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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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1. Introduction 

Chatter is a self-excited vibration between the cutting tool and 
the workpiece in conventional and micro-milling. It is 
characterised by poor surface finish and fast tool wear. 
Cutting tool damage and reduced material removal rate can 
also be observed. A number of chatter models have been 
developed and applied in micro-milling to obtain the process 
stability [1, 2]. Generally, the chatter is modelled by solving 
the equation of motion in frequency or time domain followed 
by a certain criterion for chatter detection. For both time and 
frequency domain solutions, the modal dynamic parameters 
obtained at the cutting tool tip and the micro-milling cutting 
forces must be determined. Several analytical, mechanistic 
empirical and finite element models have been developed to 
predict the micro-milling cutting forces [3-6].  

Another phenomenon observed in micro-milling is the 
presence of size-effect or dependence on material strength as 

observed in [7]. The size-effect can be described as a non-
linear increase of the specific cutting energy at different 
micro-milling cutting conditions. Afazov et al. [3] researched 
the size-effect in micro-milling of Ti6Al4V. They found that 
the cutting forces up to 6μm/tooth were better predicted using 
a material model that includes the size-effect, however, for 
feed rates greater than 6 μm/tooth, the inclusion of size-effect 
has led to over-prediction of the cutting forces.  

The aim of this paper is to compare the chatter stability using 
published cutting force models for Ti6Al4V [3] against the 
use of direct measured cutting forces, which is a new 
approach explored in this paper.  

The paper first presents two cutting force models and 
comparison between predicted and measured cutting forces. A 
chatter model with a time domain solution is then presented.  
Predicted stable depths of cut and stable depths of cut based 
on fast Fourier transforms (FFT) are compared and discussed.  
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2. Cutting force models 

The micro-milling cutting forces of Ti6Al4V were measured 
using a Kistler dynamometer 9258C2 mounted on a 5-axis 
KERN Evo [3]. Two-flute TiN coated end-milling carbide 
cutting tool with diameter of 500μm was utilised.  

Afazov et al. [3] used the finite element method to simulate 
the tool workpiece interaction represented in orthogonal 
cutting. The key component of the finite element model was 
the modelling of the material behavior in order to predict the 
cutting forces. Two constitutive isotropic thermal-elastic-
plastic material models were used, including the classical 
Johnson Cook and a size-effect (SE) model based on the 
strain gradient plasticity theory. The strain-rate and 
temperature dependent visco-plastic JC material model is 
given by: 
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where   is the equivalent plastic strain,   is the plastic strain 
rate, 

0  is the reference strain rate ( 10 =  s-1), T is the 
reference temperature, Tr is the room temperature, Tmelt is the 
melt temperature, A is the initial yield stress, B is the 
hardening modulus, n is the hardening exponent, C is the 
strain rate dependency coefficient and m is the thermal 
softening coefficient. The material constants for the JC 
material model for Ti6Al4V can be found in [3]. 

The size-effect material model is formulated based on the 
strain gradient plasticity theory. Unlike the conventional 
plasticity theory where the strength of the material is 
considered as a function of the strain, in the strain gradient 
plasticity theory, the strength is considered as a function of 
the strain gradient as well. The SE material model is given by: 
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where M = 3.06 is the Taylor’s factor, Lshear is the shear 
length, G is the shear modulus, μ is a constant which gives the 
lower limit of the density of the geometrically necessary 
dislocation found to be 0.25, b = 0.3nm is the magnitude of 
Burgers vector, α is a constant and a value of 0.5 was used. 
The JC material model from Eq.1 is used as a reference stress 
σref in order to account for the plastic strain, strain rate and 
temperature effects. The size-effect (SE) material model was 
implemented in ABAQUS/Explicit using the VUMAT 
subroutine. The shear length (Lshear) of the primary 
deformation zone was defined within the VUMAT subroutine 
after implementing an algorithm for determining the shear 
length using FE variables supplied by the VUMAT 
subroutine.  

The developed models were run and the forces in the cutting 
direction (Fc) and the tangential direction (Ft) were obtained. 
The relationship between cutting forces, uncut chip thickness 
(h) and cutting velocity (v) was then described by: 
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 Fig. 1 Forces at w = 25,000 rpm and feed/tooth of 2.4μm [3]  

 

 
 

 
Fig. 2 Forces at w = 25,000 rpm and feed/tooth of 12μm [3] 
 
The cutting force constants were obtained by fitting and the 
results are given in Table 1. Equation 3 was coupled with a 
kinematic model of the cutting tool considering the run-out 
effect and the uncut chip thickness [3]. Comparison between 
predicted and measured cutting forces are shown in Figures 1 
and 2.  

Table 1: Cutting force constants for Ti6Al4V [3] 
Constants JC material model SE material model 

Fc  Ft  Fc  Ft  
p1 295.9 0 -53.77×105 0 
p2 -6.67×10-2 0 98.64×10-4 0 
p3 0 710 64.6×105 -0.2 
p4 -1×10-2 -5×10-4 -3×10-6 0.18 
p5 -20.4×10-2 0 -88.43×10-2 0 
p6 30.71×10-2 0 24.24×10-2 0 
p7 6.225 5.7 13.1 11.5 
p8 -5 -7 -2.3 -6 
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3. Modelling of chatter 

Two chatter models are applied in this study. The first model 
is based on the cutting force models presented in Section 2 
using the JC and SE material models. The second chatter 
model is based on the use of direct measured cutting forces 
instead of a cutting force model. The two chatter models are 
solved in the time domain. The modal dynamic parameters are 
adopted from [3] (wn = 4035 Hz, ζ = 0.016 and k = 2.1425 
MN/m). By assuming that the helix angle of the micro-milling 
tool is negligible at small axial depths of cut, the micro-
milling system can be reduced to two degrees of freedom as 
shown in Fig. 3.  

 
Fig. 3 Two degrees of freedom micro-milling system 

The dynamics of the micro-milling system can be described 
by two second order ordinary deferential equations for each 
degrees of freedom. Considering the relationships c/m=2ζwn 
and k/m=wn

2, the micro-milling system can be given by: 
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Equations (4) and (5) are solved in the time domain using the 
fourth order of precision Runge-Kutta numerical integration 
method. After solving equations (4) and (5) and computing 
the displacements in the x and y directions for the 
corresponding time, a chatter detection criterion is employed 
based on statistical variances. The statistical variances are 
given by: 
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where 2
xs  and 2

ys  are statistical variances in the x and y 
directions, xi and yi are the displacements at the corresponding 
computed time, n is the number of time increments, x and y  
are the averaged displacements in the x and y directions. The 

micro-milling cutting is considered unstable when the 
statistical variances are higher than the value of 1 μm2. A 
minimum stability limit is determined when one of the 
statistical variances in the x or y directions reaches 1 μm2  
( 12 xs μm2 or 12 ys μm2).  

4. Results and discussion 

Fast Fourie transform (FFT) analyses were first performed on 
the micro-milling conditions used in this comparative study. 
Measured cutting forces for Ti6Al4V were used for the FFT 
analyses. The results from the FFT and the micro-milling 
cutting are shown in Table 2. No chatter was detected for all 
experimented micro-milling conditions using the FFT method.  

 Table 2: Micro-milling conditions and FFT analyses 

Cutting 
trial 

Spindle 
speed, 
rpm 

Feed, µ 
m/ tooth 

Applied 
depth of 
cut, µm 

FFT 
Analyses, 
chatter? 

1 5000 3 100 no 
2 5000 6 100 no 
3 5000 12 100 no 
4 5000 30 100 no 
5 25000 0.6 100 no 
6 25000 1.2 100 no 
7 25000 2.4 100 no 
8 25000 6 100 no 
9 25000 12 100 no 
10 25000 24 100 no 
11 50000 0.6 100 no 
12 50000 1.2 100 no 
13 50000 3 100 no 
14 50000 6 100 no 
15 50000 12 100 no 
16 50000 24 100 no 

 
The two chatter models were employed to predict the stability 
limits. In the chatter model using the cutting force model, a 
feed rate and a spindle speed were applied to predict the stable 
depth of cut, which is the conventional way. The chatter 
model using the direct measured forces predicted the stable 
depths of cut by applying measured cutting force signals for 
five revolutions obtained for applied process parameters 
(feed, spindle speed, depth of cut). In the cases when no 
chatter was predicted, the cutting forces were linearly 
increased based on the assumption that the cutting forces 
linearly increase by increasing the depth of cut. The increase 
of force was carried out until a chatter was detected. This is 
how the stable depths of cut were obtained. 

Fig. 4 shows the predicted stable depths of cut for different 
feeds and spindle speeds. The predicted trends are similar, but 
the magnitudes are different for the three sets of results. The 
chatter model using both cutting force models (JC and SE) 
predicted unstable cutting at 5000rpm and 50000rpm while 
the FFT analyses do not show a sign of chatter. The chatter 
model using the direct measured forces is in better agreement 
with the FFT analyses. This might be because the measured 
cutting forces are actual while the cutting force models do not 
represent the cutting forces with enough accuracy.    
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Fig. 4 Comparison of predicted stable depths of cut  

 

An interesting observation is that the stable depths of cut are 
lower in the ploughing regime. The ploughing regime is 
assumed at a feed of 1.5µm/tooth considering that the cutting 
tool edge radius of the tool has been measured to be 3.5µm 
[3]. The results suggest that the chatter is more likely in the  
regime dominated by ploughing. However, this needs to be 
further investigated and verified.  

The use of the proposed cutting force models in [3] seems to 
be conservative in predicting stable depths of cut, comparing 
to the FFT analyses. The new approach of using direct cutting 
forces is in better agreement with the FFT results. This 
approach has the potential to be used in process monitoring 
and control. Its advantage is that it can capture all physics, 
including the dynamic run-out, actual geometry of the tool, 
and friction conditions. However, more research needs to be 
conducted in this area.    

5. Conclusions 

The following conclusions were obtained from this research: 
- the proposed cutting force models by Afazov et al. 

[3] demonstrated a conservatism in predicting stable 
depths of cut in micro-milling; 

- the use of measured cutting forces for prediction of 
stable depths of cut showed agreement with FFT 
analyses. 

- the use of direct measurement forces for prediction 
of stable cutting should be further researched to 
understand its potential and limitations. 
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