.424

26 -0.413 -0.414 -0.412 -0.412 -0.414 -0.413 -0.417 -0.425 -0.428 -0.430 -0.418

27 -0.412 -0.411 -0.408 -0.407 -0.408 -0.408 -0.412 -0.421 -0.426 -0.429 -0.414

28 -0.411 -0.411 -0.408 -0.405 -0.406 -0.409 -0.414 -0.421 -0.425 -0.428 -0.414

29 -0.411 -0.410 -0.407 -0.403 -0.403 -0.408 -0.414 -0.419 -0.424 -0.424 -0.412

30 -0.411 -0.410 -0.405 -0.401 -0.402 -0.405 -0.412 -0.417 -0.420 -0.423 -0.411

31 -0.411 -0.408 -0.404 -0.399 -0.399 -0.403 -0.409 -0.414 -0.417 -0.419 -0.408

32 -0.409 -0.407 -0.402 -0.397 -0.396 -0.400 -0.405 -0.410 -0.412 -0.413 -0.405

Case: -0.5 mm and 1 degree clockwise

Blade Offset (mm)Loop 

Number
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Table 5.2. Offset at shaft for the case of negative 0.5 mm and 1
o 
clockwise 

5.3.2 Offset by Positive 0.5 mm and 1
o 
Counter-clockwise 

In this section, the direction of blade misalignment is inversed, where the blade 

position is shifted in positive 0.5 mm and rotated in 1
o
 counter-clockwise as seen in 

Figure 5.10. Figure 5.12 to Figure 5.13 illustrates the result. A smooth surface finish with 

less than 0.5 mm dimensional error was achieved.   

1 2 3 4 5 6 7 8 9 10 Average

1 0.108 0.099 0.091 0.084 0.083 0.087 0.092 0.097 0.099 0.098 0.094

2 0.112 0.101 0.092 0.087 0.086 0.090 0.094 0.098 0.099 0.099 0.096

3 0.114 0.102 0.093 0.089 0.089 0.092 0.095 0.098 0.100 0.099 0.097

4 0.113 0.101 0.093 0.090 0.090 0.093 0.096 0.099 0.124 0.098 0.100

5 0.111 0.101 0.092 0.092 0.092 0.094 0.097 0.099 0.100 0.098 0.098

6 0.108 0.100 0.093 0.092 0.093 0.096 0.098 0.101 0.100 0.099 0.098

7 0.101 0.096 0.092 0.093 0.094 0.097 0.101 0.102 0.102 0.100 0.098

8 0.096 0.091 0.090 0.092 0.096 0.099 0.103 0.104 0.104 0.102 0.098

9 0.094 0.089 0.089 0.092 0.096 0.101 0.104 0.106 0.105 0.103 0.098

10 0.096 0.090 0.091 0.094 0.098 0.102 0.106 0.107 0.106 0.104 0.099

11 0.100 0.096 0.095 0.098 0.102 0.106 0.108 0.108 0.107 0.104 0.102

12 0.106 0.102 0.101 0.104 0.108 0.110 0.111 0.109 0.107 0.105 0.106

13 0.107 0.106 0.107 0.110 0.113 0.114 0.113 0.112 0.109 0.107 0.110

14 0.107 0.108 0.111 0.114 0.117 0.117 0.115 0.114 0.110 0.108 0.112

15 0.108 0.111 0.114 0.117 0.120 0.119 0.117 0.114 0.112 0.109 0.114

16 0.110 0.114 0.117 0.119 0.121 0.120 0.117 0.114 0.112 0.110 0.115

17 0.112 0.115 0.118 0.119 0.119 0.118 0.117 0.113 0.111 0.109 0.115

18 0.114 0.117 0.119 0.119 0.119 0.117 0.114 0.112 0.111 0.110 0.115

19 0.117 0.119 0.121 0.120 0.118 0.117 0.115 0.113 0.111 0.109 0.116

20 0.120 0.123 0.123 0.021 0.119 0.119 0.117 0.114 0.112 0.111 0.108

21 0.122 0.125 0.124 0.123 0.122 0.121 0.119 0.116 0.114 0.111 0.120

22 0.124 0.125 0.124 0.123 0.123 0.121 0.119 0.118 0.116 0.113 0.121

23 0.124 0.124 0.123 0.123 0.123 0.122 0.121 0.120 0.118 0.115 0.121

24 0.123 0.122 0.122 0.122 0.122 0.123 0.122 0.122 0.120 0.118 0.122

25 0.121 0.120 0.122 0.123 0.124 0.124 0.125 0.123 0.122 0.120 0.122

26 0.118 0.119 0.122 0.125 0.127 0.128 0.127 0.125 0.124 0.122 0.124

27 0.117 0.118 0.123 0.127 0.130 0.130 0.130 0.129 0.126 0.124 0.125

28 0.117 0.120 0.125 0.130 0.132 0.133 0.134 0.132 0.129 0.126 0.128

29 0.122 0.125 0.129 0.133 0.135 0.136 0.135 0.134 0.131 0.127 0.131

30 0.128 0.130 0.134 0.136 0.137 0.138 0.137 0.135 0.132 0.128 0.134

31 0.133 0.135 0.137 0.138 0.140 0.141 0.139 0.135 0.132 0.128 0.136

32 0.137 0.139 0.140 0.140 0.142 0.142 0.138 0.136 0.132 0.130 0.137

Case: -0.5 mm and 1 degree clockwise

Shaft Offset (mm)Loop 

Number
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Figure 5.10. Blade assembly misaligned by positive 0.5 mm and 1
o 
counter-clockwise 

 

Figure 5.11. Comparison of welded and reference geometry misaligned blade assembly 

for the case of positive 0.5 mm and 1
o 
counter-clockwise (before machining) 
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Figure 5.12. Comparison of welded and reference geometry misaligned blade assembly 

for the case of positive 0.5 mm and 1
o 
counter-clockwise (after machining) 

 

Figure 5.13. Photograph of a refurbished misaligned blade assembly for the case of 

positive 0.5 mm and 1
o 

counter-clockwise 
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Table 5.3. Offset at blade for the case of positive 0.5 mm and 1
o 
counter-clockwise 

 

1 2 3 4 5 6 7 8 9 10 Average

1 0.284 0.295 0.293 0.307 0.299 0.329 0.314 0.289 0.282 0.291 0.298

2 0.287 0.300 0.288 0.303 0.288 0.318 0.329 0.288 0.282 0.287 0.297

3 0.286 0.302 0.279 0.293 0.281 0.299 0.321 0.293 0.292 0.282 0.293

4 0.281 0.307 0.271 0.283 0.279 0.286 0.295 0.294 0.301 0.296 0.289

5 0.276 0.306 0.269 0.280 0.275 0.288 0.289 0.289 0.300 0.306 0.288

6 0.276 0.301 0.272 0.294 0.266 0.279 0.287 0.282 0.285 0.291 0.283

7 0.274 0.289 0.277 0.295 0.251 0.261 0.281 0.283 0.280 0.278 0.277

8 0.264 0.272 0.286 0.286 0.245 0.256 0.275 0.282 0.281 0.278 0.273

9 0.259 0.283 0.293 0.277 0.253 0.256 0.261 0.269 0.283 0.291 0.272

10 0.257 0.298 0.300 0.269 0.272 0.267 0.255 0.260 0.285 0.311 0.277

11 0.252 0.299 0.311 0.263 0.279 0.285 0.255 0.264 0.285 0.316 0.281

12 0.240 0.285 0.306 0.255 0.268 0.287 0.258 0.268 0.280 0.307 0.276

13 0.233 0.270 0.286 0.254 0.255 0.271 0.267 0.270 0.264 0.273 0.264

14 0.239 0.260 0.268 0.255 0.241 0.247 0.251 0.260 0.247 0.250 0.252

15 0.245 0.245 0.265 0.256 0.238 0.227 0.233 0.262 0.247 0.242 0.246

16 0.238 0.235 0.261 0.251 0.245 0.224 0.227 0.269 0.257 0.239 0.245

17 0.226 0.228 0.258 0.245 0.249 0.228 0.226 0.265 0.253 0.233 0.241

18 0.216 0.224 0.249 0.232 0.246 0.234 0.231 0.249 0.243 0.234 0.236

19 0.211 0.229 0.241 0.225 0.235 0.234 0.244 0.241 0.228 0.230 0.232

20 0.214 0.235 0.234 0.226 0.223 0.229 0.247 0.227 0.218 0.223 0.227

21 0.226 0.235 0.229 0.223 0.215 0.218 0.238 0.221 0.220 0.219 0.225

22 0.233 0.229 0.223 0.211 0.208 0.212 0.223 0.219 0.216 0.213 0.219

23 0.218 0.220 0.209 0.200 0.209 0.210 0.213 0.208 0.197 0.197 0.208

24 0.204 0.211 0.198 0.204 0.225 0.214 0.214 0.201 0.195 0.189 0.205

25 0.206 0.201 0.191 0.203 0.225 0.209 0.197 0.203 0.195 0.182 0.201

26 0.210 0.197 0.194 0.192 0.202 0.195 0.173 0.187 0.190 0.169 0.191

27 0.204 0.192 0.189 0.186 0.180 0.190 0.157 0.154 0.173 0.164 0.179

28 0.190 0.188 0.176 0.189 0.183 0.187 0.152 0.147 0.171 0.167 0.175

29 0.175 0.190 0.183 0.193 0.185 0.171 0.154 0.154 0.172 0.175 0.175

30 0.172 0.189 0.204 0.181 0.175 0.162 0.155 0.157 0.163 0.174 0.173

31 0.177 0.190 0.216 0.173 0.167 0.173 0.161 0.160 0.165 0.178 0.176

32 0.191 0.203 0.223 0.193 0.186 0.191 0.169 0.168 0.176 0.189 0.189

Case: +0.5 mm and 1 degree counter-clockwise

Blade Offset (mm)Loop 

Number
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Table 5.4. Offset at shaft for the case of positive 0.5 mm and 1
o 
counter-clockwise 

  

1 2 3 4 5 6 7 8 9 10 Average

1 0.005 0.020 0.019 0.022 0.022 0.015 0.023 0.038 0.026 0.013 0.020

2 0.020 0.017 0.027 0.027 0.028 0.019 0.027 0.042 0.031 0.019 0.026

3 0.000 0.016 0.023 0.035 0.032 0.025 0.025 0.027 0.018 0.022 0.022

4 0.006 0.013 0.029 0.037 0.030 0.035 0.038 0.021 0.014 0.027 0.025

5 0.001 0.015 0.035 0.033 0.020 0.030 0.030 0.013 0.020 0.033 0.023

6 0.023 0.022 0.033 0.045 0.033 0.032 0.034 0.021 0.025 0.027 0.029

7 0.012 0.019 0.033 0.054 0.063 0.055 0.041 0.030 0.027 0.018 0.035

8 0.019 0.022 0.028 0.043 0.057 0.043 0.026 0.029 0.035 0.027 0.033

9 0.030 0.034 0.024 0.034 0.047 0.032 0.022 0.027 0.035 0.040 0.033

10 0.050 0.052 0.040 0.040 0.046 0.045 0.041 0.043 0.042 0.042 0.044

11 0.057 0.063 0.057 0.044 0.041 0.050 0.045 0.034 0.035 0.043 0.047

12 0.040 0.051 0.059 0.063 0.039 0.018 0.013 0.018 0.030 0.046 0.038

13 0.036 0.041 0.046 0.049 0.030 0.018 0.025 0.032 0.046 0.055 0.038

14 0.044 0.037 0.030 0.030 0.026 0.044 0.056 0.055 0.059 0.054 0.044

15 0.037 0.023 0.012 0.018 0.034 0.056 0.054 0.061 0.080 0.068 0.044

16 0.026 0.011 0.009 0.022 0.044 0.051 0.038 0.045 0.067 0.065 0.038

17 0.033 0.016 0.010 0.024 0.046 0.048 0.028 0.034 0.038 0.037 0.031

18 0.043 0.031 0.022 0.024 0.030 0.031 0.033 0.041 0.037 0.026 0.032

19 0.034 0.031 0.030 0.028 0.027 0.036 0.049 0.057 0.043 0.029 0.036

20 0.027 0.021 0.023 0.033 0.037 0.049 0.058 0.073 0.046 0.037 0.040

21 0.007 0.006 0.016 0.022 0.034 0.057 0.067 0.069 0.042 0.044 0.036

22 0.007 0.008 0.017 0.030 0.055 0.071 0.064 0.057 0.046 0.046 0.040

23 0.013 0.023 0.038 0.058 0.073 0.072 0.059 0.045 0.028 0.030 0.044

24 0.024 0.030 0.049 0.065 0.068 0.066 0.061 0.049 0.032 0.025 0.047

25 0.035 0.038 0.048 0.064 0.071 0.069 0.067 0.052 0.047 0.043 0.053

26 0.050 0.038 0.046 0.066 0.074 0.069 0.058 0.036 0.040 0.043 0.052

27 0.064 0.044 0.050 0.048 0.045 0.047 0.036 0.026 0.027 0.029 0.042

28 0.074 0.067 0.057 0.040 0.032 0.038 0.035 0.028 0.026 0.032 0.043

29 0.067 0.079 0.060 0.046 0.039 0.033 0.027 0.028 0.032 0.036 0.045

30 0.058 0.051 0.042 0.040 0.041 0.027 0.026 0.043 0.049 0.043 0.042

31 0.045 0.039 0.037 0.039 0.044 0.027 0.032 0.053 0.055 0.046 0.042

32 0.022 0.029 0.038 0.053 0.065 0.040 0.040 0.052 0.049 0.039 0.043

Case: +0.5 mm and 1 degree counter-clockwise

Shaft Offset (mm)Loop 

Number
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5.4 Uncertainties and Safety Margin 

The workflow introduced herein can improve the efficiency and precision of post-

process machining of excess weld material as compared to a conventional manual process. 

To account for known errors in the system a safety margin is applied to keep from 

gouging the blade or shaft surface. Gouging of the surface must be prevented during the 

machining process to avoid scrapping the blade. The safety margin was established based 

on an estimate of the known errors in the system.  Table 5.5 provides an estimate of the 

maximum value of error that can occur with the major system elements.  These values are 

established based on the industry standards as discussed further in the next paragraph.  

Uncertainty Factors Value 

Magnaflux SDK Developer 0.135 mm 

Roland LPX-600 Laser Scanner 0.05 mm 

Renishaw MP12 Probe System 0.04 mm 

Cutting Tool 0.06 mm (tool dependant) 

Safety Margin 0.08 mm (user controlled) 

CNC Machining 0.01 mm 

Relative Tool – Workpiece Deflection -0.007 mm (not included at this stage) 

Geomagic <0.001 mm 

Total  0.375 mm 

Table 5.5. Uncertainty factors and safety margin  

During laser scanning process, the Magnaflux SDK developer [44] creates a layer 

of uneven surface coating with thickness of approximately 0.078 mm. The coating 

thickness is estimated by the coverage area (65 square feet) of a 16 oz. aerosol can [50].  

The surface of the welded blade assembly is expected to create an additional thickness of 

0.078 mm. During the 3-2-1 registration by Geomagic, the alignment of datum planes YZ, 
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XZ and XY as seen from Figure 5.14 translated the welded blade assembly by -0.078 mm 

in X axis, +0.078 mm in Y axis and -0.078 mm in Z axis respectively. This resulted in the 

uncertainty range of -0.015 mm to -0.135 mm at blade suction side and +0.035 mm to – 

0.095 mm at blade pressure side as seen in Figure 5.15. The developer error accounts for 

the major uncertainty.  

 

Figure 5.14. 3-2-1 registration datum planes: XZ, YZ and XY 
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                                (a)                                                        (b)               

Figure 5.15. Range of uncertainty caused by developer coating: (a) blade suction side; (b) 

blade pressure side 

Other factors are categorized as equipment uncertainties, including laser scanning 

accuracy, probe system pre-travel, cutting tool runout, and CNC machine tool accuracy. 

The Roland LPX-600 laser scanner [22] has a 0.05 mm system uncertainty based on the 

equipment specification provided by manufacturer. The Renishaw M12 probe system [17] 

has a directional pre-travel variation from 0.05 mm to 0.09 mm, which results in 0.04 mm 

measuring uncertainty. The pre-travel error is estimated through multiple ring gouge 

calibration experiments. The difference between the measured cutter diameter (7.88 mm) 

and the cutter diameter (8.00 mm) used to generate the customized tool path was 0.12 mm 

diameter or 0.06 radius runout.  This contributed to an increase in the margin.  In the 

future the actual tool should be measured before developing the tool path.  Altering the 

effective tool diameter is how the margin was implemented in this case. A well 

maintained and regularly calibrated 3-axis CNC machine tool is expected to have a value 

of 0.01 mm based on the past machining experiences of Matsuura FX-5G 3-axis machine 
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tool. Detailed testing would need to be performed for a 5-axis machine to establish a 

realistic value.  

The remaining factors are categorized as assumed uncertainties, including relative 

tool – workpiece deflection and Geomagic software error. Because down milling is 

implemented, the tool deflection due to cutting forces will be almost perpendicular to the 

cut, which leads to slight tool deflection in the direction away from the part as illustrated 

in Figure 5.16 and negative uncertainty value of relative tool – workpiece deflection is 

expected.  The tool tip deflection, tool , can be calculated based on the estimated cutting 

force, cutF , using the following equation in which the tool is considered as a cylindrical 

cantilever beam.  

3

3

cut
tool

tool

F L

E I





 
                                                 

(5.1) 

where L  is the protruding length of tool from the tool holder (30 mm), E  is the Young’s 

modulus of the tool (55000 N/mm
2
), 

4

64

D
I   is the cross-sectional moment of inertia of a 

solid cylinder of the same diameter D  [51]. The resulting equation is 

3

4

64

3

cut
tool

tool

F L

E D







 
                                            

(5.2) 

The maximum cutting force is estimated using the following equation [52]. 

cut cF k b t                                                          (5.3) 

where ck  is the specific cutting force for 6061 aluminum alloy (450 N/mm
2
), b  is the 

chip load for a 8 mm diameter cutter (0.051 mm) and t  is the depth of cut measured 



Master Thesis – Y.P. Lin                                          McMaster – Mechanical Engineering 

 

 

 

77 

 

(3.350 mm). The estimated cutting force is 76.883 N, which will lead to a relative tool – 

workpiece deflection of approximately 0.007 mm based on equation (5.2). Since the 

deflection is in the direction away from the workpiece, it should not be included at this 

stage to avoid a dwell mark at zero feed rate. Due to the uneven and unknown thickness 

of the weld bead, the actual value of tool – workpiece deflection is uncertain for each 

blade assembly. Therefore, a conservative safety margin of 0.08 mm was assigned to the 

tool path to ensure gouging avoidance. The value of safety margin could be further 

reduced based on the calculated tool – workpiece deflection of individual blade assembly. 

Detailed calculation could be included in the future with the implementation of a 5-axis 

machine and the reader is referred to [51], [52] and [53]. The mathematical fitting error of 

Geomagic is also assumed to be near zero, which requires further testing to establish a 

realistic value. All factors discussed account for the total estimated value of 0.375 mm. 

 

Figure 5.16. Direction of cutter deflection is away from the part for down milling 
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As seen from the machining results shown above, a thin layer of weld material 

with thickness of approximately 0.208 mm to 0.367 mm is still apparent on the part. This 

range for the excess material is very closed to the estimated value of the error expected 

and hence the safety margin left on the part is excessive and the value could be reduced in 

future refinements of the machining process. This step would require extensive 

experimentation to establish their error values when the system is fully implemented.  

Even with a safety margin still present on the surfaces the smoothness of the machined 

surface and its adherence to the desired shape represents significant value to the final 

manual polishing process as it allows the people doing the blending to hand finish to a 

precise reference surface.  This will reduce the complexity of their job and allow them to 

perform their work more accurately resulting in higher quality parts.   
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Chapter 6  

Conclusion and Future Works 

A new joined blade measurement and machining system for finishing blade 

assembly fillets. The implemented workflow achieved the objectives outlined in the 

introduction of the thesis, which solved the part-to-part variation of joined fan blades. 

Integrated laser digitizing and CNC machining were applied to achieve the essential 

principle of automation and flexibility. 

Following the procedures of the workflow, the surface geometry of joined blade 

was captured by the laser digitizer and constructed as a triangular facet mesh. The offset 

between the nominal and the actual blade position was extracted by projecting the 

nominal tool path onto the registered triangular model of actual blade. The tool path was 

then customized based on the previously determined offset following the author defined 

NURBS or interpolation algorithm in a CAD/CAM kernel. The CNC controller executed 

the customized tool path to eliminate surplus welding material.  

The implemented workflow was verified on a three-axis machine tool by 

machining results, including two distinct blade samples. These initial results 

demonstrated the accuracy and repeatability of the joined blade refurbishment system.     
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6.1 Suggested Future Work 

This thesis work has presented the system design for joined blade measurement 

and refurbishing, and has contributed an algorithm for three-axis tool path customization. 

Future development will move toward the industrial blade design, which has multiple 

blades attached on the disk and complex surface geometry. The refurbishment system will 

require further improvements involving a five-axis machine tool.  

Further challenges remain in machining optimization. A typical blade consists of 

convex, concave faces and leading, trailing edges. Feed rate, scallop height, and step size 

control could be added to optimize the tool path. The overall time and surface finish could 

be further improved.  

Other improvement is the complete automation of system. The system developed 

in this thesis requires human manipulation of probing and coordinate registration. A 

future extension of the current system could include programmed probing routine and 

software registration commands.  
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Appendix A 

A.1 Simulated Blade Assembly 

Dimensions in millimetres.  Material:  aluminum 

 



Master Thesis – Y.P. Lin                                          McMaster – Mechanical Engineering 

 

 

 

82 

 

A.2 Fixture Disk 

Dimensions in millimetres.  Material:  aluminum
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Appendix B 

B.1 Nominal Tool Path Generation 

 

Determine surface contact point at fillet along u 
parametric direction  

Collect additional contact points at blade surface 

Collect additional contact points at shaft surface  

Record all contact points in 3D Cartesian coordinate 
system   

Arrange contact points based on helical downward 
direction 

Project contact points with known tool radius and 
surface normal to determine cutter centre points 

Printf coordinate of cutter centre points into text file  

End of single loop  

End of nominal tool path generation  

Move to next loop along v 
parametric direction 
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B.2 Customized Tool Path Generation 

 

Read coordinate of nominal  tool path (including cutter 
contact and centre points)  

Connect nominal cutter contact and centre points 

Project nominal contact/centre point vector   

Intersect nominal vector with blade and shaft surface of 
blade assembly's triangular mesh 

Calculate average offset at blade and shaft based on 
Equation (4.4), (4.5) 

Interpolate offset value at welded area based on Equation 
(4.6)  

Project nominal vector with interpolated offset from 
nominal contact points to customized contact points 

Arrange customized contact points and intersection points 
at blade and shaft surfaces in helical downward direction 

Project contact points with tool radius along nominal 
vector to determine centre points 

End of single loop  

End of tool path customization  

Move to next loop along v 
parametric direction 
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