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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. 
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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

The accuracy of a cutting tool is dependent on the surface-to-surface contact between the tool body and the insert. Depending on the application,
the forces generated during a cutting operation will change in both magnitude and direction. This will alter the contact locations between the
tool body and carbide insert thus affecting on both tool life and key characteristics such as cutting performance and productivity. In this article, a
methodology is presented to analyse contact variation in the interface between the tool body and the carbide insert. Results presented in this paper
can be used for tolerance allocation of surface-to-surface contacts.
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1. Introduction

Assembly deviations caused by part variations, fixture vari-
ations and external effects such as temperature and mechanical
loads are inevitable to avoid and need to be statistically con-
trolled. During the past decades numerous of approaches have
been developed in order to handle these type of problems, dif-
ferent approaches for different industries. Within the machining
industry research as mainly focused upon fixture design due to
the direct response on the produced quality [1]. The most com-
mon type of rigid locating method is the 3 − 2 − 1 locating
scheme [2] and N-2-1 for compliant assemblies [3, 4] but it
implies that the locators are known and pre-defined. The au-
thors in [5] describe a method using skin-models to address this
issue, however, this is purely a rigid assembly variation simula-
tion, which is not applicable for cutting tool assemblies.

Conventional variation simulation of deformable sheet metal
assemblies uses Method of Influencing Coefficients (MIC),
where a linear relationship between part deviations and the
springback deviations is formed [6]. Finite element analysis
(FEA) is used on assembly level to calculate springback de-
viations and extract the stiffness matrix. A novel approach is
presented in [7, 8] where a regression model is created for each
node of a finite element mesh of an injection moulded plastic
part, in order to see the effects of process input parameters, such
as mould temperature and cooling time. In [9] a tolerance op-
timization routine is presented that uses finite element analysis
and neural networks to optimize a set of tolerances for a me-
chanical motor assembly, with respect to manufacturing cost,
quality loss and deformation due to inertia effect.

For metal cutting, the locating scheme is given by the con-
tacts between the tool body and insert and the position of the
contact points are not always fully constrained. This means
that a change of cutting direction or surface topology can affect
the contacts between the two bodies. During a cutting opera-
tion, depending on the cutting process, the cutting force will
change both in magnitude and direction. This will alter the cut-
ting point which will resolve in movements in the carbide insert,
thus altering the location and contacts in between the tool body
and insert, see Fig. 1a. This can lead to a change in the rake
angle, see Fig. 1b, which in a metal removal process can have a
dramatical effect on tool life and productivity.

For parting operations there are high demands on the robust-
ness and performance of parting tools due to the fact that during
a cut there will be material on both sides of the tool, meaning
that chip clearing is crucial. Failure in chip clearing will lead to
poor surface qualities and chip jamming that will break the tool.
As the tool reaches the center of the work piece the axial forces
will drastically increase due to the tangential force going to-
wards zero and the tool is pushing instead of cutting. In [10]
the author calculates the cutting forces using finite elements
during orthogonal cutting conditions. It is found that a change
in the positive direction of αr gives a reduction of the cutting
forces. This was also shown by experimental measurements in
[11]. Both results from finite elements and experiments show
that the analytical expressions derived from mechanistic models
[12, 13, 14] are valid for orthogonal cutting conditions. There-
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fore it is crucial to control any geometric variation in the inter-
face between the tool body and carbide insert, that can affect
key characteristics of the cutting tool such as cutting point, rake
angle and tool life.

An approach is needed to identify sensitive contact areas on
a surface between two or more contacting bodies with respect
to any systems key characteristics. In this paper a methodology
will be presented on a industrial application using a parting tool
in orthogonal cutting conditions, Corocut QD tool and QD-NE-
0200-0502-CM carbide insert. The proposed method is divided
in two separate parts, FEA and variational simulation. In the
FEA part a test space is created using design of experiments,
where the independent variables are geometric variations of the
contact surface and the response is the stress magnitude in each
individual node in the contact surface. Each observation is sim-
ulated and the results from the contact surfaces are extracted.
In order to perform the variational simulation a meta-model is
created for each individual node of the contact surface. This al-
lows for a larger data set to be simulated within the boundaries
of the test space also the independent variables are not bound to
a specific distribution.

1

2

(a) Cutting tool assembly [15], 1 - car-
bide insert, 2-tool body

Insert

Workpiece

αr

(b) Illustration of the cutting
process

Fig. 1: Corocut QD cutting tool

1.1. Scope of Paper

The aim of this paper is to present an approach that can han-
dle contact variation in surface-to-surface contacts with exter-
nal loads. The methodology will be presented using an indus-
trial case from the machining industry where these conditions
are common. The relationship between contact variation and
the rake angle of the cutting tool is investigated and the goal is
to minimize its impact on the rake angle. The main approach
of the methodology is to create a sample space of geometric
variations on the tool body in the interface to the carbide in-
sert. Output from this paper will be the effect from geometric
variations in the contact surface on cutting forces. One may
decide tolerances based on minimizing the variation of the cut-
ting forces due to geometric variations in the interface during a
metal removal process or similar problem definitions. Results
based upon the presented methodology are valuable input for
tolerance allocation of both the surface geometry and functional
requirements such as rake angle.

In Section 2.1 the industrial case is presented and the input
parameters for the meta-model that are described in Section 2.4.
The FE model is presented in Section 2.3 and the analysed rake
angle variation and how it effects the cutting forces are mod-

elled in Section 2.2. The results of the methodology are pre-
sented in Section 3 and conclusions are drawn in Section 4.

2. Methodology

The aim of the methodology is to create a set of tools in order
to set suitable functional tolerance requirements for surface-to-
surface contacts under external loads. The main activities are
presented in a flowchart, see Fig. 6.

The first step is to create a test space to cover all possible
combinations of the input variables. Afterwards FEA is used
to simulate the cutting process during steady state conditions,
meaning, the entry and exit from the workpiece are neglected
and the cutting forces are stable. The variational simulations are
performed by building meta-models of the stress distributions
in the contacting surfaces. This allows for faster simulations
outside the FE environment.

2.1. Generation of the Test Space

To create the test space Latin Hypercube Sampling (LHS)
[16, 17] with a uniform distribution is used. A uniform LHS
partitions the parameters evenly into Latin squares, where the
parameter can only take a value once within a Latin square. One
draw back of using LHS is that extreme values, on parameter
limits, will most likely not be captured. To resolve this issue
the LHS is combined with a 2-level full factorial sampling. In
[18] the author suggests that 15 − 25 observations per variable
are needed for a linear regression model. For this paper, 30
observations per variable are used. This is done because some
design points may not converge due to the complex contact for-
mulation and to pick up any non-linear behaviours.

The interface between the tool body and insert contains eight
surfaces that are in contact, each surface has six degrees of free-
dom, see Fig. 2a - 2e. This means that the assembly has 48 de-
grees of freedom (24 for the insert, 24 for the tool). In order
to get a reliable meta-model, according to [18], a total of 1440
design points need to be simulated. This requires an excessive
amount of computer resources, therefore the model needs to be
reduced without loosing valuable information.

The tool body has three separate contact surfaces, s = 1, 2, 3,
and each surface has its own local coordinate system (LCS (s)),
see Fig. 2a. The insert is assumed to be nominal and rigid since
not enough information exists on how the surfaces vary in the
insert. It is also assumed that the tool is symmetric in the YZ-
plane and that the back support, in the local coordinate system
LCS (1), only translates along its y-axis.

With these simplifications, the model now has 10 input pa-
rameters, which will give 300 design points to simulate. In
Fig. 2 each contacting surface and its degrees of freedom are vi-
sualised. The parameters are also presented in Table 1 together
with their lower and upper tolerance limits. The superscript of
the parameters in the first column of Table 1 denotes which sur-
face it belongs to (s = 1, 2, 3), see Fig. 2a. The first value of the
subscript denotes if it is a translational (T ) degree of freedom
or rotational (R) degree of freedom. The second value of the
subscript denotes around or along which local coordinate axis
it is bound to, see Fig. 2b. - 2e. It should be noted that due
to confidentiality the used tolerances are arbitrary and are not
representing the real variation.
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(a) Contact surfaces of the tool body

LCS(1)

PTZ
(1)

(b) Translation in Z

LCS(3)

PTY1

PRX1
(3)

PRZ1

(3)

(3)

1

(c) Translation in Y - Rotation
around X and Y

PRXPRZ

PTY
(2)

(2)
(2)

LCS(2)
(d) Translation in Y - Rotation
around X and Y

LCS(3)

PRZ2 PRX2

PTY2

(3)

(3)

(3)

2

(e) Translation in Y - Rotation
around X and Y

Fig. 2: Contact surface degree of freedom

Table 1: Parameters with nominal value and variation

Parameter Lower boundary Nominal Upper Boundary Unit DOF

P(1)
TZ −0.01 0 0.01 mm Translation Z(1)-axis

P(2)
RX −1 0 1 deg Rotation X(2)-axis

P(2)
RZ −1 0 1 deg Rotation Z(2)-axis

P(2)
TY −0.01 0 0.01 mm Translation Y (2)-axis

P(3)
RX1 −1 0 1 deg Rotation X(3)-axis

P(3)
RZ1 −1 0 1 deg Rotation Z(3)-axis

P(3)
TY1 −0.01 0 0.01 mm Translation Y (3)-axis

P(3)
RX2 −1 0 1 deg Rotation X(3)-axis

P(3)
RZ2 −1 0 1 deg Rotation Z(3)-axis

P(3)
TY2 −0.01 0 0.01 mm Translation Y (3)-axis

2.2. Cutting Force Model

The empirical model derived by Kienzle [19] is chosen to
model the tangential force, Ft, and the axial feed force, F f ,
since it gives a good prediction for large variation in chip thick-
ness, see Fig 1b. The model takes the effects from strain hard-
ening of the workpiece material, induced in the previous revo-
lution, into consideration. It is also the most commonly used
model to predict cutting forces and cutting energy. Kienzle in-
troduced the specific cutting coefficients (mc, Kc1, mf and Kf )
which describes the amount of force required to remove mate-
rial from the workpiece with a specific insert geometry. The
forces are given by:

Ft = Kc1aph1−mc (1)

F f = Kf aph1−m f (2)

where Kc1 is the specific cutting force in tangential direction.
The tool-workpiece dependent exponent of the tangential force,
mc, describes the behaviour of the cutting force in different
materials. Kf is the specific feed force and mf is the tool-
workpiece dependent exponent of the feed force. The cut-

ting forces are measured empirically at different feed rates,
fz. The cutting depth h is in the same direction as the feed
and therefore it is directly connected to the feed and can be
formulated as h = fz, where fz is the feed in axial direc-
tion. For an arbitrary parting operation the feed fz is chosen
as 0.2 mm/rev. The cutting width ap is determined by the
width of the insert and for the chosen tool the cutting width
is 3 mm. The numerical values for the modelled cutting coeffi-
cients for the combination of S S 2541 workpiece material and
Corocut QD − NE − 0200 − 0502 − CM insert are mc = 0.22,
Kc1 = 1745N/mm2, mf = 0.47 and Kf = 605N/mm2. From
empirical studies done by AB Sandvik Coromant it is found that
1◦ change in the rake angle give 1% change in the tangential
force Ft and a 4% change in the feed force F f . Assuming that
this relationship is reasonable a linear variation term {1−pt, f δαr }
is added to the Kienzle’s force model Eqn.(1)-(2). Where pt and
p f are amplification constants (pt = 0.01 and p f = 0.04) for the
rake angle variation δαr :

Ft = Kc1ap f 1−mc
z {1 − ptδαr } (3)

F f = Kf ap f 1−mf
z {1 − p f δαr } (4)
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Sign convention of δαr gives that a δαr < 0 results in a more
negative rake angle which increases cutting forces, while δαr >
0 gives an increased positive rake angle and reduced cutting
forces [10, 11].

2.3. Finite Element Model

The finite element analysis is done with the commer-
cial software Ansys®. The entire tool model consists of
linear solid elements (SOLID185), with contact elements
(CONTA174) on the contact surfaces (tool body) where the
insert has TARGE170 target elements, meaning that the con-
tact methodology is surface-to-surface which is solved with
an unsymmetric Newton-Raphson method. The insert is as-
sumed to be rigid in relation to the tool body, since Corocut
QD − NE − 0200 − 0502 − CM has a grade 1125 and is PVD-
coated (Physical Vapor Deposition) with a (Ti, Al)N compo-
sition. This gives a compressive yield strength significantly
higher than the tool material (S S 2541). A friction coefficient
for contact between carbide and steel is chosen according to
[20] as µ = 0.5 in order to give a more realistic movement
of the insert in the tip seat. The used material model for the
tool body is a linear in-built steel model with Young’s modulus
given as E = 200 GPa and Poisson’s ratio as ν = 0.3.

For each observation and simulation a CAD (Computer
Aided Design) model is generated where the geometry of the
interface deviate from its nominal values. This will cause the
contacting surfaces LCS (3)

1,2, Fig. 2c - 2e, to penetrate the insert
surface. The contact search algorithm adds a displacement in
the normal direction of the contact elements, allowing the tool
to open. Only the self clamping finger (LCS (3)

1,2) is allowed to
move in order to avoid any unrealistic deformations due to the
contact search algorithm. Once all contacts are found with no
penetration, the rigidity in the finger pushes the carbide insert
down, locking it in place.

In the simulations the adaptor connecting the tool to machine
is neglected. The interface between the adaptor and tool body
is seen as rigid with no flexibility thus locking all degrees of
freedom with an overhang of 50 mm. The cutting force is ap-
plied on the tip of the insert at (0, 0, 0) ∈ GCS , see Fig. 2a, in
over the whole width with a depth of 0.2 mm corresponding to
a feed of 0.2 mm/rev. The magnitude of the cutting forces are
found to be Fy = 1493 N, Fz = 773 N and are experimentally
retrieved by Sandvik Coromant. The carbide insert is prohibited
to translate in the X-direction and rotate around Y and Z axes
, meaning it can only translate in the YZ-plane of the global
coordinate system GCS , see Fig. 2a.

2.4. Meta-Model

To analyse variation a meta-model relating tolerances to
stress concentrations is designed with a second-order function
with interaction terms.

ln(Y(s)
i ) = β(s)

0 +

r∑
j=1

β(s)
j X(s)

i, j + ε
(s)
i , for i ≤ r (5)

The function is built in such that each node on the contact sur-
face has its own meta-model. Due to the over-constrained as-

sembly, some design points may have one node with equivalent
stresses around 1 GPa and in the next design point it is 0. The
variation in the stress magnitudes can cause a poor fit between
the simulated data and the meta-model. Therefore the nodal re-
sponse, Y(s) ∈ Rr×n(s)

, is logarithmic, where r is the number of
design points or observations and n(s) is the number of nodes for
the surface s. The matrix X ∈ Rr×(1+m) is a matrix containing all
terms of the 2nd-order polynomial where m is the number of in-
dependent variables, and a column of ones to give the β0 terms
for each observation. The matrix β(s) ∈ R(1+m)×n(s)

is a matrix
of the coefficients in the regression model and ε(s) ∈ Rr×n(s)

, de-
fined by ε(s) = Y(s) − Ŷ(s), is the matrix of residuals between
the true response and the predicted response [21]. The model
is then fitted by using least squares and finding the minimum
vertical distance between the data points and polynomial line.

2.5. Variation Simulation Using a Meta-Model

The variation simulations are conducted using Direct Monte
Carlo (DMC) simulations with the nodal meta-model, Eqn. 5.
The input variables, Table 1, are randomly generated for each
monte carlo simulations. In order to achieve a contact the mag-
nitude of the stress in a node needs to be equal or exceed the
compressive yield stress, σc = 250 [MPa], so called full con-
tact. This gives the expression of the probability of full contact
for a node i on the contacting surfaces of the tool body.

p f c
(s)
i =

N∑
k

(φi)
(s)
k

N
(6)

φ(s)
i =


1 if Ŷ (s)

i ≥ 250MPa
0 else

(7)

The number of DMC simulations is N = 1000 and the number
of nodes on a contacting surface. s = 1, 2, 3, is given by n(s).

3. Results

To illustrate the application of the methodology a parting
tool from the machining industry is used thus it fulfils the
sought requirements of surface-to-surface contacts and an ex-
ternal load. In order to define a contact, the concept of full
contact has been used. In order to minimize the computer re-
sources used, the number of independent variables was reduced
as described in Section 2.1. This resulted in four surfaces mov-
ing independent of each other thus giving an indirect effect on
the rake angle dependent on the contact variation. The geomet-
ric variations are controlled through the CAD software where
each surface is seen as a plane with at maximum six degrees of
freedom.

3.1. Comparison Between Variation in the Fitted Model and
the FE-model

The variation simulation is done by DMC with a randomly
distributed sample space within the specified boundaries given
in Table 1 for the fitted model. The surface plots in Fig. 3 show
the probability of a full contact in a particular region for the
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(a) Variational model for 1000 DMC iterations using
the meta-model

(b) FE-model with r observations (c) R2-value plotted over the surfaces of the tip seat

Fig. 3: Probability of full contact on the tip seat

Table 2: Maximum and minimum values of the variation due to the rake angle
variation, δαr

Parameter Unit
δαr −0.55 1.32 deg

F f (δαr ) 791 732 N
Ft(δαr ) 1500 1472 N

meta-model and for the FEA. Here, full contact is equivalent to
stresses equal to, or exceeding the compressive yield strength.
This means that for the bottom surface, roughly 40% of the
production outcomes will have contact close to the YZ-plane
or close to the sides of the parting tool. Where the contact is
located will have an effect on the deformation of the surface
which in turn will affect the rake angle of the insert under oper-
ation.

3.2. Correlation Between Tolerances and Responses

In Fig. 4 a correlation between the input tolerances and the
response, the effective stress, is shown over the surfaces of the
tip seat. It can be seen that parameter P(2)

RZ has the most influence
on the stress in the bottom surface (s = 2). On the back surface
(s = 1) there is a field where the most significant parameter is
P(3)

TY1, which is unlikely. By observing the R2-value in Fig. 3c
the same field has a R2-value of approximately 0.3 which shows
a poor correlation with the FE-data. Therefore P(3)

TY1 is not taken
in to consideration for the adjustment of tolerances. It should be
noted that there can exist cases where one parameter can have a
51% influence while another parameter have 49% and these are
not taken into consideration. .

3.3. Variation Simulation with Adjusted Tolerances

It was found that P(2)
RX and P(2)

RZ and P(3)
RZ1 had the most influ-

ence on the stress location and magnitude. By looking at their
definition in the CAD-model, one can see that by changing the
parameters from symmetric to positive asymmetric tolerances,
contact variation is localized as seen in Fig. 3. The parameters
are presented in Table 3 and the remaining parameters are kept
the same. The probability for full contact can be seen in Fig. 5
for the tolerances defined in Table 3. In Table 4 the rake angle

Fig. 4: Parameters with most correlation to the surface stresses

variation and force variation are presented with the new set of
tolerances.

Table 3: Parameters with nominal value and upper/lower limits

Parameter Lower boundary Nominal Upper Boundary Unit
P(2)

RX 0 0.5 1 deg

P(2)
RZ −0.8 −0.65 −0.5 deg

P(3)
RZ1 0 0.5 1 deg

Table 4: Maximum and minimum values of the variation due to the rake angle
variation, δαr , with adjusted tolerances

Parameter Unit
δαr −0.42 −0.08 deg

F f (δαr ) 787 776 N
Ft(δαr ) 1498 1493 N

4. Conclusion

The proposed methodology was proven to be very successful
in redefining the tolerances within the test space and finding the
most influential parameters. Due to the fact that the method is
based on FEA it can be applied on any situation where a finite
element model can be provided and operational conditions are
known, though further case studies needs to be done to confirm
this. The methodology can be divided into four major steps (1)
create a sample space using design of experiments, (2) simulate
the test space using FEA, (3) build the meta-model for each
node on the contacting surfaces and (4) optimize the contact
variation.
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Fig. 5: Probability of full contact on the tip seat

A more detailed work process can be seen in Fig. 6 in the
form of a flow chart. By following the developed methodology
it was found that (1) three parameters had significant effects
on the contact variations, see in Table 3 and (2) the rake angle
was only dependent on P(2)

RZ , the rotation of the bottom surface
around its z-axis.
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Fig. 6: Flow chart for the presented methodology to determine tolerances in
early product development

The obtained results imply that variation simulations can be
conducted for complex geometries where contact points are not
known for systems under external forces, for example metal
cutting operations. The finite element model and its surfaces
variations have not been validated against physical experiments
with respect to geometric variations, however for this paper the
presented finite element model should be seen as a proof of
concept. It is shown in Fig. 3c, that the meta-model was able to
pick up and replicate the significant areas. This is assumed to
be where the majority of the contact is located. The downside
of using meta-models fitted with least squares is that it does not
take outliers into consideration which can be of importance for
over-constrained assemblies.

For future work it might be interesting to consider (1) val-
idation of the finite element model, (2) how to optimize con-
tact location with respect to robustness and key characteristics
and (3) how to incorporate time variant deviations in the cutting
process.
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