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Introduction

Frictional contacts are a component of almost any technical system. The surface characteristic
of the contact partners in this friction contact has a large influence on the dynamic behaviour of
the entire system, which affects again the global design. Frequently the design of entire system
needs cost-intensive rework respectively the attachment at supplementary systems to remove
unwanted characteristics. Because of that the specific system knowledge must be included into
the early phases of the product developing process. A virtual test field can be reproduced by
the use of recent simulation tools [1].
In the following a method for the generation of surface roughness with desired characteristic
for virtual investigational procedure already in the concept phase of the product developing
process will be presented. Furthermore, it will be shown how the influence of a friction contact
on the system behaviour can be taken into account in a simulation. Surface characteristic
The challenge during the description of the surface characteristic is the allocation of the surface
of a numerical value, which describes its substantial characteristics and supplies expressive data
concerning its later function behaviour [2]. For the complete description of the surface
properties the form of the profile must be considered beside the well-known arithmetic (Ra)
and square (Rq) roughness factors or the averaged depth of roughness (Rz(DIN)). This happens
by dint of the linear material ratio curve (Abbott curve), which illustrates the increase of the
material load share (M) as a function of the increasing depth of profile (R) of the rough
surface. It can be divided into three sections by means of three parameters: reduced peak
height (Rpk), reduced valley depth (Rvk) and core roughness depth (Rk) [3]. The core roughness
depth describes the area of the profile which shows the highest increase of the material load
share. The reduced peak height gives the shape and the number of the roughness amplitudes.
Analogously, the Rvk parameter describes the valley section. The sum of these three parameters
constitutes the maximum height of the profile (Rt)
Figure 1 shows two surfaces of the same arithmetic mean value as well as profile height but
which have different profile characteristics. The upper surface has a relatively big roughness
amplitude section and a small valley depth section. For the contact examination this means that
the many peaks produce a small nominal contact area, which results in high contact friction and
heat. The lower surface, however, has a rather small roughness amplitude section but a bigger
valley depth section. Therefore, the nominal contact area is bigger. Also, in lubricated contacts
grease pockets can occur in the valley depth section, which, for instance, allows drawing off
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Figure 1. stochastically generated surfaces
upper: Ra=0.4, Rt=2.7, Rpk=1.12, Rk=1.23, Rvk=0.35
lower: Ra=0.4, Rt=2.7, Rpk=0.31, Rk=1.43, Rvk=0.96

The existence of both surfaces is justifiable since they are suitable for different applications.
The surface with the bigger roughness amplitude section can be used in a friction system like,
for example, a continuously variable transmission drive (CVT) where the lubricant is to be
displaced as quickly as possible to ensure a loss-free transfer of the transmittable torque. The
surface with the bigger valley depth section can be applied in a dynamic system, for instance in
a cam drive gear, where in spite of insufficient lubrication an adequately low friction value is
demanded.
For further procedures it is necessary to determine quantifiable parameters for the surface
characterisation. For the description of the Abbott curve, the material load share (M) is
regarded as the function of the depth of profile (R).

M = f (R)

v
With their help, the vector A of the following kind can be formed:
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For the description of the surface roughness, the root mean square (Rq) is used. However, the
procedure introduced here, can also be transferred to the other roughness parameters.
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Mathematical description of surfaces

A particular demand on the mathematical description method of technical surfaces is its
applicability on several manufacturing processes. This requirement excludes the use of
polynomials of a constant order since it changes depending on the manufacturing processes.
Polynomials describing lapped surfaces would be of a much higher order than polynomials
describing lathe surfaces. To solve this task, harmonic functions are used instead of
polynomials. The discrete Fourier transform (DFT) allowed the applicability on the most
common manufacturing processes.
The Fourier analysis is a mathematical approach to the decomposition of signals into
superposed cosine waves of different frequencies and amplitudes. Another special variant of
this analysis is the discrete form. This form is used for signals which consist of a number of
finite discrete measuring points. As a result, the DFT provides only a finite number of
frequencies. If, for instance, a signal of the length L consists of N discrete measured values, it
can be divided into a constant component as well as N-1 frequency components, which lie
within a range from 1/L to (N-1)/L. Characteristically, the transformed signals are functions of
time or space. That is why the unit of the frequency can be [1/second] or [1/unit length]. A
Fourier transformed signal has, besides periodicity, another characteristic useful for the result
evaluation. Its amplitude spectrum is symmetric. Therefore, for an even number of measured
values, only the first N/2 frequencies can be examined. In the case of an uneven number of
measured values, the first N/2 + 1 frequencies are important.
For the analysis and synthesis of technical surfaces, a two-dimensional transformation based on
the following equations [4] must be carried out:
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The examined surfaces had the dimensions 500µm x 500µm (sample rate 2 µm) and were
manufactured as follows:
•

Milling (Rq: 2.83µm, 0.58µm)

•

Turning (Rq: 4.25µm, 1.03µm)

•

Grinding (Rq: 0.67µm, 0.35µm)

•

Lapping (Rq: 0.52µm, 0.21µm)

For each surface, the frequency spectrum with its corresponding amplitudes, the Abbott curve
as well as the Rq-value were determined. The examination focused on how many of the
approximately 31000 amplitudes play a significant role. For this, in case 1 all amplitudes were
counted which were more than 15% of the highest value. In other cases the bound was
reduced to 10% (case 2) and to 5% (case 3). Figure 2 shows the analysis results of two
surfaces: turning (Rq = 1.03µm) and lapping (Rq = 0.21µm) as well as their dominant
amplitudes of case 1. Both examples reflect very well the trend of the whole examination. All
surfaces can be described by a manageable amount of frequencies. All significant amplitudes
were in the first five columns and rows of the Fourier matrix. Manufacturing processes with
geometric definite cutting edge showed less dominant amplitudes than manufacturing
processes with geometric indefinite cutting edge. The number of amplitudes depended very
much on the roughness value. With decreasing Rq-values, more high-frequency components
occurred. In case 1 the number of relevant amplitudes depending on the manufacturing process
was between 11 – 28 amplitudes. In case 2 this range increased to 17-54 amplitudes and in
case 3 to 32-198 amplitudes. In order to examine in how far it is allowed to neglect the
remaining frequency components, a reverse transform with solely the dominant amplitudes was
carried out in all three cases and the reversely transformed surfaces were compared with the
original versions. Already in case 1, the reduced surfaces showed characteristics similar to the
measured surfaces. This allowed the conclusion that surfaces with desired characteristics can
be generated with a small number of amplitudes.
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Evolutionary Algorithms

For generating the technical surface with the given characteristic, an optimization algorithm
was chosen, which is based on the biological process of evolution. This optimization algorithm
was developed in Germany at the beginning of the seventies [5, 6] and is nowadays a
established as standard tools for optimization. It is used for problems with a huge area of
design and the is highly nonlinear with lots of local extremes. Searching for the optimum is
done by generating multiple, stochastically distributed points in the design area – called
individuals - an weighting them with respect to the value of the objective function. Based on
the individuals with the best fitness, a new group – called generation – is created. This process
is repeated iteratively until an optimum is reached.
Based on equations (2) and (4), the following objective function is defined:
v
v
v
f ( z , APattern ) = A( z ) • APattern
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Figure 2. frequency spectrum and abbott curve of measured surfaces
top: turning Rq=1.03µm , number of dominant amplitudes: 18
bottom: lapping Rq=0.21µm, number of dominant amplitudes: 27

5

Based on that the following formulation for the optimization problem is defined:

v
Maximize f ( z , A

Pattern

)
(6)

Subject to h( z ) = Rq _ constra int
v
v
This means, that the scalar product of the vector A for the generated surface and vector A
for the measured surface should be maximized with the restriction, that value for Rq _ constra int

must correspond to the given value. Figure 3 shows the process for the optimization
schematically.

initialisation
individual 1 = (chromosome 1, chromosome 2, …, chromosome χ)
individual 2 = (chromosome 1, chromosome 2, …, chromosome χ)
…
individual λ = (chromosome 1, chromosome 2, …, chromosome χ)

calculation and weighting of the results

selection of the parents
parent 1, parent 2, …, parent ν

iteration

O→K,L→G

creation of the new population
combination and mutation
→ individual 1, individual 2, …, individual α
new initialisation
→ individual α+1, individual α+2, …, individual α+β
cloning
→ individual α+β+1, individual α+β+2, …, individual λ
Figure 3. flow chart of the optimization process

In the first step an initial population is created. This population consists of a number of λ
individuals which all have χ chromosomes. The value for each chromosome is generated
randomly following an equal distribution. In the following step for each individual the value of
the objective function and the equality constraint is calculated. The calculated values of the
objective function are sorted in descending order.
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For the weighting of the objective function and constraints, two weighting functions are
established,
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which were joint to a over all weighting function.
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The first ν individuals with the highest weighting factor were elected as parents. All other
individuals are discarded. With help from the parents the next generation of individuals are
build. The following strategies are used to generate the children:
•

combination and mutation
for each chromosome of a new individual two parents are chosen randomly. The children
earn the mean value of the parents chromosome. According to this strategy, α new children
are generated. These children can underlie a mutation which means, that there a small
modifications for the inherited properties. For each chromosome a mean value µ and the
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standard deviation σ is calculated from all parents. This statistic is adjusted in each step of
the iteration. In case of a mutation, the chromosome gets a random value in the range of
µ±σ. The probability that a mutation of a chromosome occurs is 1/χ.
•

new initiation
to avoid the algorithm form sticking in a local optimum, which would not lead to satisfying
results, a number of β new children is generated randomly.

•

cloning
to prevent the risk of deterioration, all ν parents are cloned for the next generation.

For all λ new individuals the process of calculating the objective function and the constraint is
done again. This loop is continued as long as none of the stop condition is not satisfied. For the
considered task, a maximum number of iteration is given.
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Results of the surface generation

Two optimization tasks were set up for the manufacturing process “turning” in order to verify
the method. For both optimizations the abbot curve from figure 2 was used for reference. The
constraint in optimization 1 was a value of 1.5µm for Rq and a value of 2.5µm for Rq in
optimization 2. The following optimization parameters were used:
•

Optimization 1
number of individual λ = 61
number of parents ν = 7
number of combined children α = 49
number of new children β = 5

•

Optimization 2
number of individual λ = 60
number of parents ν = 5
number of combined children α = 35
number of new children β = 20

Figure 4 shows the results for both of the optimizations. You can see the characteristic of the
abbot curve of the reference surface (bottom) as well as the characteristic of the abbot curve
received from optimization 1 and optimization 2. Both optimization resultsv show the character
of the chosenvmanufacturing process. The scalar product of the vector A for the first result
with vector A for the reference surface yields to a value of 0.9999 which means that the
characteristic of both abbot curves is very similar. The equality constraint could be preserved
very good with an value of 1.5005µm for Rq. The quality of the second result is less accurate
than the first one but still good enough. The scalar product of the vectors is 0.9947 and the
value of Rq is 2.4959µm.
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Figure 4. Abbott curves
bottom: pattern curve
center: first optimized surface Rq = 1.5µm
top: second optimized surface Rq = 2.49µm

Regarding the stochastically generated surfaces in figure 5, it is obvious, one can see, that their
topography shows the characteristic of a turned surface. For this kind of manufacturing
process it is typical, that the surfaces shows grooves in manufacturing direction in regular
distance. So the roughness value measured in manufacturing direction is significantly higher the
measured perpendicular.
Different from the real surface the generated surfaces seem to be more smooth at the grooves
and peaks. This is due to the reduction of frequency numbers in surface generation.
Considering more frequencies in the generation process of the surfaces would lead to a better
conformance.

Figure 5. stochastic generated surfaces
left: Rq = 1.5µm
right: Rq = 2.49µm
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Influence of the friction contact on the system behaviour

The dynamic behaviour of a technical system is constantly in an interaction with the
mechanisms of the friction contact. On the one hand the friction value of the friction contact
depends on the boundary conditions (forces, moments, speed, acceleration) of the system. On
the other hand friction influences the system behaviour like, for instance, frictional vibration in
clutch systems. In order to examine this fact thoroughly by means of the simulation method, it
is necessary to apply the analysis of both, the Multi-Body-System (MBS) and the FiniteElement-Model (FEM) at the same time. To describe the situation in the friction contact the
FEM is used. The MBS, however, describes the system behaviour. Because of the interaction
between the system and the contact this procedure is an iterative process. The MBS
simulation can be carried out in real time, whereas the contact analysis requires long
calculation times because of the many degrees of freedom. It is impossible to link both
simulation methods. To solve this task a Lookup-Table, which has been successfully employed
in other industrial areas, is used. This solution consists of two steps:
•

parameter study of the friction contact

•

system analysis

5.1 Parameter study of the friction contact
The aim of the first step is to construct a n-dimensional matrix by means of a parameter study
which establishes the friction value in view of relevant parameters. Figure 6 shows this process.
Design of
Experiments

Definition of the parameters:
•
•
•
•
•
•
•

material combination of the contact partners
manufacturing processes (e.g. turning)
manufacturing direction
roughness parameters
contact forces
slip
temperature

Finite Element Method
(FEM)
n-dimensional
parameter matrix
(Lookup Table)
⇒ friction coefficient

Figure 6. building of a n-dimensional parameter matrix

First, the artificially generated surfaces are imported into a fully parameterized contact model.
The transient model consists of two three-dimensional rough solid bodies, which are in contact
with each other. An elastic-plastic material behaviour is used as a basis. The nodes of the lower
contact partner are fixed underneath its surface. A normal force Fn and an axial force Fa is
exerted on the upper contact partner. Generally, it is possible to replace the axial force by a
give move in axial direction. To determine the friction value an energy balance is drawn. On
the assumption that the friction losses are entirely produced by the deformation process (Wdef),
which can be determined by the energy of all finite elements, the friction value (µ) can be
calculated as the function of deformation process, friction path (s) and normal force (FN).
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µ=

Wdef

(11)

FN ⋅ s

The next step is to choose an amount of parameters which have crucial influence on the
situation in the contact. Here, two groups of parameters are distinguished. The first group
contains characteristic values, which result from the choice of material and the production:
•

mechanical and thermal properties of the materials

•

surface profile

•

roughness value

The second group contains parameters which directly depend on the dynamic behaviour of the
system:
•

contact forces

•

slip between the contact partners

•

temperature

By applying design of experiment (DOE), parameter combinations are established which allow
optimal statements and at the same time keep the computational effort relatively down.

5.2 System analysis
The results of the first step are a basis for the MBS. Before the system analysis, the material
properties of the contact partners as well as the topography of their contact surfaces must be
chosen. In the course of the subsequent analysis, the MBS makes a statement about the forces,
moments, speed and acceleration occuring in the system.On the basis of these boundary
conditions the friction value is calculated by using the parameter matrix and is later passed on
to the Multi-Body-analysis (figure 7).
boundary conditions
in the contact area

Multi Body Simulation
(MBS)
n-dimensional
parameter matrix
(Lookup Table)

Drive
mass

AntriebsDrive
torque

friction coefficient

Figure 7. sequence of the system analysis
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Conclusions and Future Research

The presented work has shown a methodical process which allows to generate technical
surfaces with desired characteristics. Characterization of the surfaces is done by the abbot
curve and the roughness parameters. For mathematical description the Fourier transformation
is used. The generation of the surfaces is done by an evolutionary optimizer. Furthermore, it
has been shown how the influence of a friction contact on the system behaviour can be taken
into account in a simulation. The methods of the FEM and MBS were used fort this. To link
these methods a Lookup-Table was applied.
The presented examples of optimized surfaces have shown that the application of this method
is successful. Further work has to be done to determine which and how many frequencies have
to be taken into account as design variables to generate surfaces which are even more realistic.
An increasing number of design variables has an influence on the convergence behaviour of the
optimization process and the computational effort which has to be done. Therefore it has to be
investigated how many frequencies of the Fourier spectrum can be taken into account without
loosing the efficiency of the method. At IPEK, the method for taking into account the influence
of surface topography on the system behaviour is applied in the power train area. Currently,
the parameter matrix is filled with data from experiments as well as from simulations. In future,
using these methods, statements about design requirements (mass, inertia, stiffness) of a
technical system with regard to a desired dynamic behaviour can be made in a very early phase
of the product developing process.
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