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Fourteenth Engineering Mechanics Symposium

Preface
The Graduate School on Engineering Mechanics, a joint initiative of the Eindhoven and Delft Universities of Technology
and the University of Twente, organizes on an annual basis the Engineering Mechanics Symposium. The aim of this
symposium is to stimulate the communication and the exchange of information with respect to ongoing research in
the field of Engineering Mechanics. To achieve this, the program contains a Koiter lecture by a leading expert in the
field, topical sessions in relation to the selected research program of the graduate school, poster presentations of
actual research projects by PhD-students and a meeting of the senior academic staff.
The Fourteenth Engineering Mechanics Symposium takes place October 24-25 October, 2011 at De Werelt in Lunteren.
In the opening session, Prof. O. Gottlieb will present a Koiter lecture entitled:
Nonlinear spatio-temporal dynamics and thermo-visco-elastic instabilities in mechanical systems

Furthermore, four workshops are organized that partly run plenary and partly run in parallel.
Topics of this year’s workshops are:
•

Non-linear dynamics
Organized by Dr.ir. Paolo Tiso (TUD, main organiser), Nathan van der Wouw (TU/e), Peter van der Hoogt (UT)

•

Composites and hybrid materials
Organized by Dr. Bert Rietman (UT, main organiser), Joris Remmers (TU/e), Akke Suiker (TUD)

•

Trends and challenges in “Experimental mechanics and physics”
Organized by Dr.ir. Laurent Warnet (UT, main organiser), Johan Hoefnagels (TU/e), Hans Goosen (TUD)

•

Coupled problems
Organized by Dr.ir. K. van der Zee (TU/e, main organiser), Rafid Al-khoury (TUD), Marc Masen (UT)

The workshop organizers provide plenary introductions on the trends and challenges of the workshops. Two of those
plenary introductions have been included in the morning program on the first symposium day, whereas the other two
have been included in the morning program of the second symposium day. Next, two of the actual workshops have
been scheduled to run in parallel on the first symposium day, whereas the other two have been scheduled to run in
parallel on the second symposium day. Each workshop consists of two parts, separated by a break. Each part consists
of 2 presentations by AIOs/postdocs. The duration of each of the AIO/postdoc presentations is 20 minutes and
followed by 10 minutes of discussion.
For the best AIO-presentation within each workshop a prize will be awarded. Winners will be announced directly
before the closing of the symposium on Tuesday October 25, 2011.
Additionally, there are two poster discussion sessions in which PhD-students participating in the Graduate School on
Engineering Mechanics present their current research project. In relation to these presentations a contest is organized
in which a jury selects the best three contributions. This year’s members of the jury are: Dr. Mostafa Abadal (TUD), Dr.
Reinout Woltjer (NXP), Dr.ir. Clemens Verhoosel (TU/e), Dr.ir. Roy Visser (UT). Winners will be announced directly
before the closing of the symposium on Tuesday, October 25.
On Tuesday, October 25 a meeting of the senior academic staff participating in Engineering Mechanics takes place.
This report contains more detailed information on the Fourteenth Engineering Mechanics Symposium. Included are
the following sections:
• Section 1: Detailed program of the symposium
• Section 2: Abstracts of the koiter lecture and introduction to the workshops
• Section 3: Abstracts of presentations in the workshops and a short introduction of the presenters
• Section 4: Survey of poster presentations

Fourteenth Engineering Mechanics Symposium
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1
PROGRAM

This section contains the detailed program of the Fourteenth Engineering Mechanics
Symposium. Information on the Koiter lecture and introductions to the sessions are
presented in section 2. Abstracts of the presentations can be found in section 3.
Fourteenth Engineering Mechanics Symposium
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Monday, 24 October 2011
Morning:
10.00-10.30

Registration and Informal get-together

10.30-12.40

Opening Session

10.30-10.40

Opening of the Symposium
by Prof. Marc Geers
Koiter lecture: ‘Nonlinear spatio-temporal dynamics and thermo-visco-elastic
instabilities in mechanical systems‘ by Prof. Oded Gottlieb

10.40-11.40

11.40-12.10
12.10-12.40

12.45-13.45

Trends and challenges in “Non-linear dynamics”
by Dr.ir. Paolo Tiso
Trends and challenges in “Composites and hybrid materials”
by Dr.ir. Bert Rietman
Lunch

Afternoon:
13.50-14.50

Workshops 1 and 2, part A

Workshop 1,
Non-linear dynamics
Organizer: Dr.ir. Paolo Tiso
Hayo Hendrikse (TUD)
Ice induced Vibrations of Flexible Offshore
Structures
Benjamin Biemond (TU/e)
Bifurcations of Equilibrium Sets in Mechanical
Systems with Dry Friction

Workshop 2,
Composites and hybrid materials
Organizer: Dr.ir. Bert Rietman
Mohamad Reza Talagani (TUD)
Numerical and analytical analysis of impact
damagge in composite structures
Ulrich Sachs (UT)
Friction in Forming of UC Composites

14.50-15.50

Poster Discussion Session l:
Presentation of current research projects, carried out by PhD students and
Postdocs participating in Engineering Mechanics

15.50-16.20

Break

16.20-17.20

Workshops 1 and 2, part B

Workshop 1, cont’d
Non-linear dynamics
Steven Boer (UT)
A two-node non-linear superelement description
for modelling of flexible complex-shaped beamlike components
Bart Besselink (TU/e)
Model Reduction for Nonlinear Dynamical
Systems with Incremental Gain or Passivity
Properties

Workshop 2, cont’d:
Composites and hybrid materials
Johan van Ravenshorst (UT)
Optimization of the circular braiding process

Saman Hosseini (TU/e)
The application of the energy dissipation arclength solver for the simulation of damage in
composite materials

17.30-18.30

Poster Discussion Session II:
Presentation of current research projects, carried out by PhD students and
Postdocs participating in Engineering Mechanics
18.30-19.00
Informal reception
19.00-22.00
Dinner with evening lecture by Alex Sheerazi
22.00-24.00
Bar
Fourteenth Engineering Mechanics Symposium
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Tuesday, 25 October 2011
Morning:
09.00-10.00

Plenary Session

09.00-09.30

Trends and challenges in “Experimental mechanics and physics”
by Dr.ir. Laurent Warnet
Trends and challenges in “Coupled problems”
by Dr.ir. Kris van der Zee

09.30-10.00

10.00-11.00

Workshops 3 and 4, part A

Workshop 3:
Experimental mechanics and physics
Organizer: Dr.ir. Laurent Warnet
Bo Cornelissen (UT)
Tow mechanics: on the deformation behaviour of
fibrous tows
Lambert Bergers (TU/e)
Do precipitates influence time-dependent metallic
deformation?
11.00-11.30

Break

11.30-12.30

Workshops 3 and 4, part B

Workshop3, cont’d:
Experimental mechanics and physics
Agnieszka Winogrodzka (UT)
Adhesion and frictional behavior of a single
asperity contact in the vacuum setup
Saputra (TUD)
Thermophoretically driven separation in
microfluids channel with high thermal gradient

Workshop 4:
Coupled problems
Organizer: Dr.ir. Kris van der Zee
Jonatan Pena Ramirez (TU/e)
On the onset and stabilization of parametric roll
using an electro-mechanical device
Dinesh Karupannasamy (UT)
Modelling mixed lubrication for deep drawing
processes

Workshop 4, cont’d:
Coupled problems
Mojtaba Talebian (TUD)
An efficient computational model for CO2
sequestration
Timo van Opstal (TU/e)
Fluid-structure interaction in complex folded
membranes

12.35-12.50

- Announcement of winning contributions in the AIO/Postdoc
Presentation contest and in the Poster contest
- Closure

12.50-13.50

Lunch

Afternoon:
14.00-15.30

Assembly of Project Leaders EM

16.00-20.00

Meeting of EM Advisory Board
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2
KOITER LECTURE
and

INTRODUCTION TO THE WORKSHOPS

This section contains abstracts of the Koiter Lecture by Prof. Oded Gottlieb and Introductions
to the workshops “Non-linear dynamics”, “Composites and hybrid materials”, “Experimental
mechanics and physics”, and “Coupled problems”.
Fourteenth Engineering Mechanics Symposium
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Koiter Lecture
Nonlinear spatio-temporal dynamics and
thermo-visco-elastic instabilities in mechanical systems
Oded Gottlieb
Technion - Israel Institute of Technology, Mechanical Engineering, oded@technion.ac.il

A self-excited nonlinear dynamical system is one that in the absence of modulated forcing will
undergo bounded limit-cycle oscillations beyond a stability threshold of an equilibrium state.
Thermally driven limitcycle oscillations have been shown to occur in mechanical systems that span
multiple spatial scales. A large scale example is a space structure which absorbs solar radiation that
can either increase or decrease as the structure bends towards or away from the incoming radiation.
This consists of a feedback loop that can change the equilibrium configuration or can lead to selfexcited bending vibrations. Additional examples include limitcycle oscillations of five cm long
aluminum coated glass cantilevers, micro scale cantilevers for atomic force microscopy, and recently,
various nano-resonators in the shape of disks, domes, paddles and wires.
The advantages of self-excited nano-electro-mechanical-systems include a dramatic improvement of
the quality factor via parametric amplification, stability enhancement through the use of feedback,
and incorporation of a single optical configuration for both drive and motion sensing. To date, these
systems have been modeled by single-degree-of-freedom resonators coupled to a lumped-mass
thermal description. However, while their analysis qualitatively reveals the onset of limit cycle
oscillations, the analytically determined thresholds differ from measurements by a factor of two.
Furthermore, these systems have been shown experimentally to exhibit irregular vibrations that
alternate between several continuous vibration modes which cannot be explained by lumped-mass
models. Thus, in order to resolve the spatio-temporal complexity of the near resonance thermoelastic
system response, we formulate an initial-boundary-value problem that is subject to laser irradiation
and consistently includes both nonlinear viscoelastic and thermal fields. We determine the coupled
thermo-elastic field basis functions and construct a low-order nonlinear modal dynamical system for
several configurations that are validated experimentally on several spatial scales.
Examples include a macro glass cantilever coated with a metallic thin film in air and a metallic micromirror in vacuum. A local stability analysis of the dynamical system equilibrium configuration reveals a
complex bifurcation structure that includes coexisting bistable equilibrium solutions and flutter
thresholds that correspond to saddle-node and Hopf bifurcations, respectively. A combined multiplescale asymptotic and numerical analysis reveals existence of multiple periodic self-excited oscillations
culminating with chaotic structural response which can arise as a smooth outcome of a sequence of
period-doubling or as an abrupt breakdown of a homoclinic orbit. Applications to various applications
of scanning probe microscopy and nano-resonator arrays in ultra-high vacuum will be discussed.

Fourteenth Engineering Mechanics Symposium
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Workshop 1

Non-linear dynamics
Paolo Tiso
Delft University of Technology, Faculty of Mechanical, Maritime and Materials Engineering
Department Precision and Microsystems Engineering
Mekelweg 2, 2628CD, Delft
Phone +31 (0)15-2786739, e-mail p.tiso@tudelft.nl

“If we consider the motion small, the governing equations can be linearized…” Each one of us has
heard this during her/his classes on dynamics. For decades, engineers have relied on linear models to
analyze the dynamics of mechanical systems.
Rather than being an exhaustive representation of reality, linear modelling is often an overly simplified
idealization of it that confines the designer within a “comfort zone”. In this way, the possibility of
exploiting the nonlinearity for better design is lost.
The days of linear-only dynamic analysis are rapidly facing their end. The pressing request for lighter,
more powerful, more efficient mechanical systems makes nonlinear dynamics modelling a must. Think
for instance of wind turbines. The increasing diameter and the constraint on weight make the blades
more and more flexible, unavoidably pushing their behaviour into the nonlinear regime.
The need of more realistic nonlinear models poses also new computational challenges. It is often the
case that computer models of complex industrial systems arising from nonlinear governing equations
are of sizes that make their repeated use prohibiting. It is therefore important to develop model order
reduction techniques to be able to retain an accurate solution while cutting the computational cost
largely.
The symposium will focus on (some of) the physical aspects of nonlinear dynamics (large
displacements, material, friction, and interaction with other media), together with the relevant topic
of model order reduction.
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Workshop 2
Composites and Hybrid Materials
Bert Rietman
University of Twente, CTW
Horstring N129, 7500 AE Enschede
Phone +31 (0)534896263, e-mail a.d.rietman@utwente.nl

Composites and hybrid materials feature two or more components with extremely different
properties on different length scales, in such a way that their combination gives unique properties. In
older times this was already known for the construction of loam houses. Nowadays, promoted by
scarcity of resources and environmental needs, materials with optimized properties for a certain
application are demanded. In numerous applications the main driving force are excellent mechanical
properties, usually in a combination with a low weight. Examples are continuous fibre reinforced
polymers, sandwich systems like HYLITE or fibre metal laminates like GLARE. In transport industry, e.g.
aerospace and automotive, a clear trend towards these ‘modern’ materials can be observed.

In the presentation typical advantages and applications of composites and hybrids will be summarized.
An overview of research activities within the context of Engineering Mechanics, as thermoplastic
composites forming and damage modeling, will be given and future challenges will be addressed.

Fourteenth Engineering Mechanics Symposium
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Workshop 3
Experimental Mechanics and Physics
Laurent Warnet
University of Twente, CTW
Horstring N118, 7500 AE Enschede
Phone +31 (0)534892497, e-mail l.warnet@utwente.nl

Nowadays experimental physics are dominated, at least in the media, by projects requiring huge
infrastructural efforts, like the particle collider at the CERN site. This can be brought in contrast to
experimental mechanics, where the traditional physical principals (Newtonian Mechanics) tend to be
used at lower scales, think about micro-fluidics, micro-mechanics. Does this miniaturisation helps
improving our understanding of engineering / scientific issues? And in a broader sense, how does
physics influence experimental mechanics?
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Workshop 4
Trends and Challenges
in
Coupled Problems
Kris van der Zee1, Rafid Al-Khoury2, and Marc Masen3
1: Technische Universiteit Eindhoven, Faculteit Werktuigbouwkunde,
Multiscale Engineering Fluid Dynamics, e-mail: k.g.v.d.zee@tue.nl
2: Technische Universiteit Delft, Faculteit Civiele Techniek en Geowetenschappen,
Structural Mechanics, e-mail: r.i.n.alkhoury@tudelft.nl
3: Universiteit Twente, Faculteit Construerende Technische Wetenschappen,
Laboratory for Surface Technology and Tribology, e-mail: m.a.masen@utwente.nl

Coupled problems in science and engineering generally refer to problems related to the coupling of
models, coupling of discretizations and coupling of solution techniques. These problems typically
arise when considering so-called multiphysics phenomena. In such phenomena there is an
interaction between several distinct physical entities constituting the system of interest.
Multiphysics problems cover a wide range of applications such as thermoelasticity, fluid-structure
interaction, magnetohydrodynamics, solid-solid interaction, multiphase flows, thermo-hydrochemo-mechanical processes, and energy-environment interplay. Many of these applications
involve the interaction between classical mechanical fields such as solid deformations, fluid flow,
temperature, and electromagnetic fields, but interactions with chemical and biological constituents
are also possible. An exciting field of application is tribology, i.e. the science and engineering of
surfaces in relative motion, which includes friction, wear and lubrication. Here one encounters a
combination of solid and fluid mechanics, and solid-solid interaction in contacting bodies, but also
the coupling of hydration and biomechanical models in the tribological behaviour of biological
tissues.
The numerical simulation of multiphysics problems bring its own complications as it
typically involves connecting dedicated numerical methods for the single-physics phenomena. Think
of the coupling of finite element methods for solids with finite volume methods for fluids in an
effort to simulate fluid-structure interaction. The problem of coupling distinct numerical methods
need not necessarily arise from a multi-physics problem, but may also arise in single-physics
problems. For example, in wave propagation, one may couple a finite element method for the nearfield description with a boundary element method for the far-field part. Furthermore, one can even
think of the domain-decomposition method as a coupled problem involving only a single
discretisation technique. Currently, it is a grand challenge for the computational mechanics
community to develop innovative computational tools for coupled problems that are both accurate
and efficient, but also practical in implementation. This development requires a strong combination
of mathematical modelling and computational methods which usually involves efforts from
researchers representing multi-disciplinary groups.
In the presentation we address trends and challenges of coupled problems in the
engineering mechanics community as well as activities related to coupled problems at the three
TU’s.

Fourteenth Engineering Mechanics Symposium
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3
INTRODUCTION PRESENTERS

AND

ABSTRACTS OF PRESENTATIONS

This section contains abstracts of presentations at the Fourteenth Engineering Mechanics
Symposium. Abstracts are in alphabetic order on the (first) author. Abstracts of the keynote
lecture and an introduction to the workshops are presented in section 2.
Fourteenth Engineering Mechanics Symposium
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Short Introduction speakers at the 14th Symposium of the Graduate School on
Engineering Mechanics (in alphabetic order)
Abstract title: Do precipitates influence time-dependent metallic microbeam
deformation?
Workshop: Experimental mechanics and physics
Lambert Bergers
Eindhoven University of Technology, Mechanics of Materials
Advisor: Prof.dr.ir. M.G.D. Geers
Co-advisor: Dr.ir.J.P.M. Hoefnagels
Biography and description of research:
Biography:
Lambert Bergers is PhD student at the Eindhoven University of Technology in The Netherlands. His project "Size
effects in creep in metallic MEMS' investigates the relation between mechanical size-effects and fundamental
mechanisms of creep in metallic MEMS. His interests are MEMS, microelectronics, electro-mechanical
instrumentation design and materials characterisation.
Abstract:
The reliability of Al-Cu MEMS is affected by time-dependent elastic deformation, which is an unexpected
phenomenon to occur in metals. Here we investigate the influence of precipitate state on the time-dependent
deflection recovery behavior of Al-Cu microbeams. The precipitation state is varied by heat treatments and
characterized by backscatter electron microscopy. Mechanical deflection experiments are performed for the
various precipitation states to measure the time-dependent deflection recovery behavior. The results indicate
that larger/more precipitates increase the amount of deflection recovery. We suggest that this behavior is the
result of diffusion-limited dislocation motion driven by back-stresses from dislocation pile-ups. Precipitates do
effect time-dependent microbeam deformation!
Abstract title: Model reduction for nonlinear dynamical systems with incremental
gain of passivity properties
Workshop: Non-linear dynamics
Bart Besselink (TU/e)
Eindhoven University of Technology, Dynamics & Control
Advisor:
Co-advisor:
Biography and description of research:
Bart Besselink is a PhD student in the Dynamics & Control group of the department of Mechanical Engineering at
Eindhoven University of Technology since May 2008. His research on model reduction for nonlinear systems is
funded by STW. The objective of the project is the development of model reduction procedures for nonlinear
dynamical systems. Herein, focus is on two important aspects. First, the preservation of system properties (such
as stability) during the reduction procedure is addressed. Second, the computation of error bounds, which serve
as a direct measure for the quality of the reduced-order model, is considered.

Fourteenth Engineering Mechanics Symposium
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Abstract title: Bifurcation of equilibrium sets in mechanical systems with dry friction
Workshop: Non-linear dynamics
Benjamin Biemond
Eindhoven University of Technology, Dynamics & Control
Advisor:
Co-advisor:

Biography and description of research:
In March 2009, Benjamin Biemond started his PhD research in the Dynamics and Control Group of the Eindhoven
University of Technology. His project is entitled "Stability, Bifurcations and Stabilisation of invariant sets in
differential inclusions." The aim of this project, which is funded by the Netherlands Organisation for Scientific
Research (NWO), is twofold. First, theoretical results are pursued on the stability of this class of dynamical systems.
These results may be used to obtain control strategies achieving asymptotic stability. Second, bifurcations are
studied that are induced by the discontinuous behaviour of the systems.

Abstract title: A two-node non-linear superelement description for modelling of
flexible complex-shaped beam-like components
Workshop: Non-linear Dynamics
Boer, S.E. (Steven)
University of Twente, Faculty of Engineering Technology, Laboratory of Mechanical
Automation and Mechatronics
Advisor: Prof.dr.ir. J.B. Jonker
Co-Advisor: Dr.ir. R.G.K.M. Aarts
Dr.ir. D.M. Brouwer
Biography and description of research:
Steven Boer started work on his PhD in March 2009 at the University of Twente in the Mechanical Automation
group after obtaining his master degree in Mechanical Engineering in January 2009. The project he’s working on
focuses on the modelling and design aspects of large stroke elastic positioning mechanisms which can operate
in vacuum environments.
One of the main objectives of this project is to be able to accurately and efficiently model the position
dependent dynamics of elastic mechanisms which undergo a relatively large stroke. The models should be
applicable for a fast evaluation of various mechanism designs as well as to evaluate its closed-loop performance.
It is expected that accurate and fast simulations can be realized by combining sound modeling techniques and
model reduction techniques. Simultaneously, the research aims to contribute to design principles by proposing
elastic elements that suffer less from large decreases in support stiffness when deflected.
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Abstract title: Tow mechanics: on the deformation behaviour of fibrous tows
Workshop: Experimental mechanics and physics
Bo Cornelissen
University of Twente, Production Technology
Advisor: Prof.dr.ir. Remko Akkerman
Co-advisor: Dr.ir. Bert Rietman

Biography and description of research:
Born in Eindhoven, Bo Cornelissen is a PhD student in the Production Technology group at the University of
Twente. Bo obtained his MSc degree in Mechanical Engineering at the University of Twente in 2009. His
MSc thesis concerned the bending behaviour of fibrous yarns, which is related to his current Tow
Mechanics research project.
The mechanical properties of continuous fibre reinforced polymers or composite parts are determined to a
large extent during the forming phase. Such composite products consist of a thermosetting or
thermoplastic matrix, which is reinforced with continuous fibrous tows (a tow consists of several thousands
of filaments).
The continuous fibrous tows deform during the forming phase of any arbitrary production technique
involving fibrous material. These deformations induce loads on the tows and fibres. This results in frictional
forces at different interfaces.
The determination of the involved friction mechanisms of the tows and fibres with respect to each other
and mould materials such as tooling steel is necessary to accurately predict the tow deformation in the dry
and impregnated fabric, individual tow, and tape material. We define this area as tow mechanics, aiming to
develop a theoretical approach which covers the wide range of loading conditions encountered during
composite processing. Experimental work is necessary to obtain the physical basis for this theoretical
approach.

Abstract title: Ice induced vibrations of bottom founded offshore structures
Workshop: Trends and challenges in ‘Non-linear dynamics’
Hayo Hendrikse
Delft University of Technology, Faculty of Civil Engineering and Geosciences,
Section of Structural Mechanics
Advisor: Prof.dr. A.V. Metrikine
Biography and description of research:
Hayo Hendrikse is a PhD candidate at the Structural Mechanics Section at the faculty of Civil Engineering
and Geosciences of Delft University of Technology. He graduated from the same faculty in 2009 on the
topic of phenomenological modelling of ice induced vibrations. This project advances on this topic with
the aim to develop a fracture mechanics based model for ice-structure interaction in the course of ice
induced vibrations. This model should be capable of describing the onset and severity of the frequency
lock-in phenomena during events where level ice crushes against vertically sided bottom founded
offshore structures.
Other participants
The research project is financed by the Norwegian centre for Sustainable Arctic Marine and Coastal
Technology (SAMCOT), and is carried out in cooperation between the Norwegian University of Science
and Technology (NTNU) and Delft University of Technology.
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Abstract Title: The application of the energy dissipation arc-length solver
for the simulation of damage in composite materials.
Workshop: Composite and hybrid materials.
Saman Hosseini
Eindhoven University of Technology, Mechanical Engineering
Advisor: Prof.dr.ir. R. de Borst
Co-advisor: Dr.ir. J.J.C. Remmers

Biography and description of research:
Saman Hosseini is a Phd researcher working in the Numerical Method in Engineering group of the
Mechanical Engineering Department of TU/e. His Phd project started in April 2010 and is on the numerical
simulation of failure mechanisms in composite. The motivation of his project is to develop a robust
algorithm for simulating multiple damage mechanisms in composite materials. Combination of different
damage modes of composite such as delamination, matrix cracking and etc, in combination with nonlinear
kinematics can lead to an instability of the solution procedure. An Energy dissipation based arc–length
solver has been developed to tackle the complexity of the mentioned system.
Abstract title: Modlling mixed lubrication for deep drawing processes
Workshop: Coupled problems
Dinesh Karupannasamy
University of Twente, Engineering Technology

Biography and description of research:
In Finite Element (FE) simulations, the coefficient of friction in sheet metal forming (SMF) is generally
expressed as a constant Coulomb friction. However in reality, the coefficient of friction at the local
contact spots varies with the varying operational, deformation and contact conditions. It is important to
calculate the coefficient of friction under local conditions to better evaluate the formability of the
product. Friction at the local contact is largely influenced by the micro-mechanisms of the asperities like
shearing in the boundary layer, ploughing and hydrodynamic lubrication. In this paper, a mixed
lubrication model is developed considering the aforementioned micro-mechanisms to better describe
the friction conditions for deep drawing processes. Central to the friction prediction is the calculation of
the lubricant film thickness and the contact area evolution based on the asperity flattening mechanisms.
In deep drawing the asperity flattening can occur due to normal loading and stretching of the work piece
surface. The developed model is applied to an axi-symmetric cup drawing process. The results show that
the coefficient of friction is not constant. Effects like asperity flattening and ploughing mechanisms
increase the coefficient of friction under some conditions. Lubrication decreases the coefficient of
friction due to mixed lubrication effects.
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Abstract title: Fluid-structure interaction in complex folded membranes
Workshop: Coupled Problems
Timo van Opstal
Eindhoven University of Technology, Department of Mechanical Engineering
Advisor: Prof.dr.ir. E.H. van Brummelen

Biography and description of research:
In 2003, he started the Bachelor in Aerospace Engineering at TU Delft. Following in 2006, he specialized in
Aerodynamics for a Masters degree. In 2008, the study culminated in a thesis project on the numerical solution
of a stochastic, nonlinear, aeroelastic stability problem. After completing university in the summer of 2009, he
was enticed to continue in the field of numerics and fluid-structure interaction in the context of his current
Ph.D. project on airbag-deployment simulations, funded by STW. The strategy employed, is to dissect the fluid
domain into a part where simple flow is assumed, and a part where the full flow model is employed. Firstly, an
efficient technique is developed to resolve the simple flow, typically present in complex folded membranes.
Secondly, the error controlled by adaptively moving the interface between the two subdomains.

Abstract title: On the onset and stabilization of parametric roll using an
electro-mechanical device
Workshop: Coupled problems
Peña Ramírez
Eindhoven University of Technology, Dynamics and Control
Advisor: Prof.dr. Henk Nijmeijer
Co-advisor: Dr.ir. Rob H.B. Fey

Biography and description of research:
Jonatan Peña-Ramírez is currently working towards the PhD. degree in the Dynamics and Control Group at
the Department of Mechanical Engineering, Eindhoven University of Technology, Eindhoven, the
Netherlands. His research project is related to the study of synchronized behaviour occurring in second
order nonlinear dynamical oscillators with Huygens coupling. Two challenges can be distinguished in this
project. On the one hand, this is the issue of determining all the possible stationary solutions (like in-phase
and anti-phase synchronization) and secondly, a stability-study regarding these stationary solutions.
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Abstract title: Optimization of the circular braiding process
Workshop: Composites and hybrid materials
Johan van Ravenhorst
University of Twente, Faculty of Engineering Technology, Chair of Production
Technology
Advisor: Prof.dr.ir. R. Akkerman

Biography and description of research:
Johan van Ravenhorst is a researcher at the University of Twente. His current work is in field of simulation
and optimization of circular overbraiding. Overbraiding is a manufacturing process of reproducible
composite preforms and is suited for automated series production of complex tubular shapes. Typically,
braiding is followed by resin transfer molding. In recent years the automotive industry has been adopting
this technology in the quest of weight reduction and crashworthiness.
Previous activities involved software development for creating freeform developable surfaces. Developable
surfaces can be manufactured using pure bending and little or no in-plane strain. Such surfaces are very
useful in e.g. shipbuilding and architecture because it can be produced from flat sheets of material without
the need for expensive moulds. Other activities involved the inspection and reverse engineering of
complex geometries, predominantly using close-range photogrammetry. Further experience and interests
involve automation of engineering processes for the design of wind turbine blade tooling, CNC four-axis
hot-wire cutting of foams and rapid prototyping

Abstract title: Friction in forming of UD composites
Workshop: Compopsites and hybrid materials
Ulrich Sachs
University of Twente, Faculty of Engineering Technology, Production
Technology Group
Advisor: Prof.dr.ir. R. Akkerman

Biography and description of research:
Ulrich Sachs is a PhD candidate at the University of Twente and is working for the newly founded
Thermoplastic Research Centre (TPRC). His research is part of the “complex stamp forming” project which
aims to characterize, quantify and model the forming mechanisms, which occur in stamp forming of UD
fiber reinforced thermoplastics. He focuses on characterizing and modeling the friction mechanism of UD
composites under process conditions, for which no physical models exist, yet. Eventually, an elaborated
friction model should lead to more precise numerical simulations of the forming process and to get an
understanding when forming failures, like wrinkling will occur.
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Abstract title: Thermophoretically driven particle separation in
microfluidics channel with high thermal gradient.
Workshop: Experimental mechanics and physics
Saputra
Delft University of Technology, Precision and Microsystems Engineering
Advisor: Prof.dr.ir. Fred van Keulen
Co-advisor: Dr.ir. Hans Goosen

Biography and description of research:
Saputra is a fourth year PhD student in the Precision and Microsystems Engineering Department of TU
Delft. His research within MicroNed program has been related to the model validation of multiphysical
interactions in micro systems. He experimentally investigated the transport behavior of micro particle in
microfluidics channel in response to a thermal gradient. A thermal gradient induced the motion of the
particles from the hot side toward the cold side of the microchannel. This phenomenon is called as
thermophoresis or alternatively known as Ludwig-Soret effect. The reseach covered the experimental
validation as well as the design and fabrication of microfluidics device. Both qualitative and quantitative
flow visualization in microfluidics channel were analyzed. In addition, the motion of particles in
microfluidics channel was studied using a stastical approach, namely, particle tracking velocimetry.
Saputra earned both his bachelor and master degree in mechanical and aerospace engineering from
Institut Teknologi Bandung (Indonesia) and Konkuk University (South Korea) respectively. His interest
and passion both in fluid mechanics and micro-nano engineering have brought him to a microfluidics
reseach at TU Delft.
.
Abstract title: Numerical and analytical analysis of impact damage in
composite structures
Workshop: Composites and hybrid materials
Mohamad Reza Talagani
Delft University of Technology, Aerospace Structures & Design
Methodologies
Advisors: Prof. dr. Z. Gürdal

Biography and description of research:
Mohamad Reza Talagani is a PhD candidate in Aerospace Structures and Computational
Mechanics Group of Aerospace Faculty at TUDelft. Started his PhD in September 2008, he
has been working on impact analysis of laminated composite structures. Progressive failure
analyses based on numerical methods in combination with continuum damage models have
been used to analyze damage and fracture initiation and growth during impact. Analytical
methods have been developed for reducing the necessary computation costs. Within these
methods fracture mechanics is used to obtain delamination initiation and progression. An
analytical progressive analysis method is obtained in order to model the growth of
delaminations and to analyze the loss of energy during impact. The analytical method is
being used to enable stacking sequence optimization for maximizing the post-impact residual
strength of composite structures.
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Abstract title: An efficient computational model for C)2 sequestration
Workshop: Coupled problems
Mojtaba Talebian
Delft University of Technology, Faculty of Civil Engineering and Geosciences
Advisor: Prof.dr.ir. L.J. Sluys
Co-advisors: Dr.ir. R. Al-Khoury

Biography and description of research:
Mojtaba Talebian is a PhD student in the computational mechanics group of TU Delft. He started his research
in April 2009. The focus of his work is on the development of a computational model for describing a
multiphase flow and its associated electrokinetic process due to regionally induced thermo-hydro-mechanical
forces in simulation of CO2 sequestration. The proposed computational model is aimed at being robust and
mesh-independent. Furthermore, it is aimed at being suitable for modeling engineering applications at regional
level, using relatively coarse meshes and large time steps.
Mojtaba received his MSc degree in Petroleum Engineering from University of Calgary in Canada in 2004. His
research course at U of C focused on numerical simulation of naturally fractured reservoir.

Abstract title: Adhesion and frictional behavior of a single asperity contact in
the vacuum setup.
Workshop: Experimental mechanics and physics
Agnieszka Winogrodzka
University of Twente, Tribology and Surface Technology
Advisor: Prof.dr.ir. D.J. Schipper
Co-advisor: Dr.ir. M.B. de Rooij
Biography and description of research:
Agnieszka Winogrodzka is a PhD student in Tribology and Surface Technology group at University Twente,
Netherlands. Her research is focused on friction and positioning accuracy in single and multi-asperity contact in
vacuum conditions. She has graduated from Wroclaw University of Technology in Poland, with Master in
Mechanical Engineering.
In high-tech mechatronic systems, reliable and accurate positioning mechanisms in a vacuum environment are
required for proper and effective functioning. Understanding of tribological behaviour of sliding contacts plays
important role in the design of such mechanisms to predict the system performance. Of particular importance
is the stability of the friction level over time. A single and multi asperity contact between two ceramics is being
investigated under high vacuum (10e-6mbar). Frictional stability over time depends on the geometry of the
surfaces in contact, chemical and physical changes of the surfaces. Adhesion and frictional stability will be
estimated by friction force measurements in the vacuum chamber. Moreover, in the vacuum chamber, a
confocal sensor will be used to determine local height changes in the wear track and Raman Spectroscopy to
assess chemical and physical changes of the ceramic surfaces. In the future, the results from the experimental
setup will be used to validate a theoretical model predicting the friction level and the stability over time. Some
results of the different sensors and measurement techniques will be presented. Further, the adhesion and
frictional behaviour of a single asperity contact in vacuum chamber will be discussed.
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Do precipitates influence timedependent metallic microbeam
deformation?
L.I.J.C. Bergers
Eindhoven University of Technology,
Faculty of Mechanical Engineering P.O. Box 513, 5600 MB Eindhoven, The Netherlands
phone: +31 40 247 4022, e-mail: l.i.j.c.bergers@tue.nl

Abstract
The reliability of Al-Cu MEMS is affected by time-dependent elastic deformation, which is an unexpected
phenomenon to occur in metals. Here we investigate the influence of precipitate state on the time-dependent
deflection recovery behavior of Al-Cu microbeams. The precipitation state is varied by heat treatments and
characterized by backscatter electron microscopy. Mechanical deflection experiments are performed for the
various precipitation states to measure the time-dependent deflection recovery behavior. The results indicate
that larger/more precipitates increase the amount of deflection recovery. We suggest that this behavior is the
result of diffusion-limited dislocation motion driven by back-stresses from dislocation pile-ups. Precipitates do
effect time-dependent microbeam deformation!
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Model reduction for
nonlinear dynamical systems
with incremental gain or
passivity properties
Bart Besselink
Eindhoven University of Technology, Faculty of Mechanical Engineering, Dynamics and Control group
P.O. Box 513, 5600 MB Eindhoven, the Netherlands
phone +31 (0) 40 247 5730; email b.besselink@tue.nl

The analysis and design of high-tech systems typically leads to models of high order. Model
reduction is a tool that approximates these high-order models by models of reduced-order, thus
allowing for fast and efficient analysis of the dynamics of the system. Since the reduced-order
model is used as a substitute for the original high-order model, it is of importance to preserve key
system properties during the reduction process. Herein, stability is the most crucial one. However,
the preservation of gain properties or passivity is relevant in many applications as well. Finally, a
computable bound on the reduction error is highly instrumental in determining the quality of the
reduced-order model.
In this presentation, model reduction procedures for a class of nonlinear dynamical systems are
presented, addressing these properties. Specifically, nonlinear systems are considered that can be
decomposed as the feedback interconnection of a high-order linear subsystem and a nonlinear
subsystem of relatively low order. This is motivated by the observation that, in many engineering
applications, nonlinearities act only locally or can be described by low-order dynamics. Examples
include mechanical systems with friction or hysteresis or linear systems with nonlinear actuator
dynamics.
In this setting, a model reduction procedure is proposed in which only the high-order linear
subsystem is reduced, allowing for the application of well-developed linear model reduction
techniques and making the approach computationally feasible. Conditions for stability of the total
reduced-order nonlinear system are given for this procedure. Additionally, it is shown that the
properties of contractivity (i.e. a bounded gain) or passivity can be preserved using this approach.
Finally, error bounds are given, where it is shown that incremental gain or passivity properties of
the nonlinear subsystem are crucial in the derivation of the error bound. The approach is illustrated
by application to an example of a mechanical system.
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Bifurcations of equilibrium
sets in mechanical systems
with dry friction
J. J. Benjamin Biemond, Nathan van de Wouw, Henk Nijmeijer
Eindhoven University of Technology, Faculty of Mechanical Engineering, Dynamics and Control group
P.O. Box 513, 5600 MB Eindhoven, the Netherlands
phone +31 (0)40 247 4092, email j.j.b.biemond@tue.nl

The nonlinear phenomenon of dry friction appears in virtually all mechanical systems where physical
interfaces are in contact. Dry friction typically induces the existence of an equilibrium set that consists
of a continuum of non-isolated equilibrium points, which greatly affects the dynamics of such systems.
For example, in motion control systems, the presence of such equilibrium sets compromises
positioning accuracy, since it introduces steady-state errors. Further understanding is therefore
needed about the stability of these equilibrium sets and their effects on the local and global dynamics
of these systems. Towards this goal, we study the effect of small system perturbations on the stability
of these equilibrium sets and their influence on the global dynamics.
In this presentation, mechanical systems are studied which have one frictional interface. In this case,
the equilibrium set will be an interval of a curve in state space. Since dry friction forces depend
discontinuously on the relative velocity between two surfaces that are in contact, we consider models
in terms of differential equations with discontinuous right-hand sides. For this class of models, we
provide sufficient conditions for the structural stability of equilibrium sets and various bifurcations of
equilibrium sets are studied.
We show that local bifurcations of equilibrium sets can only occur near the endpoints of this set,
which is a curve in state space. This fact greatly simplifies the detection of such bifurcations. Based on
this result, sufficient conditions for structural stability of equilibrium sets in planar systems are given,
and two new local bifurcations of equilibrium sets are identified.
Furthermore, a global bifurcation of the equilibrium set will be presented in this talk. Here, the sets of
trajectories are studied that converge to, or emanate from, the endpoints of an equilibrium set. The
appearance of a homoclinic orbit connected to an endpoint is shown to induce a global bifurcation
that induces chaotic transient behaviour.
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A two-node non-linear
superelement
description for modelling of flexible complex-shaped
beam-like components

S.E. Boer, R.G.K.M. Aarts, J.P. Meijaard, D.M. Brouwer, J.B. Jonker
Laboratory of Mechanical Automation and Mechatronics, Faculty of Engineering Technology
University of Twente, P.O. Box 217, 7500 AE Enschede, The Netherlands
phone +31 (0)53 489 2567, email: s.e.boer@utwente.nl

Abstract
Flexible links in mechanisms may in many cases be considered slender components, which can be
correctly modelled by beams. For the analysis and simulation of multibody systems with flexible
components, the SPACAR software package [1] includes a flexible beam element that accounts for
non-linear geometric effects. However, the use of beam elements for modelling complex-shaped
beam-like components can be a difficult task since the cross-sectional properties of such components
can vary greatly along their length. Though, in many cases the elastic deformations in a local corotational frame may be considered small. This allows the application of substructuring or
superelement techniques for the modelling of the elastic deformations.
In this work, a two-node non-linear superelement is developed by linking a reduced linear finite
element model of an arbitrary complex-shaped component with the non-linear finite beam element
model implemented in SPACAR. Its equations of motion are derived by equating the potential and
kinetic energies of both models and evaluating Lagrange’s equations.
The inertia forces of the superelement are derived in terms of absolute nodal velocities and
accelerations which greatly simplifies the dynamic formulation.
The method is validated using a spinning beam benchmark [2], where results obtained with the
superelement approach are compared with results obtained using non-linear beam elements.
References
[1]
[2]
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Tow mechanics: on the deformation
behaviour of fibrous tows
Bo Cornelissen
University of Twente, Mechanical Engineering
P.O. Box 217, 7500 AE Enschede, The Netherlands
e-mail: b.cornelissen@utwente.nl

The mechanical properties of continuous fibre reinforced polymers or composite parts are determined to a large
extent during the forming phase. Such composite products consist of a thermosetting or thermoplastic matrix,
which is reinforced with continuous fibrous tows (a tow consists of several thousands of filaments).
The continuous fibrous tows deform during the forming phase of any arbitrary production technique involving
fibrous material. These deformations induce loads on the tows and fibres. This results in frictional forces at
different interfaces.
The determination of the involved friction mechanisms of the tows and fibres with respect to each other and
mould materials such as tooling steel is necessary to accurately predict the tow deformation in the dry and
impregnated fabric, individual tow, and tape material. We define this area as tow mechanics, aiming to develop a
theoretical approach which covers the wide range of loading conditions encountered during composite
processing. Experimental work is necessary to obtain the physical basis for this theoretical approach.
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Ice Induced Vibrations
of Bottom Founded Offshore Structures
H. Hendrikse, A.V. Metrikine
Delft University of Technology, Faculty of Civil Engineering and Geosciences
Section Structural Mechanics, Stevinweg 1, 2628CN, Delft
Phone +31 (0)15-2784671, e-mail h.hendrikse@tudelft.nl

Introduction
In a world where ever increasing demand for energy and resources drives the continuous process of
exploration and development of new oil- and gas fields, the Arctic regions have recently become of
great interest. A report from the USGS [1] shows indications of 90 billion barrels of oil, 1.669 trillion
cubic feet of natural gas, and 44 billion barrels of natural gas liquids which may remain to be found in
the Arctic. Approximately 84 percent of this is expected to occur in offshore areas causing the need for
design of offshore structures able to withstand the harsh conditions of the Arctic environment.
Ice Induced Vibrations
Occasionally vertically sided bottom founded offshore structures experience sustained vibration due
to drifting ice sheets crushing against them. These vibrations, more commonly known as Ice Induced
Vibrations (IIV), may lead to fatigue problems, safety issues and uncomfortable working conditions.
Regarding the cause of the frequency lock-in which occurs during such events, two main schools of
thought can be identified. The first follows the idea that level ice failing in crushing possesses a failure
frequency dependent on ice sheet velocity which, when close to one of the natural frequencies of the
structures, causes a certain resonance type of behaviour to occur. The second school believes that the
strength of the ice has, for a certain range of velocities, a negative dependence on the ice sheet
velocity which introduces energy into the system, causing the lock-in to occur during ice-structure
interaction.
Research Challenge
To date only phenomenological models exist of ice failure in the course of IIV which are capable of
predicting the onset and severity of these vibrations in a limited amount of cases. This is a
consequence of the complexity of the ice crushing process that takes place during events of sustained
vibration. Understanding of this process needs to be increased in order to enable development of
practically applicable models based on the principles of fracture mechanics.
The current research focuses on obtaining this understanding of the complex ice-structure interaction
process by means of scale model testing as well as interpretation of full-scale measurements. Two
phenomenological models have first been developed in order to obtain more insight into the
phenomena. Using these models it is explored whether lock-in can occur at higher structural modes,
what limits there are to the ice drifting velocity for which IIV can be expected, and the role the icestructure interface plays in the entire process. All with the aim to develop a reliable fracture
mechanics based model for ice crushing against bottom founded offshore structures.
Reference
[1]
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The application of the energy
dissipation arc-length solver for the
simulation of damage in composite
materials
Saman Hosseini, Joris J. C. Remmers, René de Borst
Eindhoven University of Technology, Department of Mechanical Engineering
PO BOX 513, 5600 MB, Eindhoven, The Netherlands
phone: +31 40 2474696, e–mail: s.hosseini@tue.nl

Abstract
Failure of composite materials is often a combination of multiple failure mechanisms, such as fibre
breakage, matrix failure and delamination. These phenomena can be simulated on a meso-scopic level
of observation using the finite element method. Here, the individual layers of the material are
modelled using solid-like shell elements[1], which can be equipped with a continuum damage law to
capture the intralaminar damage mechanisms. The solid-like shell elements are based on a nonlinear
kinematic relation which allows for the simulation of (local) buckling. Delamination is modelled by
means of interface elements, which have a mixed-mode damage constitutive law [2] and are placed
between the solid-like shell elements. The combination of several failure mechanisms and a nonlinear
kinematic relation has a negative effect on the stability of the solution algorithm. Conventional
techniques to solve the system of equations in a quasi-static manner, such as the arc-length method,
often fails to converge at the onset of damage in the model. An alternative is the energy dissipation
based arc-length method, in which the constraint equation is based on the amount of energy that is
dissipated in the model [3]. In this research, we combine the energy dissipation based arc-length
method and the geometrically non-linear solid-like shell element [4]. The robustness of the developed
solver will be demonstrated via the simulation of delamination growth in composite materials.
References
[1] Parisch H. A continuum-based shell theory for non-linear application, International Journal for Numerical Methods in
Engineering, 1995; 38(11):1855–1883.
[2] Turon. A, Camanho P.P, Costa J. A damage model for the simulation of delamination in advanced composites under
variable-mode loading. Mechanics of Materials , 2006; 38(11): 1072–1089.
[3] Guti ´errez.M.A. Energy release control for numerical simulation of failure in quasi-brittle solids, Communication in
Numerical
Methods in Engineering, 2004; 20: 19–29.
[4] Verhoosel C.V., Remmers J.J.C and Guti ´errez M.A. A dissipation-based arc-length method for robust simiulation ofbrittle
and ductile failure, International Journal forNumerical Methods in Engineering, 2009; 77(9): 1290–1321.
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Modelling
Mixed Lubrication for
Deep Drawing Processes
D.K. Karupannasamy
University of Twente, Department of Engineering Technology,
Laboratory for Surface Technology and Tribology, P.O.Box 217, 7500 AE Enschede
Phone: +31 53 489 4325, e-mail: d.k.karupannasamy@utwente.nl

In Finite Element (FE) simulations, the coefficient of friction in sheet metal forming (SMF) is generally
expressed as a constant Coulomb friction. However in reality, the coefficient of friction at the local
contact spots varies with the varying operational, deformation and contact conditions. It is important
to calculate the coefficient of friction under local conditions to better evaluate the formability of the
product. Friction at the local contact is largely influenced by the micro-mechanisms of the asperities
like shearing in the boundary layer, ploughing and hydrodynamic lubrication. In this paper, a mixed
lubrication model is developed considering the aforementioned micro-mechanisms to better describe
the friction conditions for deep drawing processes. Central to the friction prediction is the calculation
of the lubricant film thickness and the contact area evolution based on the asperity flattening
mechanisms. In deep drawing the asperity flattening can occur due to normal loading and stretching
of the work piece surface. The developed model is applied to an axi-symmetric cup drawing process.
The results show that the coefficient of friction is not constant. Effects like asperity flattening and
ploughing mechanisms increase the coefficient of friction under some conditions. Lubrication
decreases the coefficient of friction due to mixed lubrication effects.
Keywords: Mixed lubrication, deep drawing, asperity flattening, friction modelling
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On the onset and stabilization
of parametric roll using an
electro-mechanical device
Jonatan Peña-Ramírez, Rob H.B. Fey, and Henk Nijmeijer
Eindhoven University of Technology, Department of Mechanical Engineering, Dynamics and Control, P.O. Box 513,
5600 MB, Eindhoven, the Netherlands. Email: j.pena@tue.nl

The phenomenon of parametric roll, which consists of large oscillations in the roll motion, is related to
the change of stability when a ship starts sailing against the waves (with length close to the length of
the ship and height exceeding a critical value) at a speed such that the wave excitation frequency
(called encounter frequency) is approximately twice the natural roll frequency and the roll damping of
the ship is insufficient to avoid the onset of parametric roll.
In this presentation, experimental results related to the onset and stabilization of parametric roll are
discussed. As a ``towing tank'' we use an electro-mechanical setup consisting of two mass-springdamper oscillators coupled through a rigid bar, which is elastically attached to the world. The
dynamical properties of the electro-mechanical system are modified by cancelling the inherent
dynamics of the setup and enforcing the dynamics of a 3-dof (heave, pitch, and roll) model of a
container ship using three control inputs. The heave and pitch motions are represented by the
displacement of the oscillators and the coupling bar is used to mimic the roll motion [1].
As stated above, the potential of this experimental setup to perform experiments on parametric roll
relies on the fact that the properties of the system can be adjusted or modified by a suitable design of
its control inputs. In fact, by using a computer, the three control inputs are generated, consisting of a
feed forward part (to cancel the original dynamics), compensation terms, plus the desired dynamics.
Then, it is clear that by means of state feedback, the original dynamics are replaced by desired
dynamics.
As a first example, we implement the dynamics of a 3-dof nonlinear container ship model navigating
in head seas. As a second example, the dynamics of a mechanical model for simulating heave-pitchroll motion of a ship in beam seas. In both cases, an additional controller is implemented in order to
stabilize the parametric roll resonance condition.
Ultimately, it is shown that our experimental setup can be seen as an alternative for the validation of
models [2] and mainly, for testing controllers ad hoc designed for the stabilization of parametric roll,
with the final aim of improving their performance in real applications.
References
[1.] Pena-Ramirez, J. and Nijmeijer, H. A study of the onset and stabilization of parametric roll by using an electro-mechanical
device, in ``Parametric resonance in dynamical systems''. Fossen, T.I. and Nijmeijer, H. (Eds.), pp. 291-307. Berlin: Springer, in
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[2.] Pena Ramirez, J., Fey, R.H.B., and Nijmeijer, H. On phase synchronization of oscillators mounted on a movable support, in
Proceedings of the 7th European Nonlinear Dynamics Conference (ENOC 2011), July 24-29, Rome, Italy, 2011.

38

Fourteenth Engineering Mechanics Symposium

Optimization of the
circular braiding process
J.H. van Ravenhorst
University of Twente, Faculty of Engineering Technology,
Chair of Production Technology, P.O. Box 217, NL 7500 AE Enschede
phone +31-(0)53-4892426, e-mail j.h.vanravenhorst@utwente.nl

Abstract
Circular braiding is a composite material preform manufacturing process that is used to manufacture
bi- and triaxial braids. Braiding is suited for automated series production of complex tubular shapes
with low material waste. Product features such as holes and flanges can be integrated without the
need for fiber cutting. The objective is the development of a software tool for fast simulation and
optimization of the circular braiding process. A reduction of lead-time, cost related to engineering,
physical testing and over-dimensioning is expected. This includes the capability to generate optimal
control settings for CNC braiding machinery. Furthermore, it can be used to assess “what-if” scenarios
and derive new design rules.
Keywords
Automation; Braiding; Composites; Optimization; Preform; Simulation
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Friction in Forming
of UD Composites
U. Sachs
Faculty of Engineering Technology, Chair of Production Technology, University of Twente
Drienerlolaan 5, P.O. Box 217, 7500AE Enschede, The Netherlands
phone +31-53-489-4346
e-mail u.sachs@utwente.nl

ABSTRACT
The aerospace and automotive industry show an increasing interest in thermoforming processes of
unidirectionally (UD) reinforced thermoplastic laminates. Especially, hot stamp forming provides a fast
automated process, which allows tailored and complex products. In order to develop a simulation tool
for predicting failure like wrinkling or tearing of the product, a thorough understanding of the
underlying deformation mechanisms is required. Preliminary simulations have shown that the degree
of too/ply and inter ply friction can be the cause of wrinkling.
A constitutive model to describe friction, assuming hydrodynamic lubrication (HL) for fabric reinforced
thermoplastics was introduced by Akkerman et al [1]. This model is essentially based on the fabric
weave geometry and assumes HL on a meso-mechanical level. However, this model is not easily
applicable to UD materials. Despite the lack of a physical model for UD laminate friction, the frictional
behaviour is assumed to be HL. This is indicated by own experimental data and is also assumed by
Murtagh [2]. The actual film thickness is unknown, however.
A friction test set-up was developed at the University of Twente [3], in which a laminate is pulled at
constant velocity, while clamped by two blocks at processing temperature. The set-up operates in a
standard mechanical test-system. The blocks are self-aligning and the spacing between the blocks is
measured at four corners with micrometer accuracy. For weave geometries, experimental and
theoretical results are in good agreement. For UD geometries, no physical model has been established
yet. Simulations are therefore dependent on experimental data.
REFERENCES
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Thermophoretically driven particle
separation in microfluids channel
with high thermal gradient
Saputra
Delft University of Technology, Precision and Microsystems Engineering

This research within the MicroNed program is related to the model validation of multiphysical
interactions in micro systems. The transport behavior of micro particle in microfluidics channel in
response to a thermal gradient is investigated experimentally. A thermal gradient induced the motion
of the particles from the hot side toward the cold side of the micro-channel. This phenomenon is
called as thermophoresis or alternatively known as Ludwig-Soret effect. The research covers the
experimental validation as well as the design and fabrication of microfluidics devices. Both qualitative
and quantitative flow visualization in microfluidics channel were analyzed. In addition, the motion of
particles in microfluidics channel was studied using the statistical particle tracking velocimetry
method.
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Adhesion and frictional
behavior of a single asperity
contact in the vacuum setup
A. Winogrodzka
University of Twente, Surface Technology and Tribology

In high-tech mechatronic systems, reliable and accurate positioning mechanisms in a vacuum
environment are required for proper and effective functioning. Understanding of tribological
behaviour of sliding contacts plays important role in the design of such mechanisms to predict the
system performance. Of particular importance is the stability of the friction level over time. A single
and multi asperity contact between two ceramics is being investigated under high vacuum (10e6mbar). Frictional stability over time depends on the geometry of the surfaces in contact, chemical
and physical changes of the surfaces. Adhesion and frictional stability will be estimated by friction
force measurements in the vacuum chamber. Moreover, in the vacuum chamber, a confocal sensor
will be used to determine local height changes in the wear track and Raman Spectroscopy to assess
chemical and physical changes of the ceramic surfaces. In the future, the results from the
experimental setup will be used to validate a theoretical model predicting the friction level and the
stability over time. Some results of the different sensors and measurement techniques will be
presented. Further, the adhesion and frictional behaviour of a single asperity contact in vacuum
chamber will be discussed.

44

Fourteenth Engineering Mechanics Symposium

4
SURVEY
of

POSTER PRESENTATIONS

This section contains a survey of poster presentations of actual PhD-projects within the
Graduate School Engineering Mechanics. Furthermore, poster presentations are available
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First name

Univ.

Title poster
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Tailoring metallic-organic interfaces to improve product reliability
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Grain boundary interface mechanics in strain gradient crystal plasticity
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Improved health care by multiscale simulations of electronic textile
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Precipitates in time-dependent microbeam deformation
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Model reduction for a class of convergent nonlinear systems

6
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Bifurcations of equilibrium sets in mechanical systems with friction

7

Boer

Steven

UT

Modelling complex-shaped flexible components of an elastic manipulator using
two-node non-linear superelements

8

Burgt, van de Youri

TU/e

Triggered feedback control of a laser assisted carbon nanotube growth process
for interconnects in flexible electronics

9

Champion

Audrey

TU/e

Density changes in fused silica after femtosecond laser exposure

10 Cornelissen

Bo

UT

Friction of fibrous tows

11 Dogge
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TU/e

Mechanics of phase boundaries in multiphase steels

12 Drenth

Emiel
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Micro-indentation as a method for condition monitoring of PVC pipes
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Tom

TU/e

Gaining insight in the damage characteristics of Dual-Phase steel

14 Göncü

Fatih

UT

Pattern transformation in a granular crystal

15 Grouve

Wouter

UT

Modelling the laser assisted tape placement of thermoplastic composites

16 Haanappel

Sebastiaan

UT

Forming predictions of thermoplastic composites

17 Hendrikse

Hayo

TUD
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PET layer

Polymer coated steel
Metal-polymer laminates, e.g. Protact[1] (see Figure 1), are used in a variety of products, e.g. food
and beverage packaging. During production, the precoated steel is subjected to large deformations at high
strain rates, pressures and temperatures. It is important that the coating stays adhered to the steel during
this process and that damage is minimized.

Chromium oxide
Steel substrate

Chromium metal

Figure 1: Schematic of the laminates in Protact[1]

Deformation-induced roughening
In the course of deformation the steel roughens at
the polymer-steel interface (see Figure 2) which potentially leads to interfacial damage. Understanding
and the ability to model this process is essential for
improving the product reliability.

Approach

Figure 2: Micrographs of the steel surface, left: undeformed,

In this research, the influence of deformation-induced
roughening on the interface integrity is studied, both
experimentally and numerically. First, an extensive
experimental investigation is performed to characterize the polymer, interface and steel. Numerical simulations can then be set up utilizing several constitutive
models The experimental results serve as a means of
verification. Possibilities are outlined below.
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Introduction

Enhanced interface model

Grain boundaries (GB) play an important role in
metallic materials in defining their strength, reliability
and life time properties, e.g. in MEMS (Fig. 1).

A thermodynamically consistent GB interface model
has been developed for plasticity through interfaces.
The behaviour of the enhanced framework is examined by considering a model problem of a periodic
bicrystal in shear (Fig. 4).
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Figure 1 : A metallic MEMS (left) and its grain
structure (right).
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At present, GB modelling lacks the critical interaction
between plasticity and interfaces, which takes place
at the level of individual dislocations. Experimental
observations, e.g. [1], indicate that dislocations can
be accumulated, transmitted, absorbed or nucleated
at interfaces (Fig. 2).

Figure 4 : Model problem (left) and specification of
geometric mismatch (right).

Results
The results of the influence of interface properties and
crystal geometry on the stress-strain response are
shown in Figure 5.

Figure 2 : Interaction of dislocations with GBs.

Conventional modelling approach
At the polycrystalline continuum scale, conventional
modelling of interfaces in gradient enhanced crystal
plasticity frameworks, e.g. [2,3], only allows to incorporate the limiting situations of either impenetrable
(no slip) or infinite sink (free) GBs (Fig. 3).

(A)

hard GB
free GB
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hard GB
free GB
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Figure 5 : Effect on stress-strain response of (A) GB
free energy, (B) GB slip resistance, (C) misorientation
and (D) grain size.
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Improved Health Care by Multiscale Simulations
of Electronic Textile
Lars Beex

1.

Ron Peerlings

Marc Geers

Motivation

However, it is computationally inefficient to model each
Electronic textile is a fabric with embedded electronic fiber segment in a complete blanket or sweater. Simucomponents that are connected via conductive wires. lations larger than the one in Fig. 2 are for instance proIn several medical applications electronic textile can be hibitively expensive.
used to improve the patient’s comfort (Fig. 1).
3. Quasicontinuum method

Baby in an incubator monitored by sensors

Alternative: blankets with embedded sensors

To ensure that large scale models can also be dealt with,
it is necessary to only select a small number of lattice points that determine the displacements (step 1)
and the governing equations (step 2) of the entire lattice. These two steps are proposed in the quasicontinuum (QC) method [1] (Fig. 3), which has recently been
adapted to deal with lattice models of textile [2].

E(interpolation)

E(summation)

Fig. 3: The two reduction steps in the QC method and the involved
Patients must remain seated during light therapy

approximation (E).

Alternative: sweater with light-emitting-diodes

Fig. 1: Two applications in the health care domain

2.

Lattice models

Simulations are required to investigate if critical failure
of the wires occurs. Mechanical models that employ
elastoplastic trusses are suitable to model textile, since
each fiber and conductive wire can be modeled individually (Fig. 2). This allows one to study the wires, components and their interaction with the textile yarns.

4.

Results

The results of the improved QC method on a textile patch
with an embedded component (Fig. 4) show that local
features in regions of interest are well captured (with
5% accuracy), whereby only 7% of the lattice points and
trusses are to be resolved in the simulation.

Fig. 4: The complete QC result (left) and a zoom around the region
of interest (right) of a sheared textile patch with component (white).

Fig. 2: Simulation of textile patch with components.

/w

[1] Tadmor et al., 1996, Langmuir, 12, 4529-4534.
[2] Beex et al., 2011, I.J.N.M.E., In Press.
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Introduction

Results

The reliability of MEMS consisting of Al-(1wt%)Cu thin
films is affected by time-dependent elastic deformation. In
bulk Al-Cu alloys heat treatments are used to tailor microstructures to control mechanical behavior. Might this
work in thin films?
Goal: investigate the influence of precipitate state on timedependent deflection recovery of Al-Cu microbeams.

The heat treatments create more/larger precipitates mainly
at grain boundaries (fig.4) and result in larger deflection recovery (fig.5).
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Figure 4 : Back-scatter electron images reveal precipitates (arrows at bright
dots/streaks). (False colours used).
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Figure 5 : (l) Example of a deflection recovery measurement. (r) Results for

MEMS foundry produced microbeams are heat treated and
imaged with SEM-backscatter electron imaging to visualize precipitates.
Al-Cu
phase diagram
atomic % Cu

Heat treatment for alloy variations

the various heat treatments.

Hypothesis: (larger) time-dependent deflection recovery
is the result of diffusion-limited dislocation motion (obstacle climb, disentanglement) driven by back-stresses from
(strengthened) pile-ups.
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Figure 2 : left) MEMS foundry produced microbeam. (center) Al-Cu phase

Npile-ups

diagram. (right) Employed heat treatments.

A microclamp deflects the microbeams followed by confocal optical profilometry measurement of their deflection
recovery.
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Figure 3 : Microbeam bending experimental sequence and setup.
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Figure 6 : Cartoon of the alloy-microstructure influence on deflection recovery.

Summary and outlook
• More/larger precipitates at grain boundaries increase
the amount of deflection recovery.
• Might back-stresses and diffusion-limited dislocation
motion cause time-dependent deflection recovery?
• More insight: extend heat treatments and TEM microstructural characterization!

Questions?
Ask me

Model reduction for a class of convergent
nonlinear systems
B. Besselink
Eindhoven University of Technology

Introduction

Model reduction

In the design of complex high-tech systems, predictive models are typically of high order. Model reduction can be used to obtain a low-order approximation of these models, allowing for efficient analysis
or control design. When compared to linear model
reduction techniques, model reduction for nonlinear
systems is less well-developed. In particular, existing model reduction techniques for stable nonlinear
systems lack a guarantee on stability of the reducedorder model, as well as an error bound. These points
are addressed for a class of nonlinear systems.

Since the nonlinearity Σnl is assumed to be of low order, model reduction is applied to the linear subsystem Σlin only, as shown in Fig. 1. Here, asymptotic
stability of Σ̂lin and an error bound εlin on reduction
of the linear subsystem can be guaranteed. Then, the
following results hold.
Theorem. The reduced-order nonlinear system Σ̂ =
(Σ̂lin , Σnl ) is input-to-state convergent if there exist functions ρ̂1 , ρ̂2 ∈ K∞ such that

Convergent nonlinear systems

Figure 1: System with local nonlinearity: original (left) and
reduced (right).

(id + ρ̂1 ) ◦ χvz ◦ γzw ◦ (id + ρ̂2 ) ◦ (εlin + χwx ◦ γxv )(s) ≤ s

holds for all s ≥ 0. If so, there exists a function ε ∈ K∞
bounding the steady-state error as
kȳu − ŷ¯u k∞ ≤ ε(kuk∞ ),

with k · k∞ the L∞ signal norm. Moreover, ε can be expressed in terms of properties of the high-order system.
It is remarked that the order of the reduced-order linear subsystem determines the error εlin .

Illustrative example
A nonlinear system Σ = (Σlin , Σnl ) as in Fig. 1 is considered. Here, the high-order linear subsystem Σlin
is assumed to be asymptotically stable, whereas the
nonlinear subsystem Σnl of relatively low order is assumed to be input-to-state convergent.

for all solutions x(t) to inputs ũ(t), with x̄u (t) the steadystate solution to input u(t) and δu(t) = ũ(t) − u(t).
In addition, it is assumed that there exist functions
ρ1 , ρ2 ∈ K∞ such that the small-gain condition
(id + ρ1 ) ◦ γxv ◦ χvz ◦ (id + ρ2 ) ◦ γzw ◦ χwx (s) ≤ s

holds for all s ≥ 0, guaranteeing that the nonlinear
system Σ is input-to-state convergent (i.e. stable).
Herein, γzw and χwx represent the ISC-gain and an
incremental bound on the output equation of Σnl , respectively. The functions γxv and χvz represent the
same bounds for the linear subsystem Σlin .

The model reduction procedure is applied to a beam
system with nonlinear viscoelastic support in Fig. 2.
Reduction from order 60 to 4 leads to the results in
Fig. 3. Here, the nonlinear error bound ε(kuk∞ ) as
well as a time simulation is depicted.
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0
0

ȳu
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Figure 2: Flexible beam with nonlinear support.

ε(kuk∞ )

Definition. A system ẋ = f (x, u) is input-to-state convergent (ISC) if there exists functions β ∈ KL and γ ∈ K∞
such that


|x(t) − x̄u (t)| ≤ β(|x(0) − x̄u (0)|, t) + γ sup |δu(τ )|

0

−0.05

500

1000

kuk∞

1500

2000

5
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t

Figure 3: Error bound (left) and time simulation
for u(t) = 103 sin(2π10t) (right).
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Bifurcations of equilibrium sets in
mechanical systems with friction
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Many mechanical systems experience sticking behaviour due to dry friction. For such systems, there
exist an equilibrium set, which consist of a compact
and connected set of equilibrium points. Both the existence of an equilibrium set and the phase portrait of
nearby trajectories are investigated. Sufficient conditions are derived that guarantee that no dramatic
changes occur of the equilibrium set or of nearby trajectories. At system parameters where these conditions are not satisfied, discontinuity-induced bifurcations are identified.

Model

∂g
Theorem 1 If ∂y
has no eigenvalue λ with real(λ) =
p
0 for any p ∈ E, then local bifurcations of the equilibrium set of (1) only occur near the endpoints E1 or E2 .

For planar systems, the dynamics near the endpoints
E1 and E2 are studied. In either the domain where
ẋ < 0 or the domain where ẋ > 0, the vector field has
an equilibrium point at Ek , k = 1, 2. Near this point,
the vector field in the other domain is pointing towards
the surface ẋ = 0.
Theorem
If

2 Consider a planar system (1).
0
1
, k = 1, 2, have distinct, nonzero eigen∂f
∂f
∂x

y1

x

M1

∂ ẋ

Ek

values, then the equilibrium set is structurally stable.

M2

Example
−Fs Sign(ẋ)

In [1], we consider mechanical systems with a single
frictional interface, modelled as
ẍ − f (x, ẋ, y) ∈ −Fs Sign(ẋ),
ẏ = g(x, ẋ, y),

Consider the system ẍ ∈ a21 x + a22 ẋ − Fs Sign(ẋ),
where Fs = 1 and a22 = −0.1, such that the eigenvalues of the Jacobian matrix become identical when
a21 = a∗ = −0.0025. At this point, a bifurcation occurs
as shown below.

(1)

where f, g ∈ C r , y ∈ Rn , Fs > 0, and the set-valued
sign function Sign(x) = x|x|−1 , x 6= 0 and Sign(0) =
T is proper,
[−1, 1] is used. It is assumed that (f gT )!


∂f (x,0,y)
∂f (x,0,y)
f (0, 0, 0)
∂x
∂y
= 0 and ∂g(x,0,y)
is invert∂g(x,0,y)
g(0, 0, 0)
∂x
∂y
ible. Under these conditions, the equilibrium set E
of (1), depicted red in the figure, is a one-dimensional
curve on the surface ẋ = 0 with endpoints E1 and E2
.

Structural stability

A change in the characteristics of the phase portrait
of a system under parameter variation is called a bifurcation. If such characteristics of system (1) do not
change under small perturbations of f and g, then the
system is called structurally stable.

At the bifurcation point, the stable manifolds (blue) of
trajectories converging to the endpoints collide, and
subsequently disappear. All trajectories converge to
the equilibrium set in finite time for parameters below
the bifurcation value.
[1] J. J. B. Biemond, N. van de Wouw, and H. Nijmeijer, “Bifurcations of equilibrium sets in mechanical systems with dry
friction,” to appear in Physica D, 2011.
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Introduction

Start with a finite element model of
the complex-shaped component.

In figure 1 a two degrees of freedom elastic manipulator is shown which can be used for positioning objects in a vacuum environment inside e.g. an electron
microscope. For design and optimization purposes
an efficient and accurate dynamical model is desired.
The realization of such a model requires in particular adequate modelling of the complex-shaped flexible components. For this purpose we employ a twonode non-linear superelement approach [1].

Ō
Create a two-node linear reduced model
from the finite element model using the
Craig-Bampton reduction procedure

Ō
Convert into a two-node non-linear
superelement with absolute nodal
coordinates

Sensor and
actuator
Sensor and
actuator

O

Figure 2 : Steps to create a two-node superelement.
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Figure 1 : 2-DOF Elastic Manipulator.

Ō
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Transforming absolute nodal velocities from Oxyz to Ōx̄ȳz̄

Figure 3 : Transforming absolute nodal velocities.

Two-Node Non-Linear Superelement
The steps in creating a two-node non-linear superelement from a standard linear finite element model are
shown in figure 2. The last step is realized by deriving
the superelement inertia forces in terms of absolute
nodal velocities and accelerations. For this purpose
we transform the absolute nodal velocities from the
global frame Oxyz to a local co-rotational frame Ōx̄ȳz̄ ,
see figure 3. The resulting local absolute nodal velocities are used to find an expression for the kinetic
energy from which the inertia forces are derived using
Lagrange’s equations.

Validation & Outlook
The method is validated using a spinning beam
benchmark [1]. Future work will consist of a software
implementation of the method to realize accurate and
efficient non-linear dynamical models of e.g. the 2DOF elastic manipulator shown in figure 1.
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Introduction

Results and discussion
Three different regimes can be distinguished:
I. Fluctuating due to increasing oxide layer.
II. Stable heating.
III. Growth of CNTs.
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Figure 1.Transfered CNTs in a PDMS layer (left) and schematic
overview of interconnects in flexible electronics (right).
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We propose to use carbon nanotubes (CNTs) embedded
in the polymer matrix as interconnects for flexible
electronics. CNTs have excellent electrical properties and
their flexibility also ensures mechanical stability of the
different functional layers under strain.

Figure 3. CS1: Radiation (left) and reflected laser light (right) with the
three regimes indicated.

Currently used metal interconnects have a thermal and
mechanical mismatch with polymers and are not suitable
for use in flexible devices.

Triggered closed-loop control
The feedback control on emitted thermal ratiation can be
triggered by the information available from the reflected
laser light: a measure for the onset of CNT growth [1].
Infrared
detector AsGa

Figure 4. CS1: Two SEM pictures of Experiments 1 and 2.

The Raman spectra and SEM analysis prove a reproducible
process but also show the CNTs are with defects and
covered with amorphous carbon.
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Figure 5. Raman spectra for CS1 (left) , CS2 (middle) and CS3 (right).
Also an un-controlled experiment #10 is added for comparison.

Open Loop
Pre-mixed gas
Ar, C2H4, H2
XY-Stage

Conclusions and outlook

Figure 2. The flow of operation is depicted by arrows. The process is
first operated in open loop at which the feedback control is triggered by
information from the reflected laser light.

Table 1. Different control schemes
Label
Trigger

CS 1

CS 2

Standard Radiation
increase
Experiment # 1 – 2
#3–6

CS 3

No
Control

No trigger;
Overall control
#7–9
# 10

• Triggered feedback control on radiation
• Reproducible process proven by Raman and SEM
• New control schemes
• Electrical characterization in future research.
[1] M. Haluska, Y. Bellouard, Y. van de Burgt, and A. Dietzel,
Nanotechnology 21, 7 (2010)

Density changes in fused silica after
femtosecond laser exposure
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Context

Modeling

Femtosecond laser are used for producing
integrated optics and microstructures in
fused silica.

In first a model, the laser affected zone (LAZ)
is considered as a thin layer of modified
material on top of a homogenous,
unmodified substrate (Stoney equation):
Es d s2
σ zz
=
σ zz =
and ε
2
Es
6 R (1 −ν ) d f
In a second model, an FEM simulation of
discrete LAZ is used.

Fig. 1 Illustrations of femtosecond laser machined
devices (left to right): 3D-waveguides, mechanical
sensor, fluidic channels.

Problem statement
Our goal is to investigate the modification
induced by the laser from the view point of
microstructural changes and in particular
density variation in the second regime (pulse
duration > 100fs and/or high energy).

Fig. 4 (Left) SEM simulation taking into account a
volume expansion for individual LAZ (right) analytical
and FEM results.

Void
Fig. 2 (left): Three different types of modifications
observed after laser exposure [1] [2].(right): ablation
regime.

Density variation measurements
Fused silica cantilevers are locally exposed
near the supported end. The density
variations in the laser exposed area induce a
macroscopic deflection of the cantilever tip.

Fig. 5 Calculated equivalent principal stress using a
discrete and continuous model. The equivalent
volume variation shows an expansion of up to 3%.

Discussion
Our exposure conditions correspond to the
second regime where nanogratings are
found. These nanogratings may contain
nanoscale pores [3]. Our observations
confirm this hypothesis, since the formation
of pores would induce a volume expansion.

Reference
Fig. 3

(left) Bimorph material (right) deflection.

[1]Taylor et al, Laser & Photon. 2, 26–46 (2008).
[2] E. N. Glezer and E. Mazur, Appl. Phys. Lett., 71,
882, (1997) / [3] M. Lancry et al., OSA / BGPP (2010).
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Tow level

Tow friction is an important mechanism in both
the production and processing of high performance
fibrous tows. The frictional behaviour of fibrous
tows is anisotropic. This combined experimental and
theoretical work gives insight in the variation of friction
with different interfaces and relative tow orientations.

Filament level
Tensioned
filament

Fw

dfilament

dθ

rcylinder

Perpendicular
tows, attached
to the cylinder

Capstan cylinder

F1
dfilament z 10 μm

F2

Contact mechanics - perpendicular filament contact
Tensioned
filament

dθ/2

dθ/2
dN

F+dF

Figure 1 : Aramid and carbon fibre tows for use in composites.
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The frictional behaviour of fibrous tows (containing up
to several thousands of filaments) is measured on a
capstan setup , schematically shown in figure 2.
µ = ln



F1
F2



1
π

(1)

a

Figure 2 : Schematic overview of the capstan experiment
(showing the specific case of perpendicular filament contact).

The friction force between sliding filaments Fw can
be described with the adhesion theory of friction [1],
which can be expressed as
Fw = Ar τ + P ,

(2)

with the real contact area between two contacting
surfaces Ar , the interface shear strength τ and the
term P , which represents the ploughing of asperities
on both surfaces. The real contact area is determined
from experiments on the capstan setup. A filament
load is calculated from the measured tow loads F1
and F2 in figure 2.

Results
The friction coefficients for the tow-metal and tow-tow
parallel configuration were comparable (around 0.3
[N/N]), whereas the friction coefficient for the tow-tow
perpendicular configuration was typically 0.15 [N/N].

Figure 3 : Interface configurations: a) tow-metal; b) tow-tow
parallel; c) tow-tow perpendicular.

Conclusions
The frictional behaviour of fibrous tows is strongly
anisotropic, the relative orientation of the tows plays
a dominant role in tow-tow friction.
A contact mechanics approach can possibly account
for tow-tow friction effects.

References
[1] Roselman I., Tabor D., J Phys D, 10 (1977) 1181-1194
[2] Barthel E., J Phys D, 41 (2008) 1-20

Mechanics of phase boundaries in
multiphase steels
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Objective

Result

The mechanical properties of steels with complex microstructures, used for example in lightweight cars,
are difficult to predict. Small differences in these
microstructures (e.g. composition and morphology)
may have a large influence on the macroscopic properties of the material (Figure 1).

To analyse this model we consider two extreme cases
with the relevant boundary conditions, a constrained
(Figure 3) and a free boundary (Figure 4).
s

Coarse

50

45

Initial density
Continuum
Discrete
Discrete nearest neighbour

Dislocation density ρ

40

Fine

35

30

25

20

15

10

5

0
0

Figure 1 : Morphology changes in the microstructure of
steels have a large effect on the overal response, which
is difficult to predict.
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Figure 3 : Single slip pile up of dislocations.

In order to engineer such materials to their desired
properties, predictive numerical models are required
including the behaviour of dislocations, i.e. defects in
the crystal lattice. The motion of these dislocations
is the carrier of plastic deformation and their interactions can influence the hardening of the material.
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Dislocations: discrete to continuum
Important considerations for the upscaling of the behavior of discrete dislocations to a continuum model
are the dislocation positions, evolution and interactions. These are translated into densities, fluxes and
gradients respectively. This results in a transport
equation for the dislocation density on a slip plane in
a crystal plasticity framework (Figure 2).
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Figure 4 : Single slip outflow of dislocations.

Discussion
Using the transport equation for positive dislocations
on a single slip plane and using the relevant boundary conditions we are able to simulate both the pile
up and outflow of dislocations with good agreement
between the discrete and the continuum simulations.
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rs + 2Gb r 2
B

(
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)
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Figure 2 : Transport equation with accompanying
boundary conditions for the flow of positive dislocations
on a single slip plane.

Future work
•
•
•
•

Both positive and negative dislocations.
Multiple slip systems.
Multiple dislocation interactions.
Full 3D realistic crystal plasticity.

Micro-indentation as a method for condition monitoring of PVC pipes.
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Residual lifetime

Sample

Physical aging leads to brittle failure in PVC pipes increasing the chance of (fatal) incidents. Instrumented
micro-indentation has shown to be a successfull tool
for measuring the time prior to brittle failure of PVC
specimens [1], see Figure 1.
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Figure 1. Influence of physical aging on hardness
leading to brittle failure measured by an instrumented
micro-indenter.
However, this type of micro-indenter, being a multisensory system, is impractical for implementation of
in-situ condition monitoring, see Figure 2.

Indent depth

Figure 3. Top: work flow diagram of the proposed
approach for local hardness determination. Bottem:
Flow diagram of Matlab programming to determine the
indent depth from confocal microscope data.

Influence of physical aging on indent
depth
Significant decrease of indent depth shows that detection of physical aging is possible using the proposed
approach, see Figure 4.
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Figure 2. Photograph of the PIRATE autonomous
inspection robot [2].
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Also, the scatter in hardness measured by the instrumented micro-indenter results in fairly low resolution
in predicted residual lifetime.

Figure 4. Indent depth for ‘young‘ and ‘aged‘ PVC
samples. Decrease of 11% found for both applied
masses.

Approach

Outlook

Vickers indentation and confocal microscopy could
provide a more robust framework for in-situ condition
monitoring, see Figure 3. Confocal microscopy and
Matlab analysis is required as the Vickers indenter
alone cannot accurately measure the indents of PVC.

Determine sensitivity of physical aging on indent depth
using the proposed approach.
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(Advanced-)High-Strength Steels, such as DualPhase (DP) steel, are increasingly used for critical
parts of automobiles. These steels allow the improvement of crash safety while limiting the vehicle’s
weight. Compared to conventional steels, the increase in strength is accompanied by a reduction in
ductility. Existing models and forming limit curves
therefore fail. Indeed, DP steel sometimes fails at
strain levels that are predicted to be safe according
to existing models.
This project aims to unravel the different damage
mechanisms that play a role in the failure of DP steel,
by modeling damage in full geometrical detail at the
microscale level (i.e. the level of individual grains).
These models can then be used to design damageresistant microstructures. Also, these models can be
used to construct simple macroscopic damage evolution laws that can be used is the design of automobiles and other applications.

Figure 1. SEM image of the microstructure of commercial DP steel subjected to uniaxial tension1 .

causes an incompatibility in the deformation of the
two phases. For example in Fig. 1 (where the ferrite
is darker than the martensite) it is observed that while
the ferrite deforms plastically, the martensite exhibits
only minimal deformation.
Many authors suggest that damage is related to
this incompatibility. A number of damage mechanisms are distinguished: fracture of martensite,
martensite–ferrite decohesion, and damage in ferrite.
This is visualized in Fig. 2, in which again the ferrite
is darker than martensite. However it remains unclear
which mechanisms are most critical in the final stages
before failure, and how different damage mechanisms
influence each other.

Future work
A Representative Volume Element (RVE) of a simplified microstructure of DP steel is modeled, illustrated
in Figure 3. In this RVE, martensite islands (denoted
by “M” is the figure) are modeled elastically in a ferrite
matrix which is modeled elasto-plastically. Damage is
modeled in full geometrical detail, i.e. the nucleation
of voids is modeled using Cohesive Zones and their
growth is traced explicitly by cohesive zones. In this
model the each damage mechanism can be switched
on and off to investigate the importance and interaction with other damage mechanisms.
Since this project focuses on the final stages before failure, deformation of the RVE is significant.
Therefore, remeshing techniques are implemented.
Furthermore, special attention is paid to the RVE’s
boundary conditions as they can have a significant
influence on damage propagation.
M

M

M

Figure 2. SEM image of damage incidents for a biaxially loaded commercial DP steel2 .

Experimental observations
The microstructure of DP steel comprises of grains
of two different phases: ferrite and martensite. Compared to ferrite, martensite is hard and brittle. This

Figure 3. RVE contain a simplified microstructure of DP
steel.
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Pattern transformation in a granular crystal
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Results

Materials with periodic microstructures find important
applications in acoustic noise and vibration reduction
due to their filtering properties. The possibility to tune
the microstructure with external stimuli can further
increase their range of application. Here we study
a uniform quasi-reversible pattern transformation by
uniaxial compression in a regular 2D array of cylindrical particles i.e. a granular crystal.

Snapshots of the experiment, FEM and DEM simulations are shown in Fig. 3. DEM simulations are able to
capture the pattern transformation while being computationally much cheaper than FEM. It is found that
the reversibility of the transformation is mainly controlled by the size ratio of the particles.

Experiment

Introduction

FEM

Experiments

t = 12.24

Experiments were performed at the University of
Manchester. Small PTFE (E = 1GPa ) and large silicon (E = 360kPa) particles are placed on a square
lattice in a laterally constrained casing. Particles are
coated with vaseline to reduce friction. The crystal is
compressed uniaxially from the top up to 25 % deformation.

Contact force model
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Figure 1 : The crystal is assembled from silicon (purple, R=5.1 mm) and PTFE (white, R=2.7 mm) cylindrical particles.
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Figure 3 : Comparison of the experiment, FEM and
DEM simulations.

Future work
The effect of pattern transformation on wave propagation is being analyzed by means of dispersion relation
calculations. Preliminary results show that the crystal
has band gaps which change with deformation.
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Figure 2 : Data from FEM contact simulations are used
to fit the contact force model used in DEM.

The Discrete Element Method (DEM) is used to simulate the pattern transformation. The interactions between particles are determined by the contact force
model f (δ) = k1 δ + k2 δ α as function of the overlap δ
and the model parameters k1 , k2 and α which are obtained from FEM contact simulations.
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Tape placement process

compaction
roller

tooling

tap

e

The laser assisted tape placement (LATP) process
is a manufacturing technique for fibre reinforced
thermoplastics. Parts are manufactured by incrementally welding fibre reinforced thermoplastic tapes in
the desired orientation. Generally, the LATP process
is followed by a post-consolidation step in an energyconsuming autoclave. Additional research is required
to investigate if this step could be omitted.
er

las

laminate

LIGHT REFLECTION

heat flux

temperature

HEAT TRANSFER
simple one-dimensional pseudospectral solver
tape

laminate

temperature
thermal history

The complex interrelation between process settings
and material properties calls for a research approach
which combines modelling and experimental work.
A process design tool [1] was developed to predict
the weld strength. The tool comprises three coupled
submodels: i. light reflection, ii. heat transfer and
iii. bond strength development. A special purpose
mandrel peel setup [2] was developed to quantify
the bond strength between tape and laminate and
thereby validate the process tool.

ADVANCED MATERIALS ENGINEERING

calculate light intensity using ray tracing procedure

Figure 1 Schematic illustration of the laser assisted
tape placement process.

Research approach

Production Technology

degree of contact

BOND STRENGTH DEVELOPMENT
intimate contact develops
adherents meet
polymer chains
diffuse

bond strength

EXPERIMENTAL VALIDATION
quantify peel strength of tape placed specimens

Results
Mandrel peel experiments on welded carbon-PPS
tapes showed an improvement in bond strength with
increasing placement velocity. The process design
tool demonstrated that the decrease in weld time is
fully compensated by a higher interface temperature
under the compaction roller.
SPONSORS
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Process Induced Defects Thermo-forming of
thermoplastic composites involves unnecessary
amounts of waste material.
Wrinkling, springback/forward and tearing mechanisms are typical
defects that result in poor product quality.
Design Tools Minimising waste material, but
also lead-time reductions can be achieved with
the aid of proper design tools.
The Finite
Element Method is utilised to simulate the forming
process. Its performance is not only determined
by the implementation, but also by the invoked
constitutive models. Development of these material
models coincides with the development of material
characterisation methods.
Material Characterisation To describe the forming
behaviour of Uni-Directional (UD) fibre reinforced
thermoplastics at high temperatures, three important
deformation mechanisms need to be considered. Inplane shear is characterised by means of a standard
rheometer and torsion beam specimens. Friction
between the plies is characterised with an in-house
developed friction tester. Out-of-plane bending can
be characterised with free-deflection experiments, or
by means of a Dynamic Mechanical Analysis device.

wrinkles

Figure 1 : Wing stiffener, showing typical defects of
press-formed Uni-Directional (UD) composite parts.

Production Guidelines Forming predictions and
their inherent sensitivity studies and optimisation
problems can readily be performed by employing
the developed numerical and constitutive models.
Together with the observations from validation
experiments,
production guidelines for UD
thermoplastic composites will be developed.
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Material characterisation
Uni-Directional (UD)
pre-preg material

In-plane shear characterisation [1]
Develop production guidelines
for UD thermoplastic composites
Finite Element Modelling

Out-of-plane bending
characterisation [3]

Inter-ply friction characterisation [2]
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Introduction

Model Development

Occasionally bottom founded offshore structures experience sustained vibration due to drifting ice sheets
(Figure 1) crushing against them. These vibrations,
known as Ice Induced Vibrations (IIV), may lead to
fatigue problems, safety issues and uncomfortable
working conditions. Two mechanisms are believed to
lead to IIV. These are

Two qualitative phenomenological models for icestructure interaction have been developed to date.
Using these models insight is gained in the complex phenomena of frequency lock-in and new results
are obtained. Important is prediction of the lock-in
at higher structural modes, also observed in reality.
Figure 3 shows a prediction of lock-in at two modes,
where the lock-in regime is characterized by a constant response frequency and increasing amplitude
of vibration for increasing ice velocity.

• the synchronisation of the frequency of ice failure and that of the structure;
• amplification due to a descending dependence
of the compressive ice strength on the loading
rate.

Figure 3 : Model prediction of lock-in at two modes
Figure 1 : Lunskoye-A platform in ice, Sakhalin

Objective
The goal of this research is to develop a fracture mechanics based model for the dynamic ice-structure interaction under level ice loading. The model should
be capable of describing the different structural responses observed during this interaction (Figure 2),
and furthermore, the onset and severity of IIV.

Figure 2 : Observed structural responses for increasing
ice drift velocity

Future work
Based on the insights obtained from developed models and the results from recently conducted experiments (Figure 4), a fracture mechanics based model
for ice-structure interaction is being developed. Results from this model will be compared with measurements from full-scale and model tests.

Figure 4 : Experimental test setup at HSVA, Hamburg

The influence of austenitic texture on the martensitic
transformation of an austenitic stainless steel
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Introduction
Plastic deformation of certain types of metastable austenitic stainless steels leads to the formation of martensite that strongly affects
the stress - strain response. The ‘stress induced transformation’
theory states that transformation of austenite is influenced by the
applied stress state and the orientation distribution of the austenite
grains (texture) with respect to the stress state.
Uniaxial tensile test on a highly textured, fully austenitic stainless
steel were performed in the rolling (RD) and transverse (TD) direction, figure 1a. From the measured martensite content during
straining, shown in figures 1b and 1c, it is clear that transformation
in the RD case starts at lower stresses and lower strains which
explains the different material behavior between the RD and TD
experiment, as shown in figure 1a. It is assumed that the strong
austenitic texture is the main cause of this difference in transformation behavior.

c

This behavior shows similarities with the measured transformation
vs. stress behavior from figure 1c.
Austenitic textures were measured after deformation in the RD
and TD case, figures 2f and 2g. Orientations with a high driving
force should dissapear faster from the texture than the orientations with a low driving force. Comparing the graphs in figure 2,
this is indeed the case, however results are deluded due to a high
amount of crystal rotations due to crystallographic slip in the TD
case, which was not considered.

RD

TD

a) Measured, undeformed
austenitic texture

b) Value of the Driving force
per MPa applied stress in RD
for orientations in ODF section

d) The distribution of grains
over the driving force

c)Value of the Driving force
per MPa applied stress in TD
for orientations in ODF section

e) The amount of grains viable
for transformation vs the stress

g) Measured austenitic texture
after deformation in the TD
direction. ~70% martensite.

Figure 1: Measured stress-strain (a), martensite fraction-strain (b) and the
martensite fraction-stress curves (c) in case of uniaxial tensile test in the
rolling (RD) and transverse (TD) direction.

Theory
The ‘stress induced transformation’ theory is used to predict the
influence of the austenitic texture on the transformation behavior.
Transformation starts when the work done by the stress during
transformation, also called the the driving force, reaches a critical value representing the critical energy barrier. The driving force
is calculated by


1 i
s ⊗ ni + ni ⊗ si ,
(1)
2
where the tensor σcl represents the applied stress with respect to
the local coordinate system of the austenite crystal lattice, s the
shear direction and n the habit plane normal of the i-th martensite variant. This results in a dependence of the driving force on
the orientation of the stress state with respect to the crystal lattice.
This effect can be shown in a φ2 = 45◦ ODF section with for each
orientation the calculated driving force in case of an uniaxial stress
in the RD (figure 2b) or TD (figure 2c) case.
DF i = σcl :

h

i

XRD Measurements
XRD texture measurements showed a strong austenitic texture in
the undeformed samples, figure 2a. Comparing figures 2b and 2c
with the measured texture, it is clear that the distribution of grains
over the driving force is different in the RD and TD case, as calculated and shown in figure 2d. It is clear that, in the RD case, more
grains have a high driving force compared with the TD case. Based
on this distribution, the amount of grains viable for transformation
versus applied stress can be calculated and is shown in figure 2e.

f) Measured austenitic texture
after deformation in the RD
direction. ~70% martensite.

Figure 2: The measured, undeformed austenitic texture (a) and the austenitic
textures after deformation in the RD (f) and TD (g). The deformed textures
are explained by the driving force distribution over different orientations in
case of RD (b) and TD (c). Using the measured texture and the driving force
distributions over all orientations, a distribution of grains over the driving force
can be calculated (d). From this, the amount of grains viable for transformation vs applied stress can be calculated (e).

Conclusion
The ‘stress induced transformation’ theory can be used to explain
the difference in transformation behavior when straining a highly
textured austenitic stainless steel in the RD and TD. Based on the
measured texture and this theory, the trend of the transformation
behavior can be predicted.
The measured (1c) and calculated (2e) transformation behavior still show differences, mainly due to factors not taken into account such as crystal rotations, stepwise transformation of austenite grains and local, internal deviations of the global stress state
due to transformation strain and the stress distribution between
phases.
Chemical composition
Element
wt %

Fe
∼ 71

C+N
≤ 0.05

Cr
12.0

Ni
9.0

Mo
4.0

Ti
0.9

Al
0.40

Si
≤ 0.40
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Introduction
Simulations of sheet metal products are everyday
practice in the automotive industry. Making an
accurate prediction of friction conditions is one of
the key issues in describing forming processes
by numerical simulations.
An advanced friction
framework has been developed in this research
applicable for modeling large scale automotive parts.
Models incorporated in this framework account for
asperity flattening and the influence of ploughing and
adhesion on the frictional behavior, see Figure 1.

Figure 2: Flowchart advanced friction modeling

Results and Future work
The friction framework has been implemented in
a finite element code.
Simulations have been
performed on a deep-drawing product showing a
distribution of friction values.
The development
of the friction coefficient is shown in figure 3.
Expermimental research will be carried out to validate
these results. A numerical study will be perfomed in
order to account for hydrodynamic effects in finite
element simulations.
Figure 1: Friction mechanisms

Advanced friction model
An advanced friction framework has been developed
including the most important friction mechanisms.
Friction models including microscopic dependencies
are generally regarded as too cumbersome to be
used in large scale simulations. Therefore, a fast and
efficient translation from micro to macro modeling is
incorporated based on stochastic methods. Recently,
a Reynolds based hydrodynamic friction model
has been coupled to the friction framework to
describe hydrodynamic effects. A flowchart of the
friction framework, including a description of recent
developments, is presented in Figure 2.
Figure 3: Development coefficient of friction
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Why

III Objective interpretation

Today the design of dynamic systems is supported by
the concepts of modal analysis. Eigenmode sensitivities are used in search for optimal designs. However, the interpretation of these sensitivities is hindered by their dependence on the chosen normalization.

Í The eigenmode is only a direction and its derivative is the change of this direction. However, the
result of Step Ì includes the change of its amplitude as well. The change in amplitude is removed
using modal expansion:

e sensitivityEigenmode
Objective sensitivity
eigenmode

dependent
normalization
inde
eon dependentnormalization
X
¯i
∂Φi
∂Φ
= ζii Φi +
ζij Φj = ζii Φi +
∂s
∂s

I General method

2

Φ̃1

Sensitivity ·104

Te = 0

Φ1

L

Temperature

L
2

1

¯2
∂Φ
∂k2

0

0

Φ1 [k1 = k2 = k]

−1 Φ̃1 [k1 = k; k2 = k + ∆k]
0
L
x-direction

¯i
∂Φ
∂s

4

which is normalization independent Φi 4

Eigenmode sensitivity

Objective eigenmode sensitivity

normalization dependent

normalization independent

2

Φ̃1

Sensitivity ·103

Sensitivity ·103

Te = 0
x=0

ï Objective eigenmode sensitivity

1st eigenmode

1D thermal system

k2

8

∂Φ2
∂k2

Example: 1D heat conduction

k1

j6=i

8
∂Φ2
∂k2

Sensitivity ·104

Eigenmode sensitivities with respect to the design
variable s are deduced from the derivative of the
eigenproblem (B − λi A) Φi = 0, with eigenvalues λi
and eigenmodes Φi .
ï Singular set of equations 8
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II General solution[1,2]

Ê Normalization of the eigenmodes by a normalization condition: G [Φi [s] , s] = 0 .

+ ∆k]

−2

−8

Ë The derivative of the normalization condition acts
as an additional equation, a constraint.
Ì Solve the set of equations.
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Introduction
Hydrogen embrittlement failures are frequently unexpected and sometimes catastrophic and as a result it
has been the subject of numerous studies. Although the
phenomenon is well-known, the precise mechanism has
eluded many researchers. A number of mechanisms have
been proposed, and many believe that the susceptibility to
hydrogen embrittlement is related to the trap population.

Figure 2 : Stress field arising from a uniform distribution
of dislocations.

And therefore a local study is more likely to highlight the
role of dislocations in attracting hydrogen atoms.

Results
Figure 1 : Surface appearance of type 304L stainless
steel specimens tested (a) in air (b) in H2 [1].

Defining the Problem
In order to find out the role of hydrogen trapping in crack
growth, we first have to calculate hydrogen’s concentration in our material. Using the Boltzmann approximation
one may find the local hydrogen’s steady state concentration within a stress field [2]:

In order to satisfy our aim, we have performed a discrete
dislocation analysis, while keeping in mind that we have
to modify the cohesive model as the dislocations move.
Lastly we have compared the outputs from our calculations
with three other cases (see Figure below).
Notice the significant effect of hydrogen concentration
on the initiation fracture toughness while performing a
discrete dislocation analysis.
2
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Secondly we must modify the cohesive model, keeping in
mind that the cohesive strength depends sensitively on
hydrogen’s coverage, θ [3].

0.8
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Figure 3 : Purely continuum calculations: BLACK) assuming the driving force for hydrogen’s difussion is
related to stress gradients, RED) using a constant
hydrogen concentration; Discrete dislocation analysis:
GREEN) assuming the driving force for hydrogen’s difussion is related to stress gradients, BLUE) using a constant hydrogen concentration.

σm (θ)
= 1 − 1.0467θ + 0.1687θ2
σm (0)

Strategy
Discrete Dislocation Approach: As the stresses
close to the dislocation core increase abruptly, we face
an extreme rise in the local concentration of hydrogen
in this region and this will be the very reason of the alternation in the mechanical properties.

1.4
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Introduction
Low back pain is a common cause of job-related disability in today’s society. It stems varies from muscle sprain
due to physical loading of the back, to more severe causes
such as internal disc fracture and disc degeneration. This
research focuses on the cracks in intervertebral discs that
leads to a severe lower back pain.

Γd

Traction, td

tc

Traction free

Gc
Opening, ud
Figure 2 : Cohesive zone approach to model the opening
of the crack.

Figure 1 : Fractures in intervertebral discs can cause a
severe low back pain.

Macro-scale Finite element equations are derived under
total Lagrangian formulation to couple the local momentum
and mass balance from the micro-scale model.

Simulation Setup
u · y = v.t

The disc is model as a saturated porous media consists of a two-phase mixture composed by the deforming
solid skeleton and the interstitial fluid. Numerical models
have been developed for the fracture simulation in deforming fluid-saturated porous media [1,2]. The evolution of
crack growth is simulated by employing the partition-ofunity property of finite element shape functions, which allows for the simulation of crack growth independently of
the finite element mesh [3,4].

1 mm
0.5 mm
0.5 mm
10 mm
u · y = -v.t

Figure 2 : Peel test simulation setup.

Objective
We develop a general numerical model to study the effect
of the interstitial fluid in the pregressively cracking porous
media in the regime of large deformation. The assumptions hold for small opening of the crack with a hyperelastic
material response.

Strategy
Micro-scale To avoid complex fluid behavior, a simple appropriate model for fluid flow in a fracture is incorporated
in lubrication theory [5], where flow is assumed laminar
and incompressible, and the time dependant rate of crack
opening assumption holds. Furthermore, cohesize zone
model [6] is used to simulate the opening of the crack interface where the traction for solid interface is decaying as
crack opens.

interface

Simulation Results
At the beginning of the loading the fluid flow homogeneously in the same normal direction to the crack surfaces.
As the crack opens the direction of the flow is changing especially at the pre-notch of the crack. The cavity
atracks fluid to flow into the crack due to negative pressures around the crack.
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Linear alternator

Introduction
Acoustic waves can be used to transport energy. The
interaction between thermodynamics and acoustics is
called thermoacoustics. Thermoacoustic phenomena
can be used to perform a thermodynamic cycle. This
way, heat can be converted to work, as done in an
engine, or work can be used to pump heat, as done
in a refrigerator. This study is about thermoacoustic
power generation, which means making acoustic
power from heat, and generating electricity from
acoustic power.

Working
In a regenerator (figure 1), a temperature gradient
is imposed on a compressible fluid. If the pressure
and velocity of a plane wave are nearly in phase at
the cold side of the regenerator inlet, the acoustic
medium performs the Stirling cycle in the regenerator.
As a result, the acoustic wave is amplified.
Porous medium traveling wave regenerator
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TH
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Reflected wave

|{z}

|{z}
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Z
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Figure 2 : Schematic picture of a linear alternator

Research outlook
The research will focus on models to estimate the
performance of thermoacoustic stirling engines for
small scale power generation of 1 kWe ). Specifically,
we will look at sources of power loss in a
thermoacoustic engine, such as:
• Viscothermal losses in all parts of the engine
• Turbulent dissipation (vortex shedding)
• Acoustic mass streaming (Rayleigh, Gedeon)
• Heat conduction losses
• Frictional and electrical losses in the linear
alternator
Design tools will be developed for the different
design stadia, from simple lumped acoustic network
diagrams (figure 3), to viscothermal acoustic finite
element models to accurately predict the engine
performance.

Figure 1 : Schematic picture of a regenerator

C

The power amplification scales approximately linearly
with the temperature ratio over the regenerator:
Pout
TH
'
Pin
TC

Magnet

Piston

Lf b
Rregenerator

Xlin.alt.

(1)

The energy of the amplified wave is harvested in a
linear alternator (figure 2), which converts acoustic
energy to electric energy.

Advantages
Theoretically, high efficiencies are achievable, due to
the inherent reversibility of the Stirling cycle. The
number of moving parts is limited to one (the linear
alternator). Therefore the cost of this engine type is
low compared to other common power technologies
(i.e. the internal combustion engine, or the free piston
stirling engine).

Feedback

Rlin.alt.

Uregenerator

Net. work

Figure 3 : Lumped acoustic network model of the
traveling wave acoustic engine.
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Power Harvesting
The world around us vibrates; a variety of natural
and human sources give a literal meaning to
panta rhei. These vibrations can be unintended,
discomforting and inevitable. Moreover, they are
generally redundant.
Power harvesting is the
conversion of mechanical motion to electrical energy
and hence contributes to a sensible use of these
type of redundant vibrations and therefore to a more
sustainable world.
The key of power harvesting is found in the ability
of certain (mostly ceramic) materials to convert a
periodically applied strain into a voltage. Typical
characteristics are:
• Limited amount of energy
• Low maintenance (no rotating parts)
• Long endurance
Power harvesting is therefore most suitable for
applications at locations with limited access.

to send the data wireless to a base station, typically
located at a more accessible place.

Figure 2 : UT and Tauw in the newspapers (a)
Technisch weekblad, (b) Trouw and (c) UT nieuws.

“Mooi Nederland”
The Dutch government stimulates sustainable
solutions for civil applications by the subsidy “Mooi
Nederland”. The project proposal of the engineering
office Tauw and Applied Mechanics was granted. A
bridge transition including a power harvester will be
built in a normal road (N34). The aim is to investigate
the effectiveness and robustness of a number of
piezo based power harvesting concepts in a real
(out of laboratory) environment. The results are
intended to be used for the further development of
sustainable civil application employing piezo based
power harvesting units.

Figure 1 : General concept of power harvesting on a
bridge, where the periodic excitation of traffic acts as
the source of vibration.

Application to a Road
A main civil source of vibrations is traffic. Evidently,
the goal is not to induce additional vibrations, but to
use the inevitable vibration, for example originating
from traffic passing a bridge transition. Another
example is the vibration of a rail induced by a
passing train. The vibrations in the structure can be
transferred to a small system with a harvester unit
mounted on it. The energy generated can be used to
measure specific variables, such as temperature and

Figure 3 : Power harvester in a road. Initial situation in
red, the main frame is pushed down when the car tire
passes (green) and jumps back to the original position
(blue) when the tire has passed resulting in a vibration
of the beam with piezo.
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Introduction
Dense granular materials show peculiar mechanical
phenomena quite different from classical fluids or
solids, like dilatancy, yield stress, anisotropy and history dependence. The Discrete Element Method is
a tool able to simulate these properties [1]. The
goal of this project is to develop a local constitutive
model based on observations from these DEM simulations. For a bi-axial geometry, a non-linear constitutive evolution equation, for both shear stress and
anisotropy, during deviatoric (shear) deformation, is
used to model the history dependence of the model.

DEM simulations





Where sdmax = στh
is the maximum allowable demax
viatoric stress ratio in the material. The evolution of
the anisotropy is described by:
dA
= βA Φ (Amax − sign (δγ) A)
dγ

(3)

With Amax the maximum allowable anisotropy in the
material and βA a parameter that determines how fast
the anisotropy changes and thus how fast saturation
is approached. The importance of the parameter Φ is
still an ongoing investigation, several arguments exist
for setting it equal to S as wel as for leaving it to 1.
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Figure 3 : Fit of the model to the DEM simulations

Figure 2 : After deformation

Conclusion

Model
The model used to predict the material behaviour:
"
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With δσ h the incremental volumetric stress, δτ the incremental deviatoric stress, δǫv the incremental volumetric strain, δγ the incremental deviatoric strain, B
the bulk modulus, G the shear modulus and A the
anisotropy. The variable S accounts for the stress saturation:
τ sign (δγ)
(2)
S = 1− h
σ
sdmax

For the pure shear experiment the model is able to
predict the stresses reasonably well. However recent
works shows dependence of some of the parameters
on density and pressure. Future work includes testing
the model for different deformation modes, extending
it to the general three dimensional case and implementing it in a FEM method. The overall goal of the
project is to develop a predictive model that takes the
evolution of the material structure into account.
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Introduction
When in contact with the surface of one of
the relatively simple products we use in daily
life, the contact and friction behaviour is
determined by the mechanical response of
the non-homogeneous, anistropic, viscoelastic, multilayered human skin.

closed-form solution was drawn up to describe the effective elastic modulus as a
function of the elastic properties of the different skin layers. This ‘apparent’ elasticity
varies orders of magnitude when the length
scale of the contact increases from the level
of surface texture of the level of product.

Exploratory Measurements

Fig.1 The human skin and a laser-textured
surface (Lightmotif).

Objectives
By the laser-texturing of surfaces the friction
behaviour against the skin can be altered.
Based on a predictive model guidelines for
the design of such surfaces are developed,
saving costs and time as compared to the
‘trial-and-error’ methods currently in use in
industry.

Effective Elastic Modulus

Fig.2 The effective elastic modulus as
a function of contact length scale.
To model the contact with the skin an effective elastic modulus was introduced. A

Fig.3 The coefficient of friction of a PP ball
sliding against laser-textured steel.
To validate the model the friction between
different laser-textured surfaces and a mechanical skin equivalent (polypropylene PP)
was measured. The laser-textured surfaces
are characterized by the spacing λ and tip
radius R of the surface features. The results
show that
 The CoF depends, besides on λ/R, on
the tip radius R → the contact model will
be based on JKR and not Hertz theory.
 After a decrease, an increase of the
CoF with λ/R is observed → this is
predicted by the adhesion and deformation model of friction.
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Introduction

Validation of the new method

Sound transmission loss (TL) is the most important
factor that describes the level of acoustic isolation
between spaces.
Its current experimental
determination is based on the assumption that the
source sound field is perfectly diffuse. However, this
assumption does not hold for specimens with low TL.
The novel method presented here provides a way to
determine the TL without assuming a diffuse field.

Validation was performed by comparing the results
of an acoustic FE-calculation with experiments in a
sound transmission box; fig. 2. The two cavities,
one driven by a point source, are separated by a
steel sheet with a 4 mm slot along its length. By
means of sound intensity measurements on both
sides of the sheet, the TL was determined as a
function of frequency. Figure 3a shows the resulting
experimental curve and the curve obtained by FEManalysis.

Classical vs. new method
As with the classical method, during measurement, a
specimen is mounted in a test window separating a
reverberant and a semi-anechoic room. See fig. 1.

a TL vs. frequency

b Sound pressure field
at 1392 Hz

Figure 3 : Validation results
Figure 1 : Set-up to determine transmission loss.

The TL is defined as the ratio of the transmitted
sound power and the incident sound power. In the
classical method, the diffusivity assumption allows
for the calculation of incident sound power based
on sound pressure level measurements.
Using
the new method, the incident sound power can be
directly determined, by applying a local plane wave
assumption, see [1]. Accordingly, the diffusivity
assumption can be dropped.

The agreement between the two curves is good. The
peaks are related to resonances, as explicitly shown
for a frequency of 1392 Hz in fig. 3b. In the FEManalysis, these peaks are more pronounced due to
the absence of sound absorption in the model.

Conclusions and future work
The main advantage of the new method is that the
real incident sound power is determined, making
it a promising method for in situ measurements.
However, a possible drawback is the limited accuracy
of sound intensity measurements in reactive sound
fields. Future work will include accuracy analysis and
developing practical applications.
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Introduction
When problems are increasing in size the
computational effort to control and identify the
systems explodes.
Instead of considering the
problem as one dividing it in multiple, smaller,
problems avoids increasing the computational load.
Such distributed controllers preferably are based on
local models that are updated automatically. In active
noise control (ANC) systems the traveling path of the
noise disturbance to the receiver and the secondary
travelling path from the actuator to the receiver need
to be identified. This poster gives some insights into
a first exploration of the identification of those paths.

The simulated system
A noise source is located at one end of a tube (Figure
1), a sensor on the other end and an actuator in
between. The generated signal from the source is
used as the reference signal for the feed-forward
controller which controls the actuator.

r(k)

Figure 2 : Identification of the primary and secondary
path with periodic noise.

As can be seen in the figure the adaptive filters
identify the changes quickly.

Conclusions and further work
Online identification of the secondary (and primary)
path are necessary when the paths can change. In
an ANC setup it might be that the position of the
actuators or sensors changes, the acoustic properties
of the medium change (temperature, humidity) or the
same system is placed into a new environment.

e(k)
Controller

Figure 1 : The 1 dimensional active noise control setup.
On the left a noise source and reference signal, in the
middle the actuator and on the right the microphone.

Identification
The algorithm used for the identification is based on
the work of Kamata [1]. Kamata uses 3 different
FIR filters which are updated according to the error
signal. The error signal is split into two error signals.
If they both converge to zero, the original error
signal will also converge to zero. In Figure 2 the
reference signal, disturbance signal and error signal
are displayed for a test case with changing secondary
path dynamics. The reference signal is fed trough an
unknown primary path filter resulting in a disturbance
signal (d). The error signal is a combination of the
disturbance signal and a generated control signal,
which is passed through a secondary, unknown, path.
After 3000 en 6000 samples the secondary path is
changed, resulting in a temporally increase in the
error signal.

Figure 3 : Multiple control sets inside the same
environment. Dashed lines are the controller-controller
interaction.

Work in progress is about the distributed setup
of this problem.
When multiple actuators and
error sensors are placed in the same environment
(Figure 3) the actuators and sensors influence each
other. If the adaptive model can compensate for
the extra influences in the environment or if extra
communication between the controllers is needed, is
being considered.
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Often protective structures are made of concrete
and may be subjected to impact and shock
loadings ( see Figure 1). Concrete is an extremely
complex heterogeneous material and it’s material
behaviour should be studied to design the
structures efficiently and predict the risks against
high velocity impact. However, current knowledge
.
of the various physical processes
which take place
at multiple scales leading to ultimate failure is
insufficient and hence there is a need to develop
efficient and simple material models to accurately
describe the relevant failure phenomena.

Results
Damage development by wave reflection is
depicted in Figure 2. The softening behavior as a
function of time for implicit and explicit time
integration schemes is shown in Figure 3.

Figure 2. Damaged beam
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Figure 3. Stress- time response

Objective
Concrete is a highly rate dependent material when
subjected to high rate loading. There is a
significant increase in dynamic strength when
compared to static strength. This behaviour is
rather important under impact loading. Therefore,
the objective of this research is to develop a
physically realistic and simple multi-physics model
for concrete to account for the strength increase
under dynamic loading conditions.

The increase in strength of concrete when
subjected to different rates of loading, taking the
viscous contribution of damage threshold into
consideration, is shown in Figure 4.
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Figure 1. Concrete structure subjected to a bullet
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Methods
Failure of concrete is characterised by softening
behaviour, i.e. the material loses it’s load carrying
capacity progressively after reaching peak load
until final failure occurs. Nonlocal damage models
are selected to describe softening phenomena,
and implicit and explicit time integration schemes
are used to simulate damage development due to
wave propagation. Visco damage models are used
to include the rate effects.
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Figure 4. Response for different loading rates

Future Research
Development of a nonlocal anisotropic visco
damage model under tensile and compressive
loading. Study of mechanical behaviour at
multiple scales.
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Introduction
New grades of Advanced High-Strength Steels
(AHSS) have been replacing conventional steels in
vehicles body structures in the past few years. This
change was intended to fulfill new environmental
regulations, reduce the estimated total weight, and
increase the fuel efficiency of vehicles.
The Nakazima test is a standardized technique used
to characterize the material behavior of sheet metal
in the form of a Forming Limit Curve (FLC). However,
this experimental technique seems to be not accurate
enough, and underestimate the formability limits for
AHSS materials in cases where stretching, and
bending are combined.
In this study several
Finite Element simulations have been developed to
investigate further this effect, see Figure 1.

Figure 2 : FEM results for Nakazima simulations.

Results
In Figure 3, the forming limit curves for the material
DP600 are presented. For the case of the solid
and shell elements for the strain path in between
uniaxial tension and plane strain, the results are
overestimated, and lying outside the confidence
bounds proposed by the FLC function. However,
the inclusion of the rubber pad seems to correct this
behavior leading to an overall good agreement with
the experimental data.

0.5

0.4

Valorization
The knowledge gained in this research will assist
TATA Steel customers in the selection of the best
material for the development of new vehicle parts.
Moreover, it will integrate the full potential of the new
steel grades in the actual forming processes.

Methodology
For the FEM simulations, the commercial software
Abaqus/Standard was used, see Figure 2. The
material workpiece was a sheet of HCT600X with
1.4 mm in thickness. In theses simulations no
fracture criterion was employed, and instability
was considered through a similar criterion to the
Marciniak-Kuczynski model.
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Figure 1 : FEM model of Nakazima test.
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Figure 3 : FLC for HCT600X.

Conclusion & Further work
Good overall agreement with experimental data, but
more work needs to be done for smaller punch radii.
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Introduction

Crack growth: configurational force

Modeling of delamination, i.e. cracking between the
layers of a laminate, normally requires a fine discretization. Most commonly, interface elements are
used in combination with a damage law, in which case
the elements have to be several times smaller than
the band in which damage is growing, the cohesive
zone. This limits the dimensions of tests that can be
simulated with acceptable computational effort.

For crack growth, this jump in strain is used as a
configurational force. The energy release upon crack
growth is expressed in terms of the jump in Eshelby tensor. After solution of the elasticity problem,
a second set of equations is solved in which the discretized velocity of the crack front is related to the
stress and strain fields. The thus obtained velocity is used with standard level set tools to update
the location of the crack front in an explicit fashion.

Crack description: level sets & XFEM
We propose a new approach to the modeling of delamination in which the length scale of the cohesive
zone is removed altogether. The crack front is described implicitly with the level set method. As such,
the front can be located arbitrarily in the elements.
Ahead of the crack front, the laminate is modeled with
a single layer of elements; behind the front it is modeled with two layers of elements. The two cracked
parts are both connected to the uncracked part with a
weak discontinuity, represented with XFEM. Because
the assumptions of shell theory are applied, the linear
elastic solution does not contain a stress singularity.
In contrast, for given boundary conditions there exists
a unique solution in which three non-singular strain
fields meet at the crack front. The stress singularity is
transformed into a jump in strain between the cracked
parts and the uncracked part.

Figure 2. Results for a modified cracked shear lap

Conclusions
With this new approach, it is shown that, within the
context of shell theory, delamination crack growth
can be modeled without representation of a cohesive
zone or stress singularities. The resulting model does
not have the restrictive mesh requirements that exist for cohesive methods (multiple elements over the
cohesive zone) or stress intensity methods (a fine
discretization through the thickness of the laminate).
Moreover, load increments or time steps can be larger
than with cohesive elements, because the indirect nature of crack growth in cohesive models via local increase of a damage variable is eliminated.
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Figure 1. Crack front representation.
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Figure 1: Non-isotropic hardening behaviour
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Figure 3: Hemispherical punch stretching

Objective: increased accuracy in FE simulations by
characterizing and implementing differential hardening.

Approach
A possible implementation is to change the shape of
the yield locus with deformation.
H220BD, 0.20%

10

Earing predictions in cylindrical deep drawing for a
highly textured aluminium (AA5042) have been
compared using isotropic hardening and evolving yield
loci based on tensile tests and texture developments.
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Figure 2: Yield loci at 0.2% and 10% strain
Simulations on hemispherical punch stretching have
shown however that the most accurate result is
achieved with a fixed shape of the yield locus and a
hardening curve that is extrapolated based on the disk
compression test (biaxial test).

• Simulations with evolving yield loci are not always
more accurate.
• Implementations with multiple hardening curves and
a fixed yield locus may be more accurate;
• Texture and substructure evolution is investigated in
M2i project M41.2.08307;
• The accuracy of material characterization may need
to be improved before the benefits of differential
hardening become apparent.
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Introduction
The reliability of large scale structures can be determined either by testing or prediction. The constitutive
and scaling laws and the concept of the Representative Volume Element (RVE) readily applies as long as
the continuum assumption is justified.
Figure 3 : (a) Shear stress responses to simple
shear deformations with the presence of dislocations. (b) Simulation of a single dislocation source.
The flow stress pattern corresponds to the flow
stress regime in (a). This simple model illustrates
the dislocations’ discrete effects on the material’s
strength while moving in the solid during deformation.
Figure 1 : (a) MEMS gear and (b) MEMS sensor

However for small sized structures (see above), reliability testing is not feasible as existing testing devices
are either too large or expensive to be used. Furthermore, continuum assumptions do not hold. As trends
are moving towards miniaturization of structures for
MEMS/NEMS applications, it is imperative to predict
the reliability of these structures.

Defects and its effects
To predict the reliability of solids we need to know the
properties of the microstructure and how they evolve
across different size scales. Defects present in the
micro/nano structures greatly affect the properties of
these structures.

Current considerations
Current work of interest involves
ã Investigating how different dislocation configurations influence the strength of the material
and its variability.
ã Analyzing the discrete effects of dislocations
and the interaction with different defects (e.g.
obstacles).
ã The statistical distribution of the defects’ parameters and its influence on the material’s
strength.

Figure 4 : Interaction of dislocations with the obstacles

Figure 2 : (a) Cracks present in MEMS due to manufacturing processes. (b) Failure of micro-ridges in
device caused by large loads.

One of the defects of interest includes dislocations in
a material. Dislocation dynamics simulation is carried
out to observe the discrete dislocation effects.
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Introduction
The formability of Advanced High Strength Steels
(AHSS) is mainly limited due to damage. It was found
that the process of damage in AHSS is strain rate
dependent, see Fig: 1.

Tensile test at a reference strain rate ǫ̇0 and low cycle
fatigue test data was used to determine the damage
parameters for DP600. The strain rate dependent
damage model and the parameters were validated
with tensile tests at different strain rates.

Application

Figure 1 : Fracture surface of TRIP600 at a strain rate
of (a) 0.003s−1 (b) 200s−1 . (Courtesy Huh et al [1])

The damage model was applied to predict failure
in a cross die drawing process for DP600. This
application was selected because it is carried out at
a typical industrial deformation rate. The process
also involves different stress states and strain path
changes. The critical punch depth was found to be
39mm which is in good agreement with experiments.

Project Goal: The development of a damage model
which correctly predicts failure in AHSS forming
processes including the influence of strain rate.

The Model
Lemaitre’s damage model has been modified to
account for damage development under compression
and for the strain rate dependency [2]. The second
order damage tensor evolution is given as follows:
s

Ȳ
|ǫ̇p |ij for ǫpI > ǫpth upto DI ≤ Dc
Ḋij =
S · uf
Where Ȳ is the damage energy release rate, S, s,
ǫpth and Dc are the damage parameters, uf modifies
the damage evolution under compression.
The
parameters s and Dc are taken as function of strain
rate while uf is defined as a function of triaxiality.

Figure 3 : Major strain distribution.

Figure 4 : Location and direction of the crack.

Material Parameters and Validation
Conclusion
The strain rate dependent damage model was
successfully applied to predict failure in the cross die
drawing process.
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Goal: development of a scenario based SHM approach
employing vibrations in 3D composite structures.

Multi criteria approach
No method solves all problems in all structures. A multi-criteria SHM approach (figure 3) is introduced.
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Both damage cases are detected and localised (level 2)
using the 2D Modal Strain Energy Damage Index (MSEDI) algorithm (see figure 5). The geometry is roughly estimated by the damage indices (level 3a).
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Advanced composite aircraft structure
This approach is applied to a composite aircraft structure by considering a locally added mass (42g, ~1.1%
total weight) and impact damage (50J, Barely Visible).
Frequency Response Functions (FRFs) are hardly affected by the impact damage (figure 4).
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Figure 4: Effect damage scenarios on FRFs.
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One of the key issues in composite
structures for aircraft applications is the
early identification of damage. Their
identification often imposes costly and
time consuming maintenance techniques (figure 1). Vibration based Structural Health Monitoring (SHM, figure 2)
proposes a promising alternative. The
measured change of the dynamic prop- Figure 1: Costly
erties is employed to identify damage. inspection.
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Figure 2: A generalised SHM process.

Repair,
replacement,
residual life?

Failure
probability

Δm [%]

Representation
pattern

Response

ion

Non-uniform
skin thickness

A

3 stringers

Figure 5: Experimental results, showing the damage
index Zj distributions across the composite structure.
Succesively, the concept of generalized masses is employed to obtain a quantitative estimation of the structural
change (level 3b).

Conclusion
The MSEDI algorithm is succesfully applied to a composite aircraft structure. A multiple criteria approach is
required to obtain a robust SHM system. Future work will
focus on integrated sensing and development of a design
and analysis tool for SHM.

Fluid–structure interaction in complex folded
membranes
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Need for new numerical analytic tools
Airbags have saved over 28.000 lives in the last 30
years. Notwithstanding, the fatality rate in low-impact
crashes has increased, due to out-of-position (OOP)
failure. New regulations concerning OOP failure are
to be passed in 2012. Numerical simulations can provide a valuable instrument in the development of improved airbag concepts.
The required reliable airbag-deployment simulations are still out of reach, due to the highly intricate
folded geometries. (fig. 1)

respectively. This results in a “FE/BE” approach.
Fluid and structure approximations share the same
surface mesh. The (strongly) coupled problem is
solved in a partitioned, iterative manner.
The linear flow assumption underlying the BE method
is appropriate for the simple flow in small folds. A
complete simulation of airbag-deployment requires
model adaptivity, where the BE model serves as a
microscale model.

Performance
We simulate the inflation of a pancake (see fig. 2) to
demonstrate the performance of the above scheme.
The colors represent the fluid pressure acting on the
membrane.

Figure 1 : Typical airbag stowed configuration.

The FE/BE coupling paradigm
The boundary element (BE) method is well suited to
approximate flows on highly complex domains, as it
does not require a volumetric mesh. To assess the
capabilities of BE for airbag-deployment simulations,
we consider a Galerkin–BE-discretized potential flow
enclosed by the 2D equivalent of a Kirchhoff-Love
shell discretized with the finite element (FE) method:
find x, φ P Xh  Ph s.t. w, w P Xh  Ph :
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After an initial inflation phase, the airbag is observed
to enter a periodic breathing motion with waves concurrently traversing the airbag fabric and the fluid
boundary.
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Figure 2 : Snapshots of unfurling pancake-shaped
airbag, mass ratio 1.

The above test case elucidates the capabilities of
the FE/BE model:
large motion does not cause mesh distortion,
flow solved solely at coupling interface.
The proposed method therefore offers a viable solution strategy to FSI in folded membranes.
In pursuit of realistic airbag simulations the next steps
are modeling contact mechanics, moving to 3D and
coupling to a nonlinear fluid model.

Wave Propagation in Composite Cylindrical Shells
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Introduction

Results and Experiments

Wave propagation analysis is a key element in
structural health monitoring (SHM) of thin-walled
structures. Compared to isotropic waveguides, SHM of
composites is a complicated phenomenon since (i)
waveguide properties vary through the thickness of the
structure, (ii) non-visible delaminations occur, and (iii)
different wave modes in different directions propagate
with different characteristics. As the minimum detectable size of a defect is inversely proportional to the
frequency of the diagnostic waves, up to a few
hundred kilohertz may be required in which a different
behavior from that captured by elementary theories in
conventional structural analysis is observed.

The presented model was validated numerically, not
shown, and the results exactly match [1] when R→∞.
Next, wave propagation in a flat Graphite-Epoxy panel
with stacking sequence [0 90 0 90]s was studied at 50
kHz. The wave curves demonstrating the excellent
agreement between theory and experiments [2] are
shown in Figure 1.
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in the cylindrical coordinate system (r,θ,z). The radius
of the cylinder is denoted R. The odd-order terms with
respect to r in uθ and uz together with even-order terms
in ur describe anti-symmetric wave modes; the other
terms capture symmetric wave modes. To determine
the wave propagation characteristics, harmonic motion
was considered:

ˆ exp (i [ωt − (kθ rθ + kz z )])
u=u
where kθ and kz are the wavenumbers in the
circumferential and longitudinal directions, ω denotes
the angular frequency, and u is the vector of kinematic
variables whose amplitude is shown by an over-hat.
For prescribed propagation direction γ,

kθ = k sin γ
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The harmonic response above was substituted in the
equations of motion ∇.σ−ρü=0. The problem was
formulated as a polynomial eigen-value problem. The
symmetric and anti-symmetric wave modes are in
general coupled for a cylindrical composite shell.
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Figure 1. The group speed wave curves, R→∞.
The dispersion curves for a cylindrical shell made of
the same material with R=500 mm are shown in
Figure 2. For SHM applications, the measured arrival
time of scattered waves is multiplied by the group
speed to determine the location of possible damage.
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A higher-order theory for analysis of wave propagation
in cylindrical composite shells was implemented. The
displacement fields were:
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Figure 2. The group dispersion curves for the
composite cylindrical shell.
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Introduction

Geometric Optimisation

Adaptive blades are investigated within the European
CleanSky programme to achieve cleaner and more
efficient air transport. A deployable Gurney flap was
proven to be a suitable solution to actively modify
helicopter blade aerodynamics [1] .

The optimisation is divided in two steps:
1. A truss model investigates suitable topologies
based on displacement.

2. A surrogate optimisation maximises the
mechanism’s displacement (d) and force (F).
Figure 1 : Naca 23012 profile with a 2% chord length
Gurney flap at the trailing edge.

a

b

c

1/8th -scale

An
model blade will be built to validate the
Gurney flap system in a wind tunnel under centrifugal
loads[2] . This research investigates the optimisation
of a flexible actuation system using Macro Fibre
Composite (MFC) piezoelectric actuators.

F = 200 N/m
d = 0.81 mm

The parameters for the surrogate optimisation are
the lengths of the top (a) and bottom arms (c) and
the curvature of the intermediate arm (b).

Interdigitated electrodes

Epoxy matrix

Piezoelectric fibres

Conclusion & Further work
• The process successfully converged and
resulted in an optimised Z-shape structure.

Figure 2 : MFC actuator structure ensures toughness
and durable performances.

• The actuation system meets the force
requirement but the mechanical work remains
insufficient (33 mJ/m).

Model blade actuation requirements

• Additional parameters (arms thicknesses and a
2nd MFC ) will be considered to further improve
the system’s performances.

CFD simulations provide the aerodynamic force
acting on the Gurney flap which sets the mechanical
constraints on the deployment mechanism.
Chord length
Blade length
Tip speed
Rotation speed
Peak acceleration
Holding force
Mechanical work

80
1
214
26.26
4700
60
55

mm
m
m/s
rad/s
g
N/m
mJ/m

An optimisation routine is used to find a suitable
geometry that meets the demanding constraints on
the deployment mechanism.
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What is parametric roll?
Parametric roll is an undesired phenomenon occurring in ships, when heave and pitch energy is transferred to large oscillations in the roll motion. It is triggered by
• Encounter frequency of sea waves

2. By using a coordinate transformation in order
to map translational displacements to rotational
angles.
The heave and pitch motions are represented by the
displacement of the oscillators and the coupling bar
is used to mimic the roll motion [1].

• Sea wave amplitude

Experimental results

• Hull shape

After modifying the dynamical properties of the setup,
an additional controller is implemented in order to stabilize the parametric roll resonance condition. Figure
2 shows an experiment where parametric roll occurs.
The controlled and uncontrolled cases are depicted.

Objective of this work

40
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The objective is to mimic parametric roll by using an
electro-mechanical setup (Figure 1) where two massspring-damper oscillators are coupled through a rigid
bar, which is elastically attached to the world.
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Figure 2 : Experimental results. Top: without controller.
Bottom: with controller
Figure 1 : Photo of the experimental setup at the DCT
lab at the TU/e.

Main features:
• Each subsystem is independently actuated
• The dynamical properties of the setup can be
modified by means of state feedback in order to
mimic other 3 dof dynamical systems.

Conclusions
This electro-mechanical setup is an alternative for
experimental validation of models/controllers prior to
their implementation in real applications.
• Possibility to mimic several dynamical systems

How to convert the experimental
setup into a container ship?
This is achieved in two steps:
1. By cancelling the original dynamics and introducing new dynamics corresponding to a 3-dof
container ship model. This requires a suitable
design of the control inputs.

• Low cost
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E.S. Perdahcıoğlu, H.J.M. Geijselaers
Applied Mechanics, University of Twente
P.O. Box 217, 7500 AE Enschede, The Netherlands
phone +31-(0)53-4894069, email e.s.perdahcioglu@utwente.nl

Currently the automotive industry
is interested in these materials
due to their superior performance
compared to conventional steel
grades.
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ϕ is an interpolation function and C is the instantaneous
elastic-plastic moduli of the phases. Furthermore the
behavior of metastable austenite during is simulated using
a stress-driven transformation model. With this model
the amount of martensite and the transformation plasticity
phenomenon can be described rigorously:
∑
f = F (U max /∆Gcr ), U max =
σi∗ λi
i

D = f˙ (T n + ∆vI)
tr

where λ are the eigenvalues of the transformation
deformation tensor which is a function of the lattice
parameters of austenite and martensite.

Results
The effects of production route on the final mechanical
properties are investigated. In the following the amount
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Figure 1 : Stress strain curve and the incremental hardening
coefficient for various stability levels of RA.
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In order to compute the mechanical properties of
the mixture a multi-phase homogenization algorithm is
developed. The average strain for each phase is governed
by the strain concentration tensors given as:
(∑
)−1
Ak = Hk :
fi H i
, where
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Figure 1 : Stress strain curve and the incremental hardening
coefficient for various volume fractions of RA.

Model

Hk = ϕ I + (1 − ϕ)

γ

fγ=0.12

γ

TRIP steels have a complex microstructure involving more
than two phases (generally): ferrite, bainite, austenite
and martensite.
These phases incorporate different
mechanical properties and hence the overall mechanical
behavior of the material is governed by their mixture.
Furthermore, the austenite phase is in a metastable state
meaning that it can transformation to martensite can be
mechanically induced during deformation.
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TRIP steels are an interesting class of materials since
with small alterations of the production process different
mechanical properties can be obtained. The important
issue then is to be able to predict these effects via
microstructual modeling in order to tailor the material for
a specific purpose.

of retained austenite,the stability of austenite and the yield
stress austenite are varied and the change in formability is
observed.

true stress (MPa)
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Figure 1 : Stress strain curve and the incremental hardening
coefficient for various yield stress levels of RA.

It is seen that the amount and stability of retained austenite
has significant effect on the formability of the steel.

Conclusion & Further work
A model is developed for materials involving multiple
phases with different mechanical properties. This model
is suitable in cases when the amount of phases can be
varied with changes in production route. The model is
applied on a TRIP steel and the effects of different process
variables on the formability is shown. Future work involves
verification of the model with experiments and microscale
simulations.
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Introduction

Isothermal mechanical analysis

Heterogeneous materials with anisotropic constituents are frequently found in industrial applications. Cast iron, composed of anisotropic graphite inclusions embedded in a metal matrix, is an example
of those materials. One application of cast iron can
be found in truck engine cylinder heads (Fig. 1).

A uniaxial tensile load up to 0.5 % of strain is applied
to the unit cell.
Von Mises equivalent stresses
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Figure 1 : TMF cracks at valve bridges.
3.80e+8

A problem present in cylinder heads is thermomechanical fatigue (TMF). TMF is related to the thermal stresses developed due to the start up-shut down
thermal cycling, that produces valve bridge cracking
leading to TMF failure (Fig. 1).

Modelling approach
To asses the influence of graphite’s anisotropy on cast
iron’s thermo-mechanical response a lamellar cast
iron unit cell model has been developed that captures
graphite’s main morphological features, i.e., sharpness and interconnectivity (Fig. 2).
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Figure 3 : Isothermal mechanical analysis.

Coupled thermo-mechanical analysis
An incoming heat flux is prescribed on the top of the
unit cell and a fix temperature on the bottom.
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Figure 4 : Coupled thermo-mechanical analysis.

Ea = 1020 GPa

Graphite’s crystalline
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Conclusions
Graphite’s anisotropy plays a key role in cast iron’s
behavior. Therefore, it must be considered in order to
achieve a clear understanding of the material’s mechanical and thermo-mechanical response.

Cross sections

3x3x3 unit cell stacking

Figure 2 : Lamellar cast iron unit cell model.
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Introduction
Hydrogels are used in many applications in the
biomedical field, due to their peculiar properties
such as good mechanical stability, permeability
and bio- and blood- compatibility.

Fig. 1: Some hydrogel applications: skin layers, contact
lenses, artificial intervertebral disc.

New
advances
necessitate
a
better
understanding of the mechanical behavior of
the gels.

Aim of the study
Performing experiments on HEMA-NaMA
hydrogels, we want to investigate the behavior
of the gel during crack opening and
propagation.

Results
We performed a standard single-edge notch
test for 16 samples of 4 different stiffness. In
each experiment the hydrogel showed a stepwise behavior of the crack during propagation.
Fig. 2: Length of the
steps for different stiffness of the hydrogel.

Fig. 4: Top: linear relation between the stiffness of the
hydrogel
y g and the average
g length
g
of the steps.
p Bottom:
hyperbolic relation between the stiffness and the time span
during which the crack propagation pauses.

Discussion
The cracking surface has a toothed appearance
(fig. 5) as a consequence of the step-wise
propagation coupled to some extent of plastic
deformation. Both the distance of p
propagation
p g
in
one step as the time span during which the
propagation pauses between the steps depend on
the Young’s modulus of the gel (fig. 4). The former
is positively correlated with the Young’s modulus
while the latter is negatively correlated with the
Young’s modulus.

Fig. 5: Tooth shape repeating along the lip of the crack .

Conclusions
We showed that in HEMA – NaMA hydrogels a
cracks does not propagate smoothly, but following
a step wise scheme.
scheme This result also support
numerical simulations of crack propagation in
porous materials [1].
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Introduction

Results

The aim of the current work is to assess the interactions between the constituent phases of PET and
thereby assess the validity of the hybrid interaction
model in a mean field micromechanical model based
on layered two-phase inclusions. For this purpose, a
more detailed two-scale finite-element model of the
microstructure is developed.

At the microscopic scale equal area projection pole
figures are used to illustrate the lamella normal distributions (figure 3). Deformation measures, which are
displayed in colour, are similar in both models.
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It is a material point model, relating the macroscopic
stress and the deformation gradient. The model is
based on the separation of scales (figure 1). At the
microscopic scale a multi-phase structure, consisting of crystalline and amorphous domains, which is
a basic structural element, is introduced. Using inclusion interaction laws the effective (macroscopic)
stress and deformation gradient are obtained.
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Figure 3 : The elastic material behaviour resulting from
hybrid inclusion interaction matches the FE simulation.
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Figure 1 : The material is modelled as the average behaviour of N variously oriented inclusions.

Multi scale finite-element model
Different scales are considered, with the mesoscopic
scale model (the unit cell) representing the spherulite
behaviour and the periodic microscopic scale model
(the representative volume element) representing the
behaviour of lamellae twisted around the radial direction of the spherulite. The boundary conditions for
the RVE are obtained from the average deformation
gradient, which is linked to the unit cell (figure 2).
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Figure 2 : Spherulitic microstructure is modelled with a
two-level finite-element scheme.

Figure 4 : Equivalent stress distribution at different
scales, showing deformation mechanisms in various
points of the spherulite model.

Conclusions and Future work
Results show that the hybrid interaction law, that is
used to model the interactions between the inclusions
in the model (the homogenisation scheme), is suitable for PET.
The viscoplastic behaviour of PET can be modelled
using the composite inclusion model incorporating a
more complex constitutive description of the phases,
e.g. the EGP model for the amorphous phase and
crystal viscoplasticity for the crystalline phase. Later,
temperature shrinkage and hydroscopic expansion
effects will be characterised.
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M. Ravanan, A. Demčenko, R. Loendersloot
H.A. Visser, A. de Boer, R. Akkerman
Structural Dynamics and Acoustics, University of Twente
P.O. Box 217, 7500 AE Enschede, The Netherlands
phone: +31-(0)53-4894175, email: m.ravanan@utwente.nl

Introduction
Unplasticised polyvinyl chloride (uPVC) pipes have been
used extensively in the Dutch water distribution network
since mid-sixties.
Material characterization of PVC
water pipes by means of non-destructive tests (NDT)
such as ultrasound measurements has good potential to
predict residual lifetime of PVC pipes. Phase velocity
dispersion and attenuation measurements are widely used
for characterization of acoustic properties in polymers.

in specimen is measured using the amplitude spectrum
method [1]:


1
A1 (f )
ln(T(f ))
,
(2)
+
ln
α(f ) =
2L
2L
A2 (f )
where T is the transmission coefficient between water and
PVC sample and A1 (f ) and A2 (f ) are the amplitude spectra
of P 1 (t) and P 2 (t), respectively.

Results
Objective
The objective of these measurements is to obtain the
longitudinal wave phase velocity dispersion curve and
attenuation to be used later for ultrasound lifetime
assessment of uPVC water pipes.

The specimen used in this experiment is a PVC plate with
thickness of 12.1 mm. A transducer with central frequency
of 2 MHz is used in transmission/reception mode. The
sampling frequency is 1250 MHz. The experimental
results are shown in Figure 2.

Theory
Figure 1 shows the signal paths in pulse-echo
immersion experiment for the dispersion and attenuation
measurements. P 0 (t) is the initial pulse launched by
transducer. P 1 (t) and P 2 (t) represent the pulses reflected
from the front and back side of the specimen, respectively.
D

L

(a)
P0(t)

(b)

Figure 2: Experimental results for PVC specimen:
(a) phase velocity (b) and attenuation

P1(t);A1e-jѲ1(f)

P2(t);A2e-jѲ2(f)

Conclusions

Figure 1: Signal paths in immersion pulse-echo
measurements for measuring dispersion and
attenuation
Longitudinal wave phase velocity is measured using phase
spectrum method [1]:
Vp (f ) =

4πf L
,
θ2 (f ) − θ1 (f )

(1)

where θ1 (f ) and θ2 (f ) are the phase spectra of P 1 (t)
and P 2 (t), respectively. Longitudinal wave attenuation

Attenuation and phase velocity are increasing with
frequency. These results are very encouraging especially
in NDT applications because the phase velocity and
attenuation data are capable of carrying information about
the properties of tested materials.
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a)

b)

friction coefficient µ [-]

Modern airplanes like the Boeing 787 Dreamliner and
the Airbus A380 contain a growing amount of fibre
reinforced thermoplastic parts, providing a higher
strength-to-weight ratio than metals. In order to
optimize the stiffness and strength, researchers try to
replace the woven fabric by unidirectional orientated
fibres. The ability of thermoplastics to melt and
to cure again within minutes, allows to form flat
blanks of composites in a hot press, with very short
cycle times. The formability of unidirectional fibre
reinforced composites proves to be quite different to
that of woven fabric reinforced composites. One of
the mechanisms that occur during forming is friction
between different plies of the composite laminate and
between the laminate and the press mould. This
work investigates theoretically and experimentally the
friction.

friction coefficient µ [-]
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Figure 1 : Friction test setup [1]. A heated laminate is pulled
at a constant velocity out between two metal foils or plies of
the same composite material.

The frictional behaviour of composites sheets is
measured in a test setup, schematically shown in
figure 1. It determine the friction coefficient µ:
µ(p, η(T ), U ) =



FT
2FN



,

(1)

which depends on the pressure p, viscosity of
the thermoplastic matrix η, and the shear velocity
U . For fabric reinforced material the friction can
be described as fully lubricated friction, and is
calculated theoretically based on thin film theory [2].
Experimental and theoretical data can be plotted into
a Stribeck curve.

Figure 2a) shows that the friction of weave material
can be predicted by standard thin film theory:
µ = µ(He). For UD materials this theory is not valid
(figure 2b). It is assumed that also for UD material full
hydrodynamic lubrication is present [3]. The highly
non-linear viscous effects play an important role and
are subject to further research to develop a physical
friction model.
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Introduction

as reported in Figure 2.

The need for high-performance materials in advanced
engineering applications has led to a growing demand for computational models that can accurately
predict their behavior. High-performance materials are often reinforced with fibers which introduce
anisotropic behavior and complicate this task.
A realistic description of fiber-reinforced composites
can be achieved by considering each fiber [1]. Here,
the model described in [1] is improved by adding
known information about the fiber behavior [2].

Method
The model hinges on the decomposition of the fiberreinforced composite kinematics into matrix and fiber
contributions according to
u = Na a +

fibers
X

slip

fiber

boundary layer

Figure 2. Fiber slip behavior in a symmetrically loaded
plate.

Accordingly, exponential functions are used to construct the fiber contribution, fitting the solution space
more efficiently than the polynomial basis. As shown
in Figure 3, this improved fit leads to a reduction of
the amount of elements needed to obtain a converged
solution compared to the regular FEM basis functions
used in [1].

N bi bi ,

i=1

Indicator function [1], 75 el.
Indicator function [1], 7 el.
Exponential function, 7 el.

0.4

fibers

matrix

fiber reinforced
composite

discrete
fibers

background
mesh

fibers do not conform
to mesh

Figure 1. Modeling of fiber-reinforced materials made
simple.

Constitutive equations, defining the behavior of the
materials in question, are defined by the user, making the model applicable to a large class of fiberreinforced composite materials.

slip/lfib [×103 ]

employing the partition-of-unity property of finite element shape functions. The flexibility offered by this
approach is such that the fiber basis functions contained in N b can be enriched with knowledge about
the physics of the problem. Furthermore, as shown in
Figure 1, the fibers are superimposed on the matrix
material mesh, thus avoiding the need for complex
meshing procedures.

0
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Figure 3. Convergence of the fiber slip is improved by
using solution-based basis functions instead of regular
FEM functions.

Conclusions
Nonpolynomial solution-based basis functions for the
accurate, yet computationally inexpensive modeling
of fiber-reinforced composites have been successfully
employed.
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where sign+ (x) = (1, if x > 0 | 0, if x < 0 | 0, 1if x = 0),
is optimal with respect to the performance index

Introduction
We introduce novel results on optimality and performance for surplus-based decentralized production
control method. The main objective of this production
method is to guarantee that the cumulative number of
produced products follows the cumulative production
demand on the output of any given network.

Model

JT

=

sup

T
X

|εj (k)|p → min,

ξ(0),...,ξ(T −1) k=0

U

for any given T and for all p ∈ [1, +∞). Here ξ(k) :=
vd + ∆ϕ(k) − f (k), which satisfies the following capacity condition 0 < ξ(k) < 1, ∀k ∈ N.
Now let us assume that, ∀j = 1, . . . , N the following
conditions are satisfied:
α1 < ∆ϕ(k) − fj (k) < α2 , ∀k ∈ N,
α2 < µj − vd , α1 > −vd ,
wdj ≥ βj (k) + µj−1 + α2 − α1 , ∀k ∈ N, j = 2, . . . , N,
and each intermediate buffer capacity is limited by:
wj (k) < µj + α2 − α1 + wdj , ∀j = 2, . . . , N .
|
{z
}
γj

Then the production errors of the system (1) are uniformly ultimately bounded by

A manufacturing line in discrete time is defined as
∆y1 (k) = β1 (k)sign− (w2 (k) − γ2 ),

lim sup εj (k) ≤ vd + α2 , lim inf εj (k) ≥ vd + α1 − µj .
k→∞

∆yj (k) = βj (k)signBuff (wj (k) − βj (k))
× sign− (wj+1 (k) − γj+1 ), j = 2, . . . , N − 1,
∆yN (k) = βN (k)signBuff (wN (k) − βN (k)),

(1)

where yj (k) is the cumulative output of the machine
j in time k, βj (k) = uj (k) + fj (k), ∀j = 1, . . . , N ,
wj (k) = yj−1 (k) − yj (k) is the buffer content of the
buffer j, signBuff (wj (k) − βj (k)) =(1, if wj (k) − βj (k) ≥
0 | 0, otherwise), sign− (x) = (1, if x ≤ 0|0, otherwise), γj+1 is the threshold value of the buffer content
wj+1 . The production demand is given by yd (k) =
yd0 + vd k + ϕ(k), where yd0 is the initial production
demand, vd is the average desired demand rate, and
ϕ(k) ∈ R is the bounded fluctuation that is imposed
on the linear demand vd k.

Results
For j = 1, the following control strategy

uj (k) = sign+ εj (k) ,

k→∞

Simulation Example

Tracking Errors, with vd = 3.5, ∆ϕ(k) = 0.2 sin(5k),
µj = (6, 4, 6, 4), wdj = (12, 12, 12) and γj = (14.8, 16.8, 14.8).
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Friction stir welding (FSW) is a relative new solid-state joining technology for metals. It has no meltingrelated joint imperfections and therefore it is suitable for
hard-to-weld alloys, like AA 2xxx and 7xxx.







  

The numerical simulations provide more knowledge
about the behavior of the material flow coming out of the
tool. This knowledge can be used to modify the tool’s
shape for optimizing the properties of the cladding layer.

Recent progress

Cladding
material
supply
Cladding

Plate movement

Figure 1: (l) Friction stir welding with cladding, (r) illustration of the cladding tool.
The aim of this project is to add material to the weld region during FSW, see Figure 1. This technology has the
following potential advantages:
•
•
•
•


 

Protective coating against wear and corrosion.
Increase of the weld strength.
Locally thicken structures.
Filling of the end-hole.

Innovative development
A prototype of the modified friction stir welding tool is produced and is continuously being developed with help of
experiments and numerical simulations. The 2D numerical simulations are performed according the schematical
representation of the process shown in Figure 2.

An advanced numerical model for the cladding material
flow is developed, see Figure 4. A new free surface condition is implemened in the local finite element software
in order to preserve mass conservation along the boundary. No numerical leakage should occur. The Arbitrary
Lagrangian-Eulerian (ALE) reference frame is used to
find a steady state solution for the isothermal simulation.

1

Figure 4: Velocity of the cladding material simulated with
the DiekA finite element software.

Opportunities
Currently new algorithms are being developed for the
deformable body interaction, see Figure 5. More improvements can be a temperature dependency and a 3D
extension. Verification experiments will be performed.

2

Rotation
A

Translation

Figure 5: Development of the equivalent plastic strain at
the interface of the cladding material and the plate.

Plate
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Tool
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2

1

Plate

Figure 2: Top view of the cladding process with cross
section A-A indicated for 2D numerical simulations.

Outline
A numerical model is developed for researching the influence of changing among others the plate velocity, angle
of the tool and pressure on the cladding material.

A Novel Iterative, Lanczos Alike, Solver for
Vibro-acoustic Problems, IRCA
Umut Tabak & Daniel J. Rixen
Delft University of Technology, Engineering Dynamics, Mekelweg 2, 2628 CD
Delft

Motivation & Goal

Key points of IRCA

★ Strong vibro-acoustic coupling occurs in
many commercial applications(e.g automotive,
aerospace industries).
★ Discretization results in large model sizes and
computational burden increases.

★ IRCA is a new iterative solver for coupled vibroacoustic problems.
★ Uncoupled system modes, symmetrization and
reduced interaction problem are at the heart of
the method.
★ A specialized conjugate gradient technique is
developed and used.
★ Solve a reduced symmetric problem at each
step of the iteration.

Results, discussion and objectives

Figure 1 : Problem Description

✓ Iteratively enriched projection space for strongly
coupled problems,
✓ Fairly good accuracy on eigenvalues/vectors,

✍ To develop dynamic reduction methodology(ies)
applicable to vibro-acoustic systems and extend
these methods to more than two physics.
✍ To check the validity of these methods on
benchmark problems(MRI Scanner, Solar Panel
Arrays, MEMS).

What is reduction?
★ Use a suitable projection space to reduce the
error, E.

Hu→p

In this context, the aim of the research is
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Figure 3 : Frequency Response Function

✓ Possible candidate vector(s) for an enrichment
in a substructuring scheme.

3D Space to 2D space,
1 dimension reduced

A
E

Transfer to Arbitrary
Dimensions

Projection of a LARGE matrix, M,
on a subspace of lower dimension, P

Substantially reduced
P

T

M

P
R

Resulting Matrix, R

Figure 1 : Problem definition

✓ Use reduced matrices with less computational
cost.

Figure 4 : Pressure fluctuations

✓ IRCA is similar to staggered solution schemes
employed in commercial codes, such as ANSYS.
✍ Incorporate electromagnetics into the same
staggered scheme.
✍ Apply/test the developed methodologies on real
industrial benchmark problems.
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Multidomain Numerical Tools for Environmental
Impact Assessment and Monitoring of CO2
Sequestration
M. Talebian, R. Al-Khoury and L.J. Sluys
Delft University of Technology
Faculty of Civil Engineering and Geosciences
phone +31 15 278 8745, email: M.Talebian@tudelft.nl

Introduction

∇. σ + (1− n1 ) ρ s + n1 S w1ρ w + n1S g1ρ g g = 0

Carbon dioxide sequestration is a promising
technology to mitigate greenhouse gas emissions.
Injection of CO2 into aquifers result into a variety of
strongly coupled physical, chemical, thermal and
mechanical process, including multiphase flow,
dissolution deposition kinetics, solute transport,
hydrodynamic instabilities due to displacement of
less viscous brine with more
. viscous CO2, capillary
action and upward movement of CO2 due to
b
gravity override.

Where θ indicates the absolute temperature; S is
saturation; P is the pressure; K is the permeability;
Kr is the relative permeability, which is a function of
saturation; µ is the viscosity; ρ is density; α is Biot
compressibility parameter; α is a coefficient which
depends on the fracture width and geometry; n is
porosity; Ks is bulk modulus of grain material; Kw is
bulk modulus of water; g is gravity forces and ε is
strain tensor and i=1,2 for the matrix and fracture
Continuum. Vvvv vvvvvvvvvvvvvvvvvvvvvvvvvvv

(

)

Model

Figure 1:Left: CO2 sequestration options. Right: risks involving
in CO2 sequestration. ggggggggggggggggggggggggggggg

Objective
Develop a computationally efficient model for multiphase flow and electrokinetic processes due to
regionally induced thermo-hydro-mechanical forces
on the basis of the averaging theory and double
porosity model. Aaaaa aaaaaaaaaaaaaaaaaaaa

Approach

A finite element code, based on the Galerkin's
method has been implemented in Jem/Jive C++
program. The Newmark-Beta weighted residual
approach is used for the time integration. The
resulting equations are highly non-linear and they
are linearized by using Newton-Raphson method.jjj

Result
At this stage, results of MPF are produced. Fig. 2
shows the water pressure distribution in the matrix
medium in a non saturated fractured rock column
under ramp loading. The Van Genuchten equation
is used to estimate the nonlinear parameters. ggggj

The Hydro-Mechanical approach has been developed to handle flow of two-phase fluid through a
deforming fractured porous medium. Fluid flow is
modeled within the context of dual-porosity
concept. For the water flow: xxxxx xxxxxxxxxxx
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And for the gas flow the continuity equation is:
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while geomechanics is modeled following Biot’s
isothermal, linear poroelastic theory: bbfffbbbbbbb

Future work
The two phase interface is tracked by level set
equation when the advection term is stabilized by
Upwind Ptrov-Galerkin method. Then an extended
finite element method is applied to model
discontinuity in front pressure. mmmmmmmmmmm
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Underwater Noise from Offshore Pile Driving
A. Tsouvalas, A.V. Metrikine
Delft University of Technology
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phone +31 (0)15 2789225, email: a.tsouvalas@tudelft.nl

Introduction
Underwater noise from offshore pile driving gained
considerable interest in the recent years mainly due
to the large scale construction of offshore wind farms.
The most common foundation type of a wind turbine is a monopile, upon which the wind tower rests.
The piles are driven into place with the help of hydraulic hammers (figure 1).During the hammering of
the piles, high levels of noise are generated.

system is spent on the pile progression into the soil
whereas another part is irradiated directly into the water in the form of pressures waves from the vibrating
surface of the shell. A third part of the energy enters
the soil and generates elastic waves which propagate
through the soil medium. The new model will include
the hydraulic hammer, the monopile, the compressible viscous water and the water-saturated seabed.

Figure 1 : Hammering of a monopile
Figure 2 : Built-up of a numerical model

Objective
The ultimate goal of this research is to understand
and analyze the main sources of underwater noise
produced from offshore pile driving and to test the
available mitigation measures used in practice. By
doing this, we aim at providing the offshore wind industry with the necessary tools in order to predict and
eventually reduce the underwater noise for a wide
range of system parameters.

Noise Mitigation Measures
The second part of the research is focused on the
analysis of the different mitigation measures used in
practice in order to reduce the levels of noise to within
acceptable levels. In principle, this can be achieved in
two ways: by altering the method of pile driving or by
mitigating the generated noise using a form of sound
isolation around the pile. This project focuses primarily on the second group of methods (figure 3).

Numerical Model
A new numerical tool is under development for the
prediction of underwater noise from offshore pile driving in shallow waters. During offshore pile driving,
a hydraulic hammer produces an impact on the pile
head that generates a stress wave which propagates
downwards. Part of the energy introduced into the

Figure 3 : Installation of sound isolation around the pile

Structural Dynamics of Offshore Wind
Turbine Foundations
P.L.C. van der Valk
Delft University of Technology

In order to achieve the goal of 20% renewable energy
in 2020, as set by the European Union, large offshore
wind farms are either under construction or in development throughout Europe. One of the challenges
here comes taking the dynamic coupling between the
wind turbine and the offshore foundation into account
in aero-elastic simulations.

Impulsed Based Substructuring
An alternative method, Impulse Based Substructuring, is proposed to efficiently and accurately include
the dynamic behavior of the support structure in these
load simulations. In this method, the non-linear part
is modeled using a finite element package (FEM),
whereas the linear part is modeled using impulse response functions (IRFs).

n−1
(
))
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interface forces λ and compute the resulting displacements.

Case study
This is demonstrated using the NREL 5MW turbine
and the OC4 jacket structure. It is shown that the
method is able to accurately compute the coupled
dynamics and requires only a number of small augmentations to the standard Newmark time integration
scheme for non-linear finite element models. s a first
simple representative for the non-linear aerodynamic
forces, a non-linear visco-elastic damper is modeled
between the hub-node and a ”fixed world”.
Comparission between a full FE reference model and the IBS mothod
0.4
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It can be seen from the graph that the method gives
excellent results.

Conclusions
The Impulse Based Substructuring method can be
applied to couple any type of offshore structure to a
wind turbine in order to compute the coupled dynamic
response.

[
Z

Figure 1 : 5 MW NREL turbine

The model of the wind turbine is non-linear and hence
modeled using a FE model, the jacket is assumed to
be linear and modeled by its IRF. Using the compatibility equation from (1), one is able to determine the
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Optimized PID Control with Structural
Parameter Variation
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Solution method
Figure 1: A photolithographic
system of ASML for producing
semiconductor systems.

FEM Analysis

State-space representation

Introduction
A successful simultaneous optimization of both structures
and controllers will push forward performance of high-tech
precision systems, used in semiconductor production and
many other fields of industry and science.
Aim: to establish an effective approach to consider both
structural and control aspects in an integral optimization
process.
First step: optimization of a simple controlled beam
structure.

Problem formulation
Structure: we consider an aluminium beam with variable
length. Actuator and sensor placement is shown on Figure 2.
Actuator

Controller optimization
Gain at 1 Hz

6 dB constraint

Phase margin

kd

kd

kp

kd

kp

kp

Analysis of performance
Figure 4: Steps of solution for a certain beam length.

Results and discussion

Sensor

A

200 mm

Beam

B

Figure 2: Model of a system with sensor and actuator.

Control: consider a PID controller (Figure 3).
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Figure 3: Lead-lag compensation with 4 parameters.

Figure 5: Relation between the characteristic of dynamic performance
and the length of a beam (upper). Bode plot of controlled system with
710 mm (bottom, A) and 725 mm (bottom, B)

Optimization problem:

Outlook
Optimizer: SQP

Level-set Based Topology Optimization
with Stress Constraints
Alexander Verbart*, Matthijs Langelaar, Nico van Dijk, Fred van Keulen
Delft University of Technology,
Faculty of Mechanical, Maritime and Materials Engineering, Mekelweg 2, 2628 CD Delft
phone +31-(0)15-2786842, *email a.verbart@tudelft.nl

Introduction
q Topology optimization techniques that have found their
way to industry, are in general based on: minimizing the
compliance for a given weight.
q This is followed by size/shape optimization to meet
strength criteria (stress and buckling criteria) [1].
q Ideally, stress constraints are taken into
account from the beginning.

Solution techniques which were implemented, inspired by
density based methods:
q Stress constraint relaxation to ensure zero stress at
void regions.
q Constraint aggregation: global approximation of the
maximum local stress à reduce computational costs.
q Division into subdomains to have a better local control.

Aileron

Aim

Source: Airbus,
all rights reserved

To become a mature design tool
for aircraft components, one of the major challenges to be
tackled is: the proper inclusion of stress constraints in
topology optimization.

Level-set based optimization
q Design problem:
minimize weight subjected to stress constraints.
q The level-set nodal values ϕi are the design variables.

Design domain

Results
The following result was obtained on the L-bracket
benchmark example:
Minimum compliance design

q They are updated in the projected steepest-descent
direction.
φ>0
φ=0

➜ Level-set function ϕ

φ<0
Solid
Void

High peak stress

P
Design Domain

Stress-based design
4

➜ Design domain:
boundary and material
Boundary domain described by ϕ

3
2
1

➜ Material mapping
onto fixed mesh

0

Conclusion and future work

Stress constraint implementation

q Our level-set based approach is able to generate wellperforming designs in benchmark problems.

The difficulties that arise when dealing with stress
constraints, are [2]:

q Apply this on a `real-world’ problem of an aileron
subjected to multiple loading conditions.

q The stresses are non-zero for void regions/elements.
q The stress is a local state variable à #constraints equals
#elements à computationally expensive to compute
sensitivities.
q Stress is very non-linear with respect to the design
variables à many local optima.
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Efficient Superelement Updating for Dynamic
Substructuring
S.N. Voormeeren & D.J. Rixen
Delft University of Technology

Introduction & Motivation

Application to Wind Turbine Bedframe

One way to speed up structural dynamic analysis based on
finite element (FE) models is by dynamic substructuring:

The updating method has been applied to an FE model of
the bedframe of a commercial Siemens wind turbine.

1. Split total system into component models
2. Apply model reduction to obtain superelements
3. Assemble superelements to obtain total model
The main computational cost is the model reduction. In
practice however, component models are often subject to
design changes, requiring the superelement to be recomputed. As a result the computational efficiency breaks
down. So, an efficient updating strategy is needed.

Superelements: Craig-Bampton Method
The most well known component reduction method is the
Craig-Bampton method [1]. Its procedure is as follows:
• Split DoF into internal ui and boundary sets ub
• Approximate ui with static and vibration modes
• Retain the boundary DoF for easy assembly
The static modes represent the static response due to excitations at the interface DoF, the vibration modes account
for the internal dynamics (see fig. 1).

Static mode

z
y

x

Side view

Top view

Figure 3 : Bedframe of a Siemens 2.3MW wind turbine.
Three FE models are created with different mesh sizes,
namely of 125k, 250k and 500k DoF; the model has 24
interface DoF. It is subjected to:
• Various global scaling modifications
• Local material property changes
Some typical results for the static modes are shown in
fig. 4, the intensity of the design change is plotted versus
the relative CPU time needed for the updating. For large
models the updating method can be much more efficient
than for recomputation, even for reasonably large design
changes. Similar results are found for the vibration modes.

Vibration mode

Figure 1 : Static and vibration modes.

Iterative Updating Strategy
The updating strategy is based on iterative solvers, to:
• Avoid re-factorization of stiffness matrix
• Reuse as much information as possible in the form
of preconditioning
The solvers are based on CG and IFPKS methods [2,3].
Static modes
Ψ(0)

Nominal system

Full FE model
nominal system
K(0), M(0)

Compute static modes
using direct solver

Compute vibration modes
using iterative solver

Figure 4 : Results of basis updating for static modes.
The updating method thus seems very promising, with potentially large savings in CPU time for superelement reanalysis. This could greatly enhance the use of superelements in practical design settings.

Vibration modes Φ(0),
frequencies Ω(0)

Factorized K(0)
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Initial guess
Design change
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Preconditioning
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Figure 2 : Flowchart reduction basis updating.
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Multi-scale analysis of cohesive interfaces
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Introduction
Polymer/metal interfaces play a major role in a variety
of products, e.g. food and beverage cans, figure 1.

polymer
cohesive
zone
metal

CZ traction T

CZ opening Δ

Micro-scale adhesion

Traction

Figure 1 : Polymer coated metal

During forming processes or in service the interfaces
may delaminate. An important delamination mechanism was found to be fibrillation, see figure 2.

Δ

polymer

metal
Opening

Figure 3 : Multi-scale procedure. Macro (top) and micro
(bottom)

Results

The dissipation related to fibrillation is dependent on
the loading conditions, rendering the obtained interface properties intrinsically case-specific. To obtain
predictive models, the micro-scale dissipation mechanisms needs to be taken into account explicitly and
this asks for a multi-scale approach.

Objective
Develop a technique for the multi-scale modeling of
cohesive interfaces to (1) obtain a better understanding of the micro-scale processes occurring during delamination and (2) use this knowledge to develop and
quantify predictive models at the application scale.

Methods
The multi-scale approach is outlined in figure 3. On
the macro-scale cohesive zones are used. Instead
of assuming the traction-opening relation a priori, it
is determined from the underlying micro-structural
model.

70

Normal traction Tn [MPa]

Figure 2 : Fibrillation in peel test [1]

First micro-model results are shown in figure 4.
The grey curve shows the energy needed solely to
debond a fibril from the substrate (micro-scale adhesion, model input). The homogenized CZ traction
(black) includes the energy dissipated in (de)forming
the fibril, which was calculated to be approximately
10% of the total dissipation in this example.
Homogenized CZ traction T (adhesion + dissipation)
Micro−scale adhesion
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Figure 4 : Micro-model results

Future work
• Incorporate all relevant micro-scale dissipation mechanisms and properties, e.g. fibril
(de)formation + fracture, roughness
• Proper description of micro-scale adhesion
[1.] vd Bosch, M.J. et al.: Engng. Fracture Mech., 73(9), 12201234, 2006

Simulation tool for damage development
during hot forming of rings
C. Wang, H.J.M. Geijselaers
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Introduction

For the realization of the industrial aim of the project, the
scientific challenge is twofold:

Ring rolling is an advanced forming process to
manufacture seamless rings varying in materials,
dimensions and cross-sectional shapes.

a) A reliable and efficient computational model must be
developed for the simulation of hot forming of rings.

Fig.1: Sketch of a typical radial-axial ring rolling machine
Fig.4:

Model built under ABAQUS during master study

b) A validated criterion must be developed for the
prediction of porosity due to repeated incremental
deformation as predicted by the result of a).

Fig.2:

The developed methods
will be used to obtain
insight into the evolution
of temperature, stress
and strain in the ring
cross section.

Illustration of radial-axial ring rolling process

Typically two rolling processes are done simultaneously,
radial rolling and axial rolling. In the radial stage, the ring
thickness is gradually reduced, while the axial stage
serves to control the final width of the ring [1]. Non-steady
three-dimensional metal flow makes simulation of ring
rolling process very difficult.

Project aim
For some process conditions porosity is observed in the
bulk of the ring, which was not observed in the billets.

Fig.5:

PEEQ plots of the deformed zone

The temperature-stressstrain histories as found
in the simulations will be
applied to test specimens
in a Gleeble thermomechanical machine to
investigate the evolution
of damage and grain size.

Valorization trajectory of the project
The developed simulation tool will be used to shorten the
process development time and to reduce waste in
production by limiting the number of production try outs
needed to secure a robust manufacturing process.

References
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Fig.3:

Ultrasound scan showing porosity.

The Industrial aim of this project is to create a simulation
tool for the prediction of microstructure and internal
integrity in hot ring rolling.

Closure Relations for Shallow Granular Flows
from Particle Simulations
T Weinhart*, A. R. Thornton, S. Luding and O. Bokhove
University of Twente

Introduction

Closure rules for steady uniform flow

Shallow flow of granular materials, such as rock
avalanches or production-line transport, differs from
fluid flow mainly because of the large bed friction due
to the particle contacts.

Since temporal and spatial variations in shallow flows
are small, we derive closure laws from steady uniform
flows. The Pouliquen flow rule [1] yields a closure relation for the bed friction; the velocity profiles yields a
fit for the shape factor α; K ≈ 1.

Figure 1 : 2D schematic of shallow granular chute flow.

Objective: Obtain a continuum model for shallow
granular chute flow by finding relations for µ(h, ū), velocity shape factor α(h, ū) and normal stress difference K(h, ū) by the discrete particle method (DPM)
and thus closing the system of eqn’s,
∂h ∂hū
+
= 0,
∂t
∂x"
!
2
∂ (hū) ∂ hαū2 + K
2 gh cos θ
+
= gh(sin θ − µ cos θ),
∂t
∂x
with height h, depth-averaged velocity ū, bed friction
µ = |tt |/|tn ||z=b , velocity shape factor α = u2 /ū2 and
normal stress difference K = σ̄xx /σ̄zz .

The effect of friction

Figure 3 : Closure laws for bed friction µ and the shape
factor α. Markers denote DPM results.

Conclusions
DPM was used to obtain closure rules µ(h, ū), α(h, ū),
K ≈ 1,. We can now observe how the closure rules
depend on particle and contact properties (micromacro transition) [2,3].

Future Work
In the transient regime or near boundaries, no closure
rules are known. There, we aim to obtain closure by
coupling a finite element solver with a DPM.

The bed friction µ is not constant; steady uniform flow
exists at a range of heights and inclinations θ.

Figure 2 : Multiscale model: at some quadrature points,
closures are obtained directly from DPM.
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Stick and slip transitions in single-asperity contact
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Model results

In a high tech mechatronic system precise
and reliable positioning mechanisms which
have to operate in vacuum conditions are
required. The stick and slip transitions are
important in this respect. The model of
sphere – flat contact between two ceramics
Al2O3 and ZrO2 will be investigated.

An example result from equation 1 and 2 is
shown on Fig. 2.

Fig.1 Stick and slip area in single asperity
contact.

Stick and slip transitions
The tangential displacement and traction of
stick and slip areas for the case of a ball on
flat has been modeled for several load
cases [1] , see Fig.1.

Distribution of tangential traction on the contact surface [N/m]
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Fig.2 Tangential traction for different values
of tangential load.
The transition stick/slip to slip for case of an
oscillating tangential load is shown in Fig.3.
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Equations
As an example normal load with constant
value and increasing tangential load is applied in the contact. Equations 1 and 2 show
the tangential traction on the contact surface,
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30
20
10
0
-10
-20
-30
-40

(

)

3 fN 2
1/ 2
c≤ρ≤a
τ=
a − ρ2
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2πa
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(
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]

(1)
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Fig.3 Relation between oscillating tangential
load and tangential displacement.

Conclusions
where a is contact radius, c is radius of annulus slip, ρ is radial distance, N is normal
load and f is coefficient of friction[1] .
The pre sliding displacement is given by
equation 3,
δ =

2/3
3(2 − υ ) fN  
T  
 
1 − 1 −
16 µa  
fN  



Several cases have been modeled. Tangential displacement is increasing with increasing tangential force. When tangential load
achieved its maximum value the macro slip
starts and the stick area is not present anymore.

(3)

where T is tangential load, ν is Poisson’s
ratio and μ is shear modulus of the material.
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Motivation
• Energy efﬁcient materials: Increasing strength
without signiﬁcantly increasing weight or cost

The samples have been subjected to a prescribed
shear deformation. The initial/boundary conditions
and the results of the simulations are shown in Fig.3

• Goal: To identify the relation between the microstructure and the macroscopic strength of multiphase steels

(a)

0.44
0.43

0.1
Periodicity relations
Isothermal condition (=300 K)
Total time = 2000 s
Applied deformation rate = 10-4 s-1

• Incorporation of typical steel microstructures into
a ﬁnite element environment (Fig.1)

Average austenitic volume fraction(A)
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Numerical results
Three randomly generated volume elements that
have been used in the identiﬁcation procedure are
shown in Fig.2
Volume Element (I) Volume Element (II) Volume Element (III)

2 m

Austeniti Total # of
c grains
grains
8
64
27
207
56
450

2 m

Cells
164
400
700

Volumetric
fraction
~12%
~12%
~12%

Figure 2 : (Top) The distribution of austenitic grains
(red) within the ferritic matrix (grey)
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• Analysis of distinct microstructures to identify the
macroscopic properties

0.05

Number of grains
64

Average strain(E13)

3
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Figure 1 : The Voronoi geometry of the volume element
and the corresponding hexahedral ﬁnite element mesh
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• Development of microscopic constitutive models
for multiphase steels
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0.3

Methodology
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394

Average stress(S13) [GPa]

(b)
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Figure 3 : (a) Applied deformation and initial/boundary
conditions, (b) Averaged shear stress, (c) Average
austenitic volume fraction and (d) Average ferritic plastic strain for the volume elements I, II and III. The insets
in each ﬁgure indicate the differences between volume
elements at the end of the simulation

The insets in Fig.3 indicate a convergent trend for the
macroscopic response.

Outlook
The volume elements representing the effective
macroscopic response are utilized in the context of
a numerical homogenization scheme. These will be
used as benchmark for an alternative algebraic solution to be used in place of the direct numerical simulations in an adaptive multiscale framework
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Introduction
Physical insight in the frictional behaviour of
surfaces in contact in vacuum and other
special environments is important for the
accuracy of positioning mechanisms.
Adhesion as well as friction experiments
were performed for single asperity contacts
in a novel designed Vacuum Adhesion and
Friction Tester (VAFT) as shown in Figure
1. Results show good agreement with basic
theories of contact and frictional mechanics.

Figure 1: (Left) Vacuum Adhesion and
Friction Tester inside the vacuum chamber.
(Right)
FEM
simulations
showing
application of normal load Fn on the force
measuring mechanism.

Experiments
Single asperity contact results
Measurements were conducted both in high
vacuum (10-6 mbar) as well as in ambient
conditions (20°C, 1 bar) for a very smooth
silicon ball against a very smooth glass
surface. Typical adhesion and friction
measurements are shown in Figure 2.

Figure 3: (a) Coefficient of friction vs.
normal load. (b) Preliminary displacement
vs. normal load.
Results of friction experiments both in
vacuum and ambient are shown in Figure 3.
Both COF and preliminary displacement are
significantly reduced when operated in
vacuum. Furthermore, the load dependence
of both parameters is verified by the power
fitting explained by Hertz and Mindlin
theories.

Future Work
Validating adhesion and friction models with
experiments.
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New trends in solid-fluid interaction:
From underground flow to
astrophysical applications
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Topics and Goals

Industrial applications - Fluidized bed

- Micro-Macro transition: Effect of “micro”
parameters (structure) on the “macro” behaviour
(permeability) of materials.
- Data structures: Use Delaunay triangulation
(DT) for contact detection, structure classification,
strain and drag calculation, …
- Goal: Combined finite-discrete element method
(FEM-DEM)

State of the art - Methodology
- FEM for fluid
and DEM for
solid/particles

Fig. 3: (a) Initial particle positions and mesh (b)
Fluidized particles with distorted mesh at t =1.2 s.
-

Fig. 1: DT for
contact
detection AND
FE mesh. Color
code shows the
horizontal
velocity field.

Unresolved simulation
Mesh constructed on particle positions
Need the drag closure ~ β(u-vp) [1]
Use DT for contact detection AND FE mesh

Astrophysical applications - DEM

Underground flow - Porous media
- Fixed particles
- FEM fluid solver
- Fully resolved [1]
- Drag/permeability

Flow

Other applications:
y
z
x

- Composites
- Suspensions/colloids
- Industrial filters …

d

Fig. 4: (a) Freely cooling granular gas [2] (b) The
DEM simulation of astrophysical rings.

Conclusions and future work
1. Use DT for contact detection, structure, drag …
2. Developed a coupled DEM/FEM framework
3. Showed the application in porous media,
fluidized beds, astrophysics …
Show relevance and validity - compare with
other methods
Acknowledgement: STW-MuST program #10120.
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A necessary and sufficient condition for stability of the
mixed Finite Element formulation for Navier-Stokes is the
Babuska-Brezzi (BB) condition [1]. Several elements have
been developed to meet this condition, of which the one
proposed by Taylor and Hood [2] is perhaps the most popular. Here we demonstrate the Raviart-Thomas element [3],
which, when combined with an isogeometric discritization,
results in a pointwise divergence-free flow field.

Problem formulation
For demonstration we focus on the stationary lid driven cavity
flow on a unit square domain Ω. We aim to find a flow field u
and pressure field p such that
u · ∇u = ∇ · [2µ∇s u − p] , ∇ · u = 0, u|∂Ω = U,

Results and discussion
Shown below are solutions on a 10 × 10, 20 × 20, and 30 × 30
element grid. For all, 15–20 Picard iterations were required to
reach convergence. We observe that weak enforcement captures
flow characteristics sooner, such as magnitude of the main vortex
and reversed flow in both corners. Picard failed to converge with
weak enforcement and α . 10−1 , and with µ . 10−4 , in which
case no stationary solution is thought to exist. No quantitative
convergence analysis has been conducted as yet.
Strong

Weak

(1)

where µ is viscosity, ∂Ω the domain boundary and U is the unit-x
vector at the top edge, zero otherwise. We derive the weak form
and add consistent terms with penalty factors α and γ following
[4] for weak enforcement of the Dirichlet boundary condition:
Z


∀v ∈ U0 :
u · ∇u · v + 2µ∇s u : ∇s v − p∇ · v dV
Ω
Z


+
αu · v−2µγu · ∇s v · n − 2µv · ∇s u · n+pv · n dS
∂Ω
Z


=
αU · v−2µγU · ∇s v · n dS, (2a)
∂Ω

∀q ∈ P :

Z

Ω

q∇ · udΩ = 0.

(2b)

A simple Picard iteration is set up around u, starting at u = 0.
We will show results for two cases, both with viscosity µ = 10−3 :
1. “strong”:
2. “weak”:

γ = 0, v|∂Ω = 0, u|∂Ω = U
γ = 1, α = 10−1 , v · n = 0, u · n = 0.

Note that in both cases the gray pressure term in (2a) drops.

Raviart-Thomas discretization
The Raviart-Thomas elements are constructed such that
{∇ · u : u ∈ U0 } = P.

(3)

It follows that any solution to (2b) is pointwise divergencefree. Property (3) requires higher-order continuity of u, which is
achieved by using an isogeometric discretization, with different
polynomial order for ux (2 × 1), uy (1 × 2), and p (1 × 1):

ux

uy

p

For curved domains this is to be combined with a divergencepreserving transformation from reference to physical domain,
such as the Piola transformation; this is not required here.
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