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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Complex shaped thin-walled blades that are extensively used in jet engines or stream turbines are very difficult to machine due to 
low rigidity of the blades, typically limited space between the blades and strict requirements on the surface quality and 
accuracy. The paper focuses on multi-axis machining of thin-walled and complex shaped Blisk blades made of aluminium alloys. 
The resulting surface quality and accuracy is mainly affected by the risk of elevated vibration occurrence, both forced and self-
excited, and static deflections between the compliant tool and workpiece. An innovative integration of the transformed FE model 
of the blade into virtual machining simulation has been proposed, allowing to effectively solve the complex optimization task 
considering both the criterion of stable machining condition and static deflections as well. When choosing a machining strategy 
and cutting conditions, there are many variables that fundamentally affect the process. These variables are not easy to choose 
correctly the first time, so it is advisable to choose to use a simulation model in production preparation. The proposed simulation 
model allowed to effectively optimize the process parameters to keep the machining process stable and the static deformation of 
tool and workpiece under a defined level. The proposed model and optimization strategy was validated on a thin-walled blade 
machining. At the top part of the blade, the surface roughness decreased from 1.6 Ra to 0.84 Ra, and the maximum deviations from 
the reference model were reduced from 0.18 mm to 0.08 mm. 
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1. Introduction 

Productive machining of complex shape parts such as thin 
flexible blades is a technologically demanding task in which it 
is necessary to achieve the highest possible quality of the 
workpiece and at the same time minimize the machining time. 
Flexible thin-walled workpieces are significantly represented in 
key sectors of the aerospace, automotive or energy industries. 
The lower static and dynamic stiffness of these products poses 
challenges during the machining process due to higher risk of 
workpiece and tool deformation and vibration. In many cases, 
manual finishing of the workpieces is necessary, which 

significantly prolongs the production time and brings additional 
geometric inaccuracies. 

There are two main issues related to the dynamics of the 
flexible workpiece. The first one is a stable machining, which 
is a necessary condition for achieving both accuracy and surface 
quality of the workpiece. The second one is a static deflection 
of the tool and workpiece due to cutting forces. Despite 
significant progress in the last decades, the problem of 
machining stability in 5-axis milling remains a rather difficult 
task in comparison to turning or face milling because of 
complex geometric relations which make process modelling 
difficult to formulate. Possibly the biggest obstacle is the 
determination of tool-workpiece engagement in case of general 
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Productive machining of complex shape parts such as thin 
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is necessary to achieve the highest possible quality of the 
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There are two main issues related to the dynamics of the 
flexible workpiece. The first one is a stable machining, which 
is a necessary condition for achieving both accuracy and surface 
quality of the workpiece. The second one is a static deflection 
of the tool and workpiece due to cutting forces. Despite 
significant progress in the last decades, the problem of 
machining stability in 5-axis milling remains a rather difficult 
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complex geometric relations which make process modelling 
difficult to formulate. Possibly the biggest obstacle is the 
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tool-workpiece orientation. Less demanding issue is a time-
dependent cutting force reaction to small displacement changes, 
which complicates the stability formulation in milling in 
general. To simplify the problem and to allow formulation of 
the problem in Laplace domain, so called ZOA method was 
introduced by Altintas and Budak [1]. Altintas and Merdol [2] 
present a virtual machining application for optimizing the 
conditions of milling operations. Li et al. [3] present a voxel 
model based method to visualize the workpiece and a method 
to mitigate the deformation of the workpiece and to avoid 
chatter, proposing a new machining strategy based on 
alternating between roughing and finishing operations. Zhao et 
al. [4] solved the issues linked to the process of thin-walled 
blades machining with the requirement of increased accuracy, 
considering the deformations of the tool based on several 
variants of the distribution of the estimated total cutting force 
along the contact of the tool and the workpiece. A power model 
of the cutting force was used to estimate the force, however the 
disadvantage consists in a very limited validity regarding the 
orientation of the tool and the workpiece – its components 
depend only on the radial and axial depth of cut and feed. Huang 
et al. [5] address the reduction of vibrations and deformations 
in the milling of thin-walled blades with a ball mill using an 
optimized tool and workpiece orientation. They work with a 
more accurate model of force based on the integration of force 
through the cutting edge. The prediction of deflection errors in 
the circumferential milling of thin-walled workpieces is 
presented by Kang and Wang [6]. Similarly, Khandagale et al. 
[7] reduce static deflection when milling subject parts. Del Sol 
et al. study milling operations of light alloys with thin-walled 
structures in order to reduce deflection errors caused by 
instability and deformation of machined parts. The use of 
virtual machining modeling for its optimization and application 
is discussed in depth in several articles by Soori et al. [8], [9]. 
Another challenge after eliminating dynamic and static errors is 
to achieve productive machining. The solution may be to set the 
right strategy and cutting conditions. For example, by 
preprocess optimizing variable spindle speed and feed rate 
along the tool path, both higher stability and higher productivity 
can be achieved, see the Vavruska articles [10], [11]. 
 
Nomenclature 

[K] stiffness matrix 
[M] mass matrix 
[C] damping matrix 
𝒖𝒖 deflection vector (subscripts s–static, d–dynamic) 
Kc cutting coefficient 
[T] transformation matrix from local to global c.s. 
h  chip thickness 
  small time difference 
𝑭̅𝑭  averaged cutting force 
[𝐴𝐴]̅̅ ̅̅    averaged directional matrix 
[Φ]  eigenmodes matrix 
  diagonal matrix of eigenfrequencies 
𝜌𝜌   distance to the tool axis 
S  tool-workpiece engagement surface  

2. System for virtual machining of thin-walled blades 

In this study, the 5-axis milling simulation is realized in the 
internally developed software for virtual machining, MillVis, 
which combines the mathematical methods used for material 
removal, machine tool dynamics and cutting force interaction 
of cutting tool and workpiece and tool-workpiece dynamics. 
While the machine tool dynamics can be described using 
reduced FE models and cutting tool dynamics can be 
represented by a simplified beam model, the representation of 
a flexible workpiece is more challenging. 

For fast simulation of the material removal, distance field 
representation of the cutting tool and workpiece is used because 
it allows faster calculation than other visualization methods. At 
the same time, it provides higher accuracy and resolution of the 
machined surface prediction. It is based on a voxel grid and the 
signed distance function which for each point in space returns 
its distance to the workpiece surface, with a negative sign for 
the points outside of the workpiece and positive for those 
inside. In practice, the sign is determined by the outer normal.  

The value of this distance function is saved at each vertex of 
the voxel grid. The approximate distance of any point from the 
workpiece surface can be reconstructed by trilinear 
interpolation from the nearby vertices. This is useful for 
visualization but also for material removal simulation. In each 
step, it is determined whether there is any tool point inside of 
the workpiece. If the tool intersects the workpiece, the distance 
values stored in the corresponding vertices are updated.  

In order to analyze the stability of the machining process, 
the cutting forces must be computed first. The implemented 
model is based on [1], where the essential parameter is the chip 
thickness. Edge and cutting force coefficients, specific for each 
material, cutting edge geometry and cutting conditions, are 
considered as parameters of the model used. The cutting forces 
are evaluated in discretized points on the cutting edges of the 
tool, in tangential, radial and axial directions. Then they can be 
projected into the Cartesian coordinates system and the total 
cutting force is computed as their curve integral along each 
cutting edge in cut.  

This model was further modified in order to increase the 
computation speed and to effectively use the data computed 
during the material removal simulation. If the cutting 
conditions remain the same, it is possible to represent the 
cutting force by Fourier series. The Fourier coefficients are 
computed numerically as surface integrals over the engagement 
area. This is based on a reformulation of the classical definition 
which requires calculation of a double integral – one integral 
over one revolution and another over the the engaged cutting 
edge. The surface integral is discretized using the voxel mesh. 
Within each voxel, the tool-workpiece contact is represented 
by an implicit formulation based on a trilinear function defined 
by the distance field which represents the machined surface. 
However, due to high computation cost, the implicit 
formulation is not suitable for the surface integral calculation. 
For the purpose, the surface within a voxel is approximated by 
a planar surface, which can be fitted into the distance field 
efficiently.  

Such formulation allows to compute only a desired number 
of Fourier series members, adjusted to the problem.  
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2.1. Implementation of the workpiece and cutting tool 
dynamics 

To be able to effectively simulate and optimize the 
machining of flexible workpieces, an original implementation 
of the workpiece dynamics into the distance field model has 
been developed. The strategy consists in creating a FE model, 
see Fig. 1 left, which is subsequently transformed and reduced 
by modal transformation into the distance field model using 
selected eigenfrequencies and eigenmodes in a grid of points 
along the workpiece surface, see Fig. 1 right.  

    

Fig. 1. FE mesh of the blade (left) and grid of points on the blade surface in 
which the modal transformation of the blade FE model is performed (right). 

The eigenvectors are transferred to the distance field 
structure of the workpiece in such a way that in each step of the 
material removal simulation, the closest point of the blade 
surface grid to the current tool position is found and its data is 
used for the stability and static deformation computation. In the 
case of blade finishing machining, the change of the workpiece 
dynamic properties during the milling process is negligible, as 
the axial depth of cut is typically very small. Therefore, the 
dynamic model corresponding just to the final volume of the 
blade is used. For representing the dynamics of a compliant 
cutting tool, modal data at the tool tip is considered. 

2.2. Formulation of the static deflection and machining 
stability prediction 

In predicting the stability limits, the effect of dynamic chip 
thickness is considered. The static deflection is based on an 
averaged cutting force over one tool revolution 𝑭̅𝑭  and the 
stability is based on ZOA method which requires averaged 
directional matrix [𝐴𝐴]̅̅ ̅̅ .  The equations of motion for the 
averaged system are 

(𝑠𝑠2[M] + 𝑠𝑠[C] + [K]) 𝒖𝒖 = [𝑃𝑃]𝑭̅𝑭  + [𝑃𝑃][𝐴𝐴]̅̅ ̅̅ [𝑃𝑃]𝑇𝑇(1 − 𝑒𝑒−𝑠𝑠𝑠𝑠)𝒖𝒖 

where 𝒖𝒖 is an averaged Laplace image of the deflection in all 
degrees of freedom on the grid, [𝑃𝑃] represents distribution of 
the force and its reaction to regenerative vibration along the 
grid. Both static component of the deflection and machining 
stability formulation are based on the equation. The static 
deflection calculation is based on formula 
 

𝒖𝒖𝒔𝒔 = [Φ][Ω]−2[Φ]T[𝑃𝑃]𝑭̅𝑭  
 

where the stiffness matrix at given point is approximated using 
modal truncation, which gives accurate results if used 
carefully.  

The stability formulation is based on the homogeneous 
equation 

(𝑠𝑠2[M] + 𝑠𝑠[C] + [K] − [𝑃𝑃][𝐴𝐴]̅̅ ̅̅ [𝑃𝑃]𝑇𝑇(1 − 𝑒𝑒−𝑠𝑠𝑠𝑠)) 𝒖𝒖𝒅𝒅 = 𝟎𝟎 

The average force reaction to a displacement (force 
gradient) is formulated using a novel approach as 

[A]̅̅ ̅̅ = ∫ [T(𝑥𝑥)]
𝜌𝜌(𝑥𝑥) 𝑲𝑲𝒄𝒄𝒏𝒏𝑻𝑻𝑑𝑑𝑑𝑑

𝑆𝑆
 

where 𝒏𝒏  is a surface normal at given point of the engaged 
surface S, [T(𝑥𝑥)] is a transformation matrix from local cutting 
force basis at the point to the world coordinate system, 𝜌𝜌(𝑥𝑥) is 
a distance of the point from the axis of rotation and 𝑲𝑲𝒄𝒄 is a 
cutting force coefficient vector. The equivalence of the 
presented formula to a standard approach to the directional 
matrix averaging will be treated in a separate article. 

The process stability problem leads to a generalized 
eigenvalue problem for Laplace parameter s. The maximum 
real part of all dynamical system's eigenvalues is an indicator 
of its stability. If it is not positive, the process is stable and the 
chatter does not occur. However, if the real part of any 
eigenvalue is positive, the vibrations start to grow 
exponentially, which causes chatter marks on the surface and 
increases tool wear. As the generalized eigenvalue problem is 
nonlinear with respect to the eigenvalues, they are found 
iteratively by a modified Newton method developed by Harrar 
[12]. 

The physical meaning of the characteristic exponent 𝜆𝜆 used 
for machining stability evaluation is demonstrated in Fig. 2. 
The sign of the exponent shows if the vibration exponentially 
grows or declines as a response to the external force excitation, 
depending on the dynamics of the tool and workpiece and 
process stiffness and damping.  

 

Fig. 2. Demonstration of the physical meaning of the characteristic exponent 
for describing the process stability. Positive value of the exponent λ (red) 

indicates exponential growth of the vibration and hence the system is 
unstable. Negative value of the exponent λ (green) represents exponential 

decline of the system vibration excited by external force and indicates a stable 
system. 

A full analysis of the virtual machining operation including 
the workpiece and tool dynamics is described by the flowchart 
in Fig. 3.  
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Fig. 3. Flowchart of digital machining simulation including flexible 
workpiece and cutting tool in MillVis system. 

3. Case study 

The application of the system developed for a case study of 
a thin-walled Blisk blade machining and optimization is 
demonstrated. The steps of the Blisk blade machining 
simulation workflow are:  
• FEA of the blade in FE software (Ansys); 
• Modal reduction and interpolation of blade eigenshapes on 

a grid on the machined surface; 
• Virtual machining simulation using the blade dynamic 

model and virtual interpolation of the NC code. 

3.1. Optimization of a Blisk blade machining 

The aim is to prepare a production of a Blisk blade. 
Common approaches applied in the industry rely on a number 
of testing machinings, which iteratively test different cutting 
conditions, tool path strategies or machine tool control 
parameters until an acceptable result is achieved. This is mainly 
due to the fact that in common CAM systems it is not possible 
to evaluate the complex dynamic behaviour of the cutting tool 
and workpiece flexible system and to check relevant results of 
machining operations. 

The main challenge in using the advanced virtual machining 
simulation, presented in Section 2, is to predict and minimize 
the static deflection of the blade, which is caused by the tool-
workpiece force interaction, and to predict the risk of forced 
and self-excited vibrations at the same time. The aim is to 
achieve the required geometric accuracy and surface quality of 

the blade without the need of performing multiple testing 
machinings on the machine. NC code and machining strategy 
optimized using virtual simulation are validated in a real 
machining process. 

A total of two blade segments were made to demonstrate the 
effectiveness of the simulation method described. The first 
blade was machined using an original setting of toolpaths in 
CAM and cutting conditions according to the toolmaker. The 
second blade was machined using NC code optimized by 
virtual simulation. 

3.2. Machining setup 

The considered Blisk blade segment is made of EN AW 
7075 material and it is machined using a five-axis mill-turn 
machine MCU700 (KOVOSVIT MAS Machine Tools, a.s.). 
Milling strategy is point machining with a constant angle of tilt 
and lead along the helical toolpath for each test, see Fig. 4. 

 

 

Fig. 4. Experimental setup (left); CAM toolpath (right). 

The cutting tool was a ball-end mill with a diameter of 
10 mm (Iscar MM EBA100B07-2T06). Blank for finishing was 
0.35 mm. The spindle speed was 12 000 RPM. The feed rate, 
lead and tilt angle were variable parameters for optimization. 
This case study compares an original strategy with a lead angle 
of 0°, tilt angle of 75° and a programmed feed rate of 2500 
mm/min versus an optimized strategy with a lead angle of 50°, 
tilt angle of 5° and a programmed feed rate of 2650 mm/min. 

3.3. Model of blade dynamics 

The dynamic behavior of the workpiece is approximated 
using modal reduction to 50 dominant modes. Comparison of 
full harmonic analysis (1 % structural damping) and modal 
truncation to 50 modes at two points near the blade tip 
calculated in Ansys WB is presented in Fig. 5. The reduced 
model is also used to calculate static stiffness or compliance 
along the blade. The maximum error of the static compliance 
at the control points is below 0.05 𝜇𝜇m N−1 or 0.7 % relatively. 
Very good accuracy of the reduced model with even relatively 
low number of eigenmodes used results in this case from high 
compliance of the workpiece. 
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Fig. 5. Comparison of modal truncation to 50 modes and full harmonic 
analysis for two points at the blade tip. 

3.4. Virtual machining simulation 

Distribution of the real feed rate resulting from the NC code 
interpolation by the CNC system for the original and optimized 
strategy is illustrated in Fig. 6. It may be seen that for both cases 
the real feed rate significantly differs from the programmed 
one. This is a typical situation in 5-axis milling of complex 
shaped surfaces, which relates mainly to the limitation of rotary 
axes dynamics. Next to it, there is also a risk of deteriorated 
surface quality generation due to large fluctuations of the feed 
rate. This issue can be effectively identified even prior to the 
physical machining thanks to the virtual machining simulation 
using the real CNC system kernel. In our case study, both the 
original and optimized strategy reveal almost identical real feed 
rate distribution and hence also the same machining time. 

 

Fig. 6. Visualisation of the feed rate and toolpaths for the original and 
optimized setting. 

Another evaluation factor in the technology preparation of 
the blade machining is the maximum of static deformation field 
along the blade. Results for the original and optimized strategy 

are shown in Fig. 7 with the biggest difference visible at the 
blade tip. 

 

Fig. 7. Static deformation. Optimized machining strategy reveals a significant 
reduction of the maximum static deflection at the blade tip. 

Machining stability calculation for both machining 
strategies is performed following the approach introduced in 
Section 2.2. The results show that both the original and 
optimized strategy lead to stable machining, see Fig. 8. 
 

 

Fig. 8. Map of characteristic exponents which confirm that the process is 
stable for both strategies. 

3.5. Experimental results 

Geometric errors of the machined blade surface are checked 
by 3D GOM scanner for which a measurement accuracy of up 
to 0.01 mm is declared. For evaluating the surface errors 
against the reference CAD model, the base geometry of the 
blade has been used as a reference for aligning the scans. 

The measurements confirm that the optimized strategy 
provides higher machining accuracy compared to the blade 
machined using the original settings. The maximum deviations 
of the original blade reached 0.18 mm at the top, while the 
deviations along the whole optimized blade stayed below 0.08 
mm, see Fig. 9. The difference in absolute values of deviations 
between simulation and measurement is most likely caused by 
a harmonic excitation of the blade by the varying cutting force 
component. There is a trade-off between the static deflection of 
the tool or workpiece and their dynamic excitation, which 
strongly depends on tool-workpiece orientation. This 
hypothesis will be studied in the next research. 
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Fig. 9. Deviations measured by GOM 3D scanner. 

Surface roughness was reduced from 1.6 Ra for the original 
case to 0.84 Ra for the optimized case at the critical area of the 
blade, see Fig. 10. Reduction of the static deformation for the 
optimized strategy, as predicted by the virtual simulation, thus 
also positively contributes to improving the surface quality. 

 

 

Fig. 10. Final surface after machining blades (original and optimized). 

4. Conclusion 

Productive and high-quality machining of complex thin-
walled parts requires considerable knowledge and experience 
at all key points in the implementation chain. Conventional 
approaches of the NC machining technology preparation of 
thin-walled workpieces rely on a number of machining tests, 
which is a time and cost demanding process. 

To overcome this difficulty, an innovative solution of 
integrating the thin-walled workpiece dynamic model directly 
into the virtual machining simulation has been developed. 
Workpiece computational model is first prepared in a FE 
software and consequently implemented via modal 
transformation into the distance field representation, which is 
used for material removal simulation. Thanks to this, static 
deflection of the workpiece along the tool path and stability 
limits are instantly calculated and visualized on the workpiece 
surface as a result of tool-workpiece force interaction. This 
approach can be effectively used for demanding tasks of thin-
walled workpiece machining simulation and optimization. 

The proposed strategy and its benefits have been 
demonstrated on a thin-walled Blisk blade. The optimized 

machining strategy and technology parameters have been 
prepared without the need of machining tests. While the 
production time remained nearly the same, the process led to 
the reduction of maximal static error from 0.18 mm to 0.08 mm 
and to the improvement of the surface quality from roughness 
of 1.6 Ra to 0.84 Ra. 

Next research will focus on a detailed study of the 
phenomena of a thin-walled blade vibration contribution to the 
static deflection of the blade. 
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