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Preface
The research school on Engineering Mechanics organizes annually the Engineering Mechanics Symposium. In 2020 a
new and revised joint agreement for the Engineering Mechanics research school was approved. In addition to former
members Eindhoven University of Technology, Delft University of Technology and University of Twente, University of
Groningen has now also co-signed the joint agreement as a new member of Engineering Mechanics. We are pleased to
welcome our colleagues from Groningen to EM, and to the annual symposium 2020!
The aim of this symposium is to stimulate the communication and exchange of information pertaining to recent
developments and ongoing research in the field of Engineering Mechanics. To achieve this, the program presents the
Koiter lecture by a leading expert in the field of Engineering Mechanics, and topical sessions in relation to selected
research programs of the research school.
The Twenty-third Engineering Mechanics Symposium takes place October 27 - October 28, 2020. In the opening
session, Prof. Ellen Kuhl will present this year’s edition of the Koiter lecture entitled: “Data-driven modeling of COVID19”.
Furthermore, four workshops are organized that partly run plenary and partly run in parallel. Topics of this year’s
workshops are:
Trends and challenges in “Physics Based Learning”
Organized by prof.dr.ing. B. (Bojana) Rosic (UT, main organizer), dr.ir. C.V. (Clemens) Verhoosel (TUe),
dr.ir. M. A. (Miquel) Bessa (TUD)
Trends and challenges in “Experimental Mechanics”
Organized by dr.ir. R.A. (Richard) Norte (TUD, main organizer), dr.ir. J.P.M. (Johan) Hoefnagels (TUe),
dr. M. (Martin) Luckabauer (UT)
Trends and challenges in “Failure Mechanics”
Organized by dr.ir. E. S. (Semih) Perdacioğlu (UT, main organizer), dr.ir. R.H.J. (Ron) Peerlings (TU/e),
dr.ir. F.P. (Frans) van der Meer (TUD)
Trends and challenges in “Multi-scale Mechanics”
Organized by dr.ir. E. (Emanuela Bosco) (TUe, main organizer), dr.ir. S.R. (Sergio) Turteltaub (TUD),
prof. S. (Stefan) Luding (UT)
The best AIO-presentation within each workshop will be awarded a prize. Winners will be announced directly before
the closing of the symposium on Wednesday, October 28, 2020.
To cope with the COVID-19 pandemic and the corresponding restrictions, this year’s edition of the Engineering
Mechanics symposium will be held online.

This report contains more detailed information on the Twenty-Thrid 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
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Program 23rd Engineering Mechanics Symposium
Tuesday and Wednesday, 27-28 October 2020

Tuesday, 27 October 2020
9.00-10.50

Opening Session

9.00-9.10

Opening of the Symposium by prof.dr.ir. Harald van Brummelen

9.10-10.05

Koiter lecture by prof. Ellen Kuhl, Stanford University

10.10-10.25

Trends and challenges in “Physics-based Learning” by prof.dr.ing. Bojana Rosic

10.25-10.40

Trends and challenges in “Experimental Mechanics” by dr.ir. Richard Norte

10.50-11.00

Break

11.00-12.30

Workshops 1 and 2

Workshop 1:
Physics-based Learning

Workshop 2:
Experimental Mechanics

11.00-11.20
Sharana Kumar Shivanand (UT)
Multi-level uncertaintly quantification of highdimensional engineering problems
11.20-11.40
Dongil Shin (TUD)
Data-driven design of optomechanical device
with Bayesian optimization

11.00-11.20
Niels Vonk (TUe)
Unravelling the physics behind the hygro-expansion of
paper: a multi-scale study

11.50-12.10
Bram van der Weg (UT)
Interactive crash simulation
12.10-12.30
Fahim Shakib (TUe)
Computationally Efficient System Identification Applied
to Mechanical Ventilation

11.50-12.10
Nick Hoksbergen (UT)
Leading edge erosion of wind turbine blades

11.20-11.40
Matthijs de Jong (TUD)
Sensing using high-stress mechanical resonators

12.10-12.30
Satadal Dutta (TUD)
Listening to ultrasonic plant vibrations
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Program 23rd Engineering Mechanics Symposium

Tuesday and Wednesday, 27-28 October 2020

Wednesday, 28 October 2020
9.00-9.30

Introduction workshops 3 and 4

9.00-9.15

Trends and challenges in “Failure Mechanics” by dr.ir. Semih Perdacioğlu

9.15-9.30

Trends and challenges in “Multi-scale Mechanics” by dr. ir. Emanuela Bosco

9.40-11.10

Workshops 3 and 4

Workshop 3:
Failure Mechanics

Workshop 4:
Multi-scale Mechanics

9.40-10.00
Shakil bin Zaman (UT)
Fracture characterization of AlSi coating during hot
stamping of press hardening steel
10.00-10.20
Xiaopen Ai (TUD)
C1 Floating Node Method for the Modelling of
Composites Damage and Failure

9.40-10.00
Lu Ke (TUD)
Computational homogenization for
two-scale cohesive fracture
10.00-10.20
Lei Liu (TUe)
A multi-scale modelling framework for interfaces in
advanced multi-phase steels

10.30-10.50
Nicky Jonkers (TUe)
Experimental characterization and modeling of the
mechanical behavior of brittle 3D printed food
10.50-11.10
Gijs Eumelen (TUe)
Modelling chemo-mechanical damage of historical oil
paintings

10.30-10.50
Yousef Shaheen (UT)
From Discrete to Continuum with MercuryCG:
Applications in Additive Manufacturing
10.50-11.10
Sharhzad Mirhosseini (UT)
Effect of Retained Austenite on Macroscopic
Material Behavior

11.20-11.40

Prize ceremony and closure

11.40-12.40

Assembly of Project Leaders EM
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The Koiter lecture at the Twenty-third Engineering Mechanics symposium will be given by:

Ellen Kuhl

Data-driven modeling of COVID-19
Previous distinguished keynote speakers at the Engineering Mechanics symposia were:

2019
2018
2017
2016
2015
2014
2013
2012
2011
2010
2009
2008
2007
2006
2005
2004
2003
2002
2001
2000
1999
1998

Marco Amabili
William Curtin
Zhigang Suo
Kurt Maute
Stefanie Reese
Anja Boisen
Wolfgang Wall
Roger Owen
Oded Gottlieb
Herbert Mang
Charbel Farhat
Gerhard Holzapfel
Bernard Schrefler
Alan Needleman
Peter Wriggers
Alan Grodzinsky
Ole Sigmund
Norman Fleck
Edwin Kreuzer
Ekkehard Ramm
John Hutchinson
Pieter Zandbergen,
Werner Schiehlen
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Koiter Lecture
Data-driven modeling of COVID-19
Prof. Ellen Kuhl
Stanford University, California, USA
Understanding the outbreak dynamics of COVID-19 through the lens of data-driven modeling is an
elusive but significant goal. Within less than a year, the COVID-19 pandemic has resulted in 40 million
reported cases across 189 countries with more than 1 million deaths worldwide. Unlike any other
disease in history, COVID-19 has generated an unprecedented volume of data, well documented,
continuously updated, and broadly available to the general public. Yet, the precise role of mathematical
modeling in providing quantitative insight into the COVID-19 pandemic remains a topic of ongoing
debate. Here we discuss the lessons learned from a year of modeling COVID-19. We highlight the early
success of classical models for infectious diseases and show why these models fail to predict the current
outbreak dynamics of COVID-19. We illustrate how data-driven modeling can integrate classical
epidemiology modeling and machine learning to infer critical disease parameters—in real time—from
reported case data to make informed predictions and guide political decision making. We critically
discuss questions that these models can and cannot answer and showcase controversial decisions
around the early outbreak dynamics, outbreak control, and exit strategies. We anticipate that this
presentation will stimulate discussion within the engineering mechanics community and help provide
guidelines for robust mathematical models to understand and manage the COVID-19 pandemic.
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Workshop 1
Trends and Challenges in
“Physics based learning”
Bojana Rosić1, Clemens Verhoosel 2, Miguel Bessa3
1University

of Twente, Faculty of Engineering Technology
University of Technology, Department of Mechanical Engineering
3Delft University of Technology, Department of Mechanical Engineering

2Eindhoven

As our society is undergoing fourth industrial revolution or Industry 4.0, there is a constant need for
the development and application of digitalization technologies. The current trend of automation and
data exchange in manufacturing as well as other industrial branches requires two way
communication between machines, sensors or collected data, and the corresponding software. For
example, in material manufacturing the data collected during its synthesis, production process
monitoring, material characterization and performance evaluation can be employed as a feedback to
the overall process stages, and thus the manufacturing cost, its quality and the lead time can be
significantly improved. To achieve this goal, gathered data have to be processed, analyzed and the
important information with respect to the material and process design, their performance and
control have to be extracted. As data are often heterogeneous, of multi-scale/temporal nature,
possibly ambiguous and of low quality due to missing values, the process of learning is often
requiring the careful application of existing or design of new data fusion algorithms.
Today the most often taken route in learning from data is to apply one of the artificial intelligence
(AI) paradigms, in particular of machine or deep learning type. The popularity of AI significantly
increased not only because of its ability to recognize patterns in data, but also due to its generative
and predictive abilities. For example, one may utilize AI algorithms to generate novel type of
materials, or to predict future material state given its previous history. Another advantage of AI is
that can deal with any type of data ranging from linguistic and visual information to data read by
strain gauges for example. However, the main disadvantage is that AI algorithms are still bounded to
big data sets, and hence are not reliable when used in a small data setting. As this is often the case in
engineering applications, another approach starts gaining its popularity. The idea is to use the
existing expert knowledge that we have build up as a research society in the last centuries. By
modelling the physics one may emulate material state, mechanical system or process closely to its
realistic behaviour. By adding the data to the modelling loop, one may fuse the important
information and hence update the current state of the knowledge. Compared to the pure AI
approach, the physics based learning has one important advantage. In contrast to the pure data
driven approach that focuses on describing the associative relationships, the physics based learning
is promoting for the causal relationship. However, both of approaches suffer from similar issues and
that is challenge of dealing with high-dimensionality, nonlinearity and presence of noise in data.
Therefore, in this workshop the capabilities of both type of approaches will be explored, and
discussed both from fundamental and application perspective.
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Workshop 2
Trends and Challenges in
“Experimental Mechanics”
Richard Alexander Norte
Delft University of Technology, Faculty of Mechanical, Materials and Maritime Engineering (3mE), Precision and Microsystems
Engineering; Dynamics of Micro- and Nanosystems,
Mekelweg 2, 2628 CD Delft, The Netherlands
Kavli Institute of Nanoscience, Department of Quantum Nanoscience,
Delft University of Technology, Lorentzweg 1, 2628 CJ Delft, The Netherlands
Contact: r.a.norte@tudelft.nl

Experimental mechanics is at the heart of numerous innovations which have significant influence in
our modern society. Our ability to manipulate nature with mechanical engineering has relied on
continuously evolving new designs, materials, and dynamics to make breakthroughs. This workshop
will look at the current trends and challenges in understanding large-scale mechanics by focusing on
their smaller constituents. For instance, windmill designs and materials have evolved dramatically
over the centuries, becoming a game-changer for energy harvesting. The most recent advancements
in wind power rely on closely probing turbines’ properties with microscopes rather than only
considering their large-scale shapes. Paper has underpinned our cultures for millennia and yet we are
only beginning to understand about its large scale dynamics by exploring its fibrous structure. Going
further down in size, manipulating sound at the microscales is allowing us to closely listen to
vibrations in plants and bring about a new framework of agriculture in a society increasingly effected
by climate change. Even in MEMS technology, silicon mechanics is now the ultimate limit for the best
microchip sensors we can produce today. From the scale of car-sized turbines to plant vesicles, this
eclectic workshop will highlight how experimental mechanics at small scales is opening the door to
big ideas.
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Workshop 3
Trends and Challenges in
“Failure Mechanics”
Semih Perdahcıoğlu1, Ron Peerlings2, Frans van der Meer3
1University

of Twente, Faculty of Engineering Technology
University of Technology, Department of Mechanical Engineering
3Delft University of Technology, Faculty of Civil Engineering and Geosciences

2Eindhoven

Failure has always been an important playing field of cutting edge research in mechanics as engineers
constantly push further what is considered to be the limit of a certain type of material, product or
structure. This attitude has allowed turning what has been considered as impossible into reality such
as skyscrapers, supersonic jets, space and deep sea exploration to name a few examples. Failure
during manufacturing processes and during the lifetime of a product can be seen as the two main
relevant research areas since prevention of both can lead to better products at a lower cost.
Prediction of the lifetime as well as the failure performance of a product that has undergone a certain
thermo-mechanical production process is a challenge which the EM community is currently dealing
with. This requires not only fundamental understanding of the physics of material behavior but also
elegant experimental studies and advanced numerical algorithms. For different materials, numerical
tools have been actively developed and used to model brittle/mixed-mode crack propagation.
Experimental non-destructive techniques for determining the state of a material based on dynamics
and acoustics are also actively being studied in the EM community.
During manufacturing of metals and composites, which seem to be the most actively studied materials
in the EM community, serious problems due to a combination of material behavior and the process
conditions lead to failure. In composites the usual suspect for failure is delamination of fibers/plies
and in metals local instability and damage are to blame. For composite failure significant research has
been carried out in analyzing fiber/ply behavior during placement in addition to forming which require
tackling challenging numerical issues when dealing with high temperatures, scale transitions as well
as large mechanical contrast between the constituent phases. In metals the central challenge lies in
modeling the plastic behavior of the material accurately in order to have reliable information on the
mechanical state that dictates the progression of damage as well as the conditions that lead to local
instability. Active research is being conducted on understanding the plasticity and damage behavior
of high strength steel including multi-scale studies for damage and plasticity modeling based on the
microstructure of the material.
Research in the EM community is not restricted to metals and composites or even other classical
engineering materials, as made manifest in this workshop with presentation on sugary printed food
and historic paint. Although in applied research, experimental and modeling techniques need to be
chosen with care to address material-specific challenges, the advance of these techniques for one
material may open up avenues for understanding the behavior of other materials.
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Workshop 4
Trends and Challenges in
“Multi-scale methods”
Emanuela Bosco1, Sergio Turteltaub2, Stefan Luding3
1Eindhoven
2Delft

University of Technology, Department of the Built Environment
University of Technology, Department of Aerospace Engineering
3University of Twente, Faculty of Engineering Technology

In the last decades, the enormous technological develoment in manufacturing and processing
techniques has allowed the widespread emergence of advanced materials, which involve complex
constituents at different length scales. This poses a challenge in the modelling and simulation of the
response of these complex systems. On the one hand, classical continuum models may be unsuitable to
capture the interactions between the material behaviour at the macroscopic and at the microstructural level. On the other hand, directly performing micro-structural simulations for a real
engineering problem is not computationally feasible. Multi-scale models are able to bridge the gap
between the underlying physics and the material behaviour at the macro-scale, and represent a
powerful tool to study and predict the material response in different relevant industrial and
engineering applications [1].
The mechanics community of the Netherlands is widely recognized internationally for its focus on the
research field of multi-scale mechanics. In this workshop, the most recent progresses in multi-scale
methodologies within the EM community will be explored, concerning both the development of
numerical solution strategies and the tailoring of multi-scale techniques towards specific applications.
References
[1] Karel Matouš, Marc G.D. Geers, Varvara G. Kouznetsova, Andrew Gillman. A review of predictive nonlinear theories for
multiscale modeling of heterogeneous materials (2017) Journal of Computational Physics, 330, 192-220
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Workshop 1
“Physics-based Learning”

18

Multi-level uncertainty
queantification of highdimensional engineering
problems
Sharana Kumar Shivanand
University of Twente
Institute of Scientific Computing, TU Braunschweig,
Mühlenpfordtstraße 23, 38106 Braunschweig
phone: +49-531-391-3011, e-mail: s.shivanand@tu-bs.de

Human bone tissue is a typical biomechanical material that exhibits high stochastic dimensionality
due to highly uncertain heterogeneous-anisotropic micro-structure. By extending already existing
deterministic models, an appropriate material description in a probabilistic framework is developed.
The objective of this work is to quantify the consequential uncertainty in mechanical response with
computational efficiency. Due to essentially a large number of parameters describing the material
model, the process of obtaining a functional representation of the stochastic response is often
proven to be computationally expensive. To relieve the computational demand, a multi-fidelity
uncertainty quantification approach known as the multi-level Monte Carlo method is considered.
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Abstract title: Multi-level uncertainty quantification of high-dimensional
engineering problems
Workshop: Physics-based Learning
Shivanand, Sharana Kumar
TU Braunschweig, Institute of Scientific Computing
University of Twente, Applied Mechanics & Data Analysis
Advisors: Prof. Hermann Matthies and Prof. Bojana Rosic

Biography and description of research:
Sharana Kumar Shivanand is a PhD candidate and research assistant in the Institute of Scientific
Computing at Technical University of Braunschweig since 2018. He is also externally associated for his PhD
studies with the research group of Applied Mechanics and Data Analysis at University of Twente. In 2017, he
receieved his MSc degree in Computational Sciences in Engineering from Technical University of Braunschweig.
His research interests lie in the area of uncertainty quantification, focusing specially on efficient forward
probabilistic methods and stochastic material modelling.
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Data-driven design of
optomechanical device
with
Bayesian optimization
Dongil Shin, Andrea Cupertino, Richard A. Norte, Miguel A. Bessa
Delft University of Technology, Faculty of Mechanical, Maritime and Materials Engineering,
Mekelweg 2, NL 2628 CD Delft
phone +31-(0)64-8235991, e-mail D.Shin-1@tudelft.nl

Optomechanical systems are widely used to detect sensitive signals through coupling between
mechanical resonators and optical systems. However, applications in new fields such as quantum
computing and detection of gravitational waves are currently limited by mechanics at the microscale.
Recent breakthroughs using new manufacturing techniques enable highly pre-stressed beam and
membrane nanomechanical resonators on microchips, leading to a host of sensor capabilities [1].
This study proposes using a data-driven optimization process to design a new resonator of prestressed Silicon nitride inspired by a spider-web concept. Since data is generated from
computationally expensive finite element analyses, we show that Bayesian optimization [2] is
particularly well suited for these devices' automated design. Therefore, we show that our datadriven process leads to devices with the previously unreported performance despite requiring few
iterations for this scarce data problem. Interestingly, the optimized nanomechanical resonators
reduce bending losses by exploring new types of vibration modes. In essence, Bayesian optimization
is shown to offer new opportunities for designing more compact nanomechanical resonators for a
number of next generation mechanics experiments. The strategy is general and will likely prove
useful for a much wider class of problems.

References
[1] Norte, R.A., Moura, J.P. and Gröblacher, S., 2016. Mechanical resonators for quantum optomechanics experiments at
room temperature. Physical review letters, 116(14), p.147202.
[2] Shahriari, B., Swersky, K., Wang, Z., Adams, R.P. and De Freitas, N., 2015. Taking the human out of the loop: A review of
Bayesian optimization. Proceedings of the IEEE, 104(1), pp.148-175.

21

Abstract title: Data-driven design of optomechanical device with Bayesian
optimization

Workshop: Physics-based Learning
Dongil Shin
Delft University of Technology, Department of Materials Science and
Engineering, Faculty of Mechanical, Maritime and Materials Engineering
Advisor: Dr. Miguel A. Bessa
Co-advisor: Dr. Richard A. Norte

Biography and description of research:
Dongil Shin received his Bachelor's degree in Mechanical Engineering at Seoul National University, South
Korea, in 2013. In 2019, he received his Ph.D. degree in the group of Yoon Young Kim from the same
university. His research has concentrated on developing a thin-walled beam finite element model by defining
core cross-sectional deformations using a data-driven approach with solid mechanics.
In 2019, He joined TU Delft as a postdoc. His research focuses on the integration of machine learning
techniques with nanofabrication research. He is developing new techniques to produce nearly any design
imaginable in high-stress, nano thickness mechanical resonators for optomechanics. By utilizing the latest in
machine learning algorithms combined with new nanofabrication techniques, he is designing new
optomechanical systems that go far beyond simple intuition. His work concentrates on simulating the nanophotonics device by finite element analyses, applying machine learning methods to the problem of interest,
and validating the new sensor experimentally. The project's final goal is to invert the design process from
trial-and-error to a computationally data-driven approach.
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Computationally
Efficient System
Identification Applied to
Mechanical Ventilation
Fahim Shakib
Eindhoven University of Technology, Department of Mechanical Engineering,
Section Dynamics and Control

Mechanical ventilation is used to regulate the breathing of patients in respiratory distress during
nurseryof intensive-care and acutely ill surgical patients. In this presentation, patient and hose
parameters of a nonlinear, first-principle model for mechanical ventilation are identified in a fast and
accurate way. The proposed identification framework is applicable to the class of continuous-time
convergent Lur’e-type systems. Using the Mixed-Time-Frequency (MTF) algorithm, we show that the
steady-state model response and the gradient of the model response with respect to the model
parameters can be computed in a numerically fast and efficient way, allowing efficient use of global and
local optimization methods to solve the identification problem. Furthermore, by enforcing the
identified model to be inside the set of convergent models, we certify a stability property of the
identified model, which allows for reliable generalized usage of the model also for other inputs than
those used to train the model.
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Abstract title: Computationally Efficient System Identification Applied to
Mechanical Ventilation
Workshop: Physics Based Learning
Shakib, F. (Fahim)
Eindhoven University of Technology, Department of Mechanical Engineering
Advisor: Prof.dr.ir. N (Nathan) van de Wouw

Biography and description of research:
Fahim Shakib (born, 1992, Afghanistan) obtained his BASc-degree in Mechatronics from the Fontys,
Eindhoven, The Netherlands, in 2014, and his MSc-degree in Mechanical Engineering from the
Eindhoven University of Technology, Eindhoven, The Netherlands, in 2017. Since 2018, he is a PhDcandidate
in the Dynamics and Control group of the Mechanical Engineering department at the Eindhoven University
of Technology, Eindhoven, The Netherlands, on the topic ‘Data-driven modeling
and control of nonlinear systems’.
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Workshop 2
“Experimental Mechanics”
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Unravelling the physics behind the hygro-expansion of paper:
a multi-scale study
Niels Vonk, Marc Geers, Johan Hoefnagels
Department of Mechanical Engineering, Eindhoven University of Technology, The Netherlands
The dimensional stability of paper is a well-known problem, affecting a wide range of engineering applications. An imposed change in moisture
content due to e.g. wetting or printing causes the natural fibers to swell, greatly affecting the geometric and mechanical properties of the
paper product. During printing applications, a moisture content gradient throughout the thickness of the paper sheet causes unwanted out-ofplane deformations to occur, generally manifested as cockling, waviness or curling. These macroscopic dimensional instabilities are governed
by the physical phenomena that occur in the fibrous micro-structure. To progress in understanding, and ultimately reducing, the abovementioned unwanted out-of-plane deformations, novel hygroscopic experimental data on the fibrous microstructure at all length-scales is
required, i.e. single fibers, inter-fiber bonds, fiber networks and sheets
To characterize the hygroscopic behavior of single fibers in detail, a novel micro-mechanical characterization method based on Global Digital
Height Correlation is developed allowing continuous full-field 3D fiber surface displacement measurements during wetting and drying, as
shown in Figure 1 (a) [1,2]. This method is subsequently extended and applied to inter-fiber bonds, as shown in Figure 1 (b). The transverse
hygroscopic strain trend of both fibers is given and shows the inter-fiber interactions – due to their low longitudinal hygroscopic strain, the
vertical fiber blocks the horizontal fiber from swelling in transverse direction.
To validate the phenomena occurring at the above-mentioned scales, sparse paper networks can be characterized using computed
tomography (CT). Therefore, a novel device which allows in-situ CT hygro-thermo-mechanical testing is developed and validated, as shown in
Figure 1 (c). Climate-controlled experiments on the creasing and folding of cardboard and tensile tests on glass-fiber reinforced plastics are
performed, giving new insight on their 3D microstructural evolutions during (hygro-thermo-) mechanical loads. These experiments show that
this device has great potential for characterizing the 3D hygroscopic behavior of sparse fiber networks.
Combining the results found on multiple length-scales can provide opportunities to better predict and understand the behavior of paper
products upon wetting and drying.

Figure 1 – (a) Hygroscopic characterization of a single pulp fiber with the average longitudinal and transverse strain as a function of relative humidity, showing
prominent anisotropic swelling. (b) fiber-fiber bond with the average transverse strain over the fiber length at a relative humidity of 90%, clearly showing the interfiber interactions. (c) a novel multi-purpose in-situ computed tomography testing device with two examples: creasing and folding of multi-layered cardboard under
ideal processing conditions (50%RH and 23oC) and tensile testing of a glass-fiber reinforced polymer before and after fracture. Both examples clearly show the
potential of the device being applied to sparse paper fiber networks.
[1] Vonk, N.H., Verschuur, N.A.M., Peerlings, R.H.J., Geers, M.G.D., Hoefnagels, J.P.M. (2020). Robust and Precise Identification of the Hygro-Expansion of Single
Fibers: a Full-Field Fiber Topography Correlation Approach. Cellulose, 27(12), 6777-6792.
[2]Vonk, N.H., Geers, M.G.D., Hoefnagels, J.P.M. Full-Field Hygro-Expansion Characterization of Single Softwood and Hardwood Pulp Fibers. Submitted for publication
(2020).
[3 Vonk, N. H., Dekkers, E. C. A., van Maris, M. P. F. H. L., & Hoefnagels, J. P. M. (2019). A multi-loading, climate-controlled, stationary ROI device for in-situ X-ray CT
hygro-thermo-mechanical testing. Experimental Mechanics, 59(3), 295-308.
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Abstract title: Unravelling the physics behind the hygro-expansion of paper: a
multi-scale approach

Workshop: Experimental Mechanics
Vonk, N.H. (Niels)
Eindhoven University of Technology, Department of Mechanical Engineering
Advisor: dr. ir. Johan Hoefnagels
Co-advisor: Prof. dr. ir. Marc Geers

Biography and description of research:
In 2015, Niels received his bachelor degree in Mechanical Engineering at the Eindhoven University of
Technology. During his master program, Niels did an internship at Massachusetts Institute of Technology
(Cambridge, USA) where he developed a novel device that allows multi-axial testing of thin sheet metal
combined with quasi in-situ high-quality scanning electron microscopy characterization. Afterwards he
finished his master program on the development of a novel, multi-purpose device for in-situ X-ray Computed
Tomography testing, resulting in him receiving the master's degree (Cum Laude).

Niels’ current research is focused on understanding the physics behind the hygro-expansion of paper at
different length-scales, such as: single pulp fibers, inter-fiber bonded pulp networks or paper sheets. Niels
combines high-resolution observation techniques such as Light Microscopy, Optical Height Profilometry and
Computed Tomography with dedicated Digital Image Correlation algorithms to understand the occurring
phenomena at the different length scales
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Sensing using high-stress
mechanical resonators
M. H. J. de Jong, P. G. Steeneken and R. A. Norte
Delft University of Technology, Faculty of Mechanical, Materials and Maritime Engineering (3mE)
Precision and Microsystems Engineering; Dynamics of Micro- and Nanosystems, Mekelweg 2, 2628 CD Delft, The Netherlands
Kavli Institute of Nanoscience, Department of Quantum Nanoscience,
Delft University of Technology, Lorentzweg 1, 2628 CJ Delft, The Netherlands
Contact: m.h.j.dejong@tudelft.nl, phone: +31(0)6 1202 6480

Mechanical resonators can be coupled to many different types of systems, which has led to their
widespread use as sensors in various shapes and forms. These types of mechanical-motion-based
sensors form the heart of many applications such as navigation via accelerometers or audio detection
(microphone) via pressure sensors. The sensitivity of these mechanical sensors to tiny vibrational
changes requires that they be isolated from the (mechanically noisy) environment. Particularly in
ambient conditions it is necessary to isolate mechanical sensors from their environment in the right
way to reduce noise.
Here, we give a brief introduction to why and how using high-stress materials can be beneficial for
sensing applications. We focus closely on recent examples using pre-stressed (1 GPa) SiN suspended
resonators, which represent some of the best performing acceleration [1], force [2] and displacement
sensors to date.
This extreme sensitivity to the quantities of interest (acceleration, displacement) puts importance on
the isolation of these sensors from the environment. We also discuss how to achieve this isolation by
engineering the stress and strain in the system [3] to route mechanical vibrations (phonons) in a similar
way electrons are routed in a circuit. We will be discussing recent designs, considerations and
applications for these high-stress-material based sensors and show that these general principles could
prove useful to other types of mechanical experiments.
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of these membranes to the environment

31

Leading edge erosion of
wind turbine blades
T.H. Hoksbergen*, I. Baran, R. Akkerman
University of Twente, Faculty of Engineering Technology,
Chair of Production Technology
P.O. Box 217, 7500 AE Enschede, The Netherlands
phone +31-(0)53-4898463, e-mail t.h.hoksbergen@utwente.nl

Offshore wind energy shows high potential as a sustainable energy source for the energy transition. To
achieve higher energy production and efficiency, wind turbine blade sizes increased to over 100m in
the last years. These higher blade sizes result in blade tip velocities of over 100m/s [1]. Interaction of
the blade leading edges with rain droplets at these velocities causes erosion damage over time
reducing the aerodynamic efficiency and hence the energy production. This erosion damage is a result
of compressibility in the rain droplets and stress waves in the coating materials. In order to study these
mechanisms at lab scale, an experimental pulsating jet erosion test (PJET) is designed and a volume loss
determination method based on confocal microscopy is proposed. These methods can be used to
compare lab scale tests with models and field data.
The developed PJET setup produces a continuous jet with a velocity of up to 190m/s. This jet is sliced in
segments by a slotted rotating disk before impacting the specimen at up to 200Hz impact frequency.
The impact waves are sensed by piezo electric sensors and confocal microscopy is performed after a
certain number of impacts. The confocal microscopy results in a height map of the damaged specimen
which is post processed in MATLAB to determine the volume loss. This volume loss corresponds well
with incubation curves obtained by industry [2].
A dynamic fluid-structure interaction model based on smoothed particle hydrodynamics and the finite
element method is developed in order to study the contact pressures and determine the stress wave
fields in the coating material [3]. The modeled results can be coupled with high strain rate material
fatigue data to determine the number of cycles before failure. The developed toolbox of methods helps
to gain an understanding of the damage mechanisms and enables design of erosion resistant coatings
based on impact, material and geometric parameters rather than expensive long-term experimental
testing.
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models and coupling of the resulting stress wave fields to high strain rate material fatigue behavior.
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Physicians check the health of your lungs and heart by listening to them using a stethoscope. But do you know
you can apply the same principle on plants to check their health ? Sound emission from the internal tissues of
plants can be linked to their micro-mechanics. This is promising for the development of broadband acoustic
sensor devices, where mechanical engineers can contribute a great deal to the non-invasive monitoring of plant
health. This can enable high-tech and smart farming technology in the future to increase agrarian yield.
In this talk, I will unravel the mechanics of ultrasonic bursts emitted from plants under drought-stress [1]. This
phenomenon originates from the formation of micro-bubbles within the tubular water-conducting xylem
vessels [2]-[4]. Xylem vessels are the arteries of plants carrying nutrients and water from the roots to the
leaves, and are quite vulnerable to nutritional deficiencies and pathogen infection [5]. I will show the
recordings of ultrasound emissions from drying plant shoots obtained with a commercial broadband
microphone. To understand the time-domain and frequency-domain analyses of the obtained waveforms of
such ultrasound emissions, we developed a mechanical model of the xylem vessels. Using this model, we can
extract the microscopic radii and, lengths ands well as the (visco-)elasticity of the plant’s xylem vessels. These
parameters were validated with the help of destructive measurements on the plant shoots. Our study is a first
step of demonstrating how acoustic sensors can be equally beneficial for plant healthcare and non-invasive
phenotyping for high-tech agriculture. The extraction of the physical parameters of the xylem vessels can be
thought of a way to process the “speech” of plants that tell us much more about their character and not just
that they are thirsty. By bringing together plant scientists, mechanical and electrical engineers, we can produce
low-cost and compact wearable patches to monitor individual plants in a greenhouse or indoor farm.
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Figure 1: Ultrasound emissions are measured from a drying plant shoot with a broadband microphone along both axial and radial directions. They
resemble damped sinusoidal oscillations containing a superposition of multiple characteristic frequencies. From the frequency and the settling time
of the waveforms, we calculate the effective length and radius of xylem vessel elements, plus the Young’s modulus. The same are validated with
scanning electron microscopy and uniaxial tensile loading.
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methodology to analyse the properties of Xylem vessels of plants in collaboration with the Wageningen
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Abstract
Hot stamping is a widely used technology to produce ultra‐high strength steels. In this method,
press hardening steel is usually coated using aluminum with 10wt.% silicon (AlSi). The AlSi
coating prevents the steel from decarburization and oxidation at elevated temperatures. However,
the coating fractures during hot stamping, leading to tool (adhesive) wear, high coefficient of friction
and poor surface quality of the product. The coating fracture is mainly due to the evolution of
coating microstructure, brittle Fe‐Al intermetallics and voids that are formed in the coating
during heating stage. The aim of this project is to experimentally investigate the effect of hot
stamping parameters on the initiation and propagation of AlSi coating fracture, which could then
be utilized to numerically predict coating fracture in the industrial large scale applications.
In my presentation, I will focus on experimental characterization of coating fracture at high
temperatures. The effect of deformation temperature, strain rate, macroscopic strain‐level and
heat treatment parameters on initiation and propagation of coating cracks is investigated. Acoustic
emission sensors are incorporated to monitor coating fracture in each stage at real-time. After the
test, the distribution of coating cracks in the form of crack density is obtained by means of optical
microscopy.
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Fiber-reinforced composites are nowadays ubiquitous in aerospace structures. Predicting accurately the
progressive failure of composites under different loading conditions is however a challenging task due to the
numerous interacting damage mechanisms involved in the process. The Floating Node Method (FNM) has
been developed for this purpose, particularly for the explicit modelling of the matrix cracks, delamination and
their intersections [1]. Despite its effectiveness, the current FNM still suffers from a well-known constraint on
mesh density when it comes to the use of Cohesive Elements (CEs) for fracture modelling: the element size
needs to be several times smaller than the cohesive zone size. In a typical mode I delamination test of a
unidirectional laminate coupon, i.e., the Double Cantilever Beam (DCB) test, the cohesive zone size is less than
1 mm [2]. The recent work by Russo and Chen [3] has shown that incorporating the Kirchhoff-Love kinematic
assumption in the formulations of the ply and cohesive elements, which requires C1 continuity for the
interpolation along the neutral axis of the plies, is the key to overcoming the cohesive zone limit. The follow-up
work on 3D DCB simulations confirmed this finding [4].
This work aims to develop a new version of the FNM, where the plies and interfaces would be modelled with
C1-continous triangular Kirchhoff-Love shell and cohesive elements, respectively. This would then allow the
accurate modelling of matrix cracks and delamination without worrying about the cohesive zone limit on mesh
density. The triangular shape is chosen for its flexibility of modelling arbitrary (sub-)domain geometries. A
critical review is performed to select the best candidate for the C1 triangular shell element. A geometrical
nonlinear formulation of the shell element is developed to allow for large deformation analysis. The
correctness and accuracy of the user-defined element are verified on reference thin plate and shell problems.
A conforming Kirchhoff-Love CE is being developed to match the kinematics of the ply elements. Future work
includes the enrichment of these elements with floating nodes and the implementation of element partitions
for the modelling of arbitrary matrix cracks together with delamination.
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The consumption of food is subjective and personal. For personalization and for health applications,
there is a need for food customization. The possibility of additive manufacturing techniques to tailor
product properties make them interesting to use as a food processing method. To make use of the
power of additive manufacturing to design or optimize food with specific properties, a modeling
approach is very beneficial. To model complex food systems, the mechanical behavior of the printed
material has to be characterized and understood. This mechanical behavior is a result of the
microstructure that is formed due to a combination of process conditions and the used ingredients.
This contribution is focusing on proper characterization and modeling of Selective Laser Sintered
food in terms of the intrinsic material behavior, which is essential for product customization. The
effective properties originate from the microstructure, shown in Figure 1, which is controllable by
the laser sintering process. Key characteristic in the texture perception (i.e. the consumer’s
perception of eating) of food is the failure mechanism of the product. The anisotropic elasto-plasticdamaging response of the material is controllable by the process conditions, by which varying
textures are created. To predict product properties at the scale of the printed geometry, the focus is
on modeling the response at the scale of the effectively homogeneous printed material.

Figure 1: Mechanical properties of a 3D printed object (left) originate from the microstructure (right).
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Nicky Jonkers received his Bachelor's degree in Mechanical Engineering at the Eindhoven University of
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Introduction
The formation of crystalline metal soaps in paint materials is threatening a large percentage of
historical oil paintings worldwide. Crystalline metal soaps form from a series of complex chemical
reactions between metal ions and saturated fatty acids [1]. Despite being linked to phenomena such
as crack formation and paint delamination (loss of paint) [2], very little research has been performed
into the mechanical behavior of historical oil paintings under the formation of crystalline metal soaps.
Research
In this work numerical models have been developed that are capable of simulating the growth of metal
soap and the corresponding mechanical behavior and damage generated in the paint layer [3,4]. The
formation of crystalline metal soap is modelled by means a diffusion-reaction model, whereby the
saturated fatty acids are taken as the reference diffusing species. The growth of the metal soap crystal
leads to stresses and strains in the paint layer, which can result in the nucleation and growth of cracks.
The formation of cracks is modelled by means of interface elements equipped with a mixed-mode
damage formulation [5]. The presence of cracks in the paint layer reduces the diffusion of the
saturated fatty acid; this effect is accounted for by locally reducing the diffusion coefficient, resulting
in a two-way coupled, chemo-mechanical model formulation.
Results
The current model is capable of qualitatively predicting the formation of the metal soaps and surface
cracks as observed in historic oil paintings [3,4]. Future research focuses on a further refinement of
the chemo-mechanical model and the determination of material parameters of historical paints by
means of nano-indentation experiments.
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The cohesive crack model is convenient to simulate the onset and propagation of fractures. Cohesive
laws are adopted in combination with either the extended finite element method (XFEM) or
elements to describe the degradation of the material in the fracture process zone. However,
establishing a cohesive law that is accurate for all possible scenarios is not trivial. Apart from
phenomenological approaches, computational homogenization (or FE2) serves as a promising
alternative. In such approach, along the propagation of macroscopic cracks, cohesive tractions are
computed based on the homogenization of the response in a subscale microstructural volume
element (MVE), which provides the ability to explicitly account for microscopic details and fracture
mechanisms.
While the classical first-order FE2 has become a standard approach for obtaining macroscopic
constitutive laws for bulk material, there is no text-book FE2 approach for strain localization cases.
Adopting different FE techniques, several approaches have been proposed for addressing the issue
of appropriate macro-micro transitions for strain localization problems ([1, 2, 3] among others). In
these works, different restrictive assumptions are adopted on the microscale, and there is no
consensus on how to upscale the response of the localizing micromodel to homogenized tractions.
In order to explore and extend the ability of FE2 approach for strain localization cases, we propose a
two-scale computational homogenization framework to model macroscopic crack growth
considering cohesive fracture mechanism on both scales. The proposed framework has a high
generality and is minimally intrusive. The micromodel includes tortuous micro-cracks as well as
plasticity. On the macroscale the phantom node method is adopted to deal with strong
discontinuities while on the microscale a model that inserts cohesive elements between neighboring
elements on the fly is used.
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Facilitated by the economically viable thermo-mechanical processing procedures, low alloying
requirements and excellent mechanical properties, dual-phase (DP) steels consisting of a
ferrite/(lath) martensite microstructure are nowadays among the most attractive advanced high
strength steels (AHSS) for automotive applications. However, a strength/ductility trade-off often
exists for the exploitation of DP steels. In order to overcome this challenge, considerable efforts
have been devoted to understand DP steel failure, and it is concluded that martensite/ferrite (M/F)
interface damage is the dominant origin [1].
To predict DP steel failure accurately, appropriate models for M/F interface/interphase are therefore
in need. A few M/F interface models have been proposed, e.g. cohesive interface model and
interphase layer model. However, they usually lack a clear definition of interface/interphase,
typically rely on an ad-hoc assumption for model parameters and do not incorporate microphysics,
e.g. martensite sliding and interfacial morphology effects.
Towards addressing the above problems, a multi-scale modelling framework for M/F interphase is
presented in this contribution. To capture the complete mesoscopic interphase kinematics, a
deformation jump between martensite and ferrite is introduced besides the homogeneous
deformation gradient. By accounting for the microscopic structure of the interphase, applying the
meso-to-micro scale transition yields interface periodic boundary conditions, used to complement
the microscopic boundary value problem (BVP). The effective interphase stress and deformation
jump are extracted from upscaling the microscopic BVP solution, to provide a consistent coupling to
the mesoscopic kinematics. Moreover, the effective martensite island sliding is derived, as an
important characteristic of the interface damage. After numerical validation against the reference
solution from the M/F interphase of full unit cell, the main features of this framework are
demonstrated using numerical examples of M/F interphase unit cells with different interfacial
morphologies.
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The discrete particle method (DPM) is widely used to simulate granular materials and particulate systems. Micromacro transition methods such as coarse graining (CG) [1,2] are applied to the particle data from DPM simulations
to extract continuum fields like density, velocity and stress, which are important for the design and optimization
of many engineering applications and processes. Here, we apply CG to simulations of Laser Powder Bed Fusion
(LPBF), an important additive manufacturing process. In LBPF, parts are produced by spreading successive layers
of powder material and solidifying selected parts by partially or fully melting them with a laser. LPBF offers design
flexibility and easy customisation that contributed to its rapid growth and wide ultilization in different industrial
sectors. However, optimising the process parameters and powder material processibility are still the main
challenges.
In LPBF, to achieve high product quality, the powder is best spread as a uniform, dense layer. The challenge for
LPBF manufacturers is to develop a spreading process that can produce a consistent layer quality for the many
powders used, which show considerable differences in spreadability. Therefore, we investigate the influence of
material properties, process parameters and the type of spreading tool on the layer quality [3]. The discrete
particle method is used to simulate the spreading process and to define metrics to evaluate the powder layer
characteristics. Utilizing CG, we define the coeffecient of variation (cv) of the spatial distribution of the depthaveraged solid volume fraction, which charecterises layer uniformity, Fig. 1.
The final part quality is also influenced by the consecutive melting of powder material, for that purpose we are
developing a thermal DPM model capable of predicting material processability in LPBF. The model assumes that a
spherical particle is partitioned into separate molten and solid phases. During heating (melting) a melt shell
around the particle develops, while a bond between particles in contact evolves during cooling (solidification), Fig.
2. After powder consolidation, CG can be utilised to extract parts density and predict porosity.

Figure 1 Snapshot, spatial distribution and probability
distribution of the spread powder layer solid volume fraction

Figure 2 Thermal DPM: two particles bonding
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TRIP steels are a class of advanced high strength steels that obtain their enhanced formability over
regular dual phase (DP) steels of the same high strength by a mechanically induced transformation of
retained austenite (RA) to martensite. This effect is called transformation induced plasticity or TRIP
which gives rise to hardening and formability of the material. The microstructure of TRIP steels
consists of austenite in a ferrite matrix which will also contain hard phases like martensite and
bainite. Enhanced formability in TRIP assisted steels owes to the extra strain which takes place during
martensitic transformation entitled "transformation strain" or "free strain".
Strain and stress partitioning occurs as a result of the contrast among constituent phases.
Furthermore, phase transformation theory used in this study is based on the stresses carried by
austenite. So it is crucial to take a suitable homogenization technique which is capable of evaluating
the resolved strains and stresses as well as being descriptive of the overall macroscopic material
response. Homogenization of the microstructure is performed with mean field method that is based
on the average values of the field variables in subdomains. This technique is utilized in this project to
have an equivalent RVE based on inclusions. In Self-Consistent scheme, which is one of the most
efficient schemes for multiphase microstructures, Ferrite (F), Martensite (M), Retained Austenite (A),
Bainite (B) and Transformed Martensite (TM) are modelled using inclusions (Fig1) embedded in a
homogenized matrix.
Austenite grain size is one of the most significant parameters that influences retained austenite
stability. It also influences the hardening of the material due to high strain gradients caused by the
advent of geometrically necessary dislocations (GNDs). In this project, non-local effects will be used
to enhance mean field method by means of gradient enhanced crystal plasticity simulations.

Figure 1. Microstructure of a TRIP steel versus equivalent RVE used for homogenization

52

Abstract title: Effect of retained austenite on macroscopic material behavior
Workshop: Multiscale modelling
Mirhosseini, S.S. (Shahrzad)
University of Twente, Faculty of Engineering Technology, Chair of Nonlinear
Solid Mechanics
Advisor: Prof.dr. Ton van den Boogaard
Co-advisor: Dr. Semih Perdahcioglu

Biography and description of research:
Shahrzad was born in Tehran, Iran. After finishing her Bachelor and Master in mechanical engineering in 2014,
she started a Ph.D degree at AmirKabir University of Technology in Tehran. At the last year of her first Ph.D
degree, she decided to move to Netherlands to pursue her field of interest as a member of a collaborative
project entitled DENS (Digitally Enhanced New Steel Product Development). The program is supported by
TATA Steel company and M2i institute.
Since 2018, she has been pursuing her doctoral programme at University of Twente with the group of
Nonlinear Solid Mechanics. She is working under supervision of dr. ir. Semih Perdahcioglu as her daily
supervisor and prof. dr. ir Ton van den Boogaard as her promoter. She is investigating the effect of retained
austenite and the subsequent mechanically induced transformation of retained austenite to martensite on
the mechanical behavior of multiphase steels. Besides, her project is aimed at quantification of retained
austenite stability and the extent of material formability.

53

Graduate School on Engineering Mechanics
c/o Eindhoven University of Technology
PO Box 513, building Gemini-Zuid 4.133
5600 MB Eindhoven NL
Tel.: +31 40 2478306
Fax: +31 40 2447355
E-mail: Engineering.Mechanics@tue.nl
http://www.em.tue.nl

54

