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Introduction

With this 23rd edition of the Arenberg brochure, a long tradition is fostered 
and continued. It gives new professors and young faculty members of the 
Science, Engineering and Technology Group (SET) the opportunity to  
present them-selves and their research projects.

The short papers have already shown to be a very interesting and quick way to 
get acquainted to one another and promote chances to cooperate and support 
each other in the research domains and education profiles of the Group.  
Especially in the view of the current integration process this brochure can 
contribute in the future even more to cross-fertilization between departments, 
clusters, research centers, application oriented and curiously driven research.

We hope this booklet may be helpful to you and your co-workers and take this 
opportunity to wish you plenty of success with all your academic assignments.

Karen Maex
Vicerector Science, Engineering and Technology
On behalf of the Executive Committee

Met deze 23e uitgave van de Arenbergbrochure zetten we een waardevolle 
en jarenlange traditie verder. Dit boekje geeft nieuwe professoren en jonge 
academici van de Groep Wetenschap & Technologie (W&T) de kans om 
zichzelf en hun onderzoeksprojecten voor te stellen.

In het verleden is al gebleken dat de korte teksten een interessante en 
snelle weg zijn om met elkaar kennis te maken en dat hierdoor kansen 
gegeven worden tot samenwerking en ondersteuning in de verschillende 
onderzoeksdomeinen en onderwijsprogramma’s binnen de Groep. In het 
licht van de integratie kan deze brochure in de toekomst zelfs nog meer  
bijdragen tot kruisbestuiving tussen de verschillende departementen,  
clusters, onderzoekscentra en het toepassingsgericht en  
nieuwsgierigheidsgedreven onderzoek.

Wij hopen dat deze brochure nuttig kan zijn voor u en uw medewerkers en 
wensen u via deze weg heel veel succes in uw academische opdrachten.

Karen Maex
Vicerector Wetenschap & Technologie
Namens het Groepsbestuur
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Sebastien Carpentier werd geboren op 3 januari 1978 in Kortrijk. Hij is 
vader van drie zonen: Xander (2002), Robin (2004) en Wout (2007).

Hij studeerde af als bio-ingenieur in de cel- en genbiotechnologie aan de 
KU Leuven in 2001 waarna hij als onderzoeker aan de slag ging aan het  
Centrum voor Menselijke Erfelijkheid. In 2003 keerde Sebastien Carpentier 
terug naar de Faculteit Bio-ingenieurswetenschappen en startte hij zijn  
doctoraat. In 2007 behaalde hij met zijn proefschrift ‘Optimized proteomic 
methods to unravel biochemical processes in banana meristems during in 
vitro osmotic stress acclimation’ zijn doctoraat in de toegepaste biologische 
wetenschappen. Tijdens zijn postdoctoraal mandaat als onderzoeker van 
het FWO was hij een jaar werkzaam aan de Universiteit van Wageningen, 
waar hij het proteomics en metabolics team van Plant Research International 
vervoegde. Van 2008 tot heden is Sebastien Carpentier actief als bestuurslid 
en secretaris van de Vlaamse KVCV Sectie Proteomics en in 2012 was hij 
medeoprichter en secretaris van de Belgische Proteomics Associatie.

In oktober 2011 werd Sebastien Carpentier voor vijf jaar aangesteld als docent 
aan het Departement Biosystemen en in 2012 werd hij verantwoordelijk voor de 
interfacultaire faciliteit voor massaspectrometrie SyBioMa (voorheen ProMeta).
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The quest for tolerant varieties and forgotten 
species: multivariate phenotyping at the plant 
and cellular level

Most of the fundamental research is focused on the model plant Arabidopsis. 
However numerous non-model plants are essential as food, feed, or energy 
resource each with their own proper physiology. Several features and  
processes are unique to a particular plant species or family and cannot  
simply be extrapolated. In many crops, a rigorous analysis at the molecular 
and physiological level has not yet been performed and/or stress is usually  
approached from one site (e.g. plant physiology, genetics or molecular 
biology). Many interesting crops or varieties are underutilized or forgotten. 
They might have been used for centuries for their food, fibre, fodder, oil or 
medicinal properties, but have been reduced in importance over time owing 
to particular supply and/or use constraints. Such crop species have also 
been described as ‘orphans’.

The stress physiology group of Sebastien Carpentier is part of the Division of 
Crop Biotechnics. The group focuses on stress physiology of crops and plant 
proteomics/mass spectrometry. KU Leuven (Ronny Swennen, International 
Transit Centre (ITC)) is responsible for the management, distribution and 
safe storage (cryopreservation) of the Bioversity International collection 
of the tropical crop banana (Musa). The mandate of ITC is to secure the 
long-term conservation of the crop’s gene pool and to encourage the use 
of its accessions. The latter, however, requires an in-depth knowledge of 
the variability among the accessions. Currently, knowledge in these areas 
is either inexistent or unreliable. We are currently consuming only one variety, 
Cavendish. The Stress Physiology Group of Sebastien Carpentier is currently 
focusing on the characterization of this biodiversity towards drought stress 
tolerance. Additionally, we are looking to study promising underutilized 
plant species. From an educational point of view, Sebastien Carpentier is 
teaching Tropical Crop Production and Development Physiology of  
Higher Plants.

What is stress? 
Plant stress has been defined in many ways and despite the growing need 
for a better crop production the fundamental knowledge of stress and  
defense is still basic for many crops. The Stress Physiology Group looks 
upon stress from an agricultural point of view and defines stress as a factor 
that decreases plant growth and development and thus eventually yields. 
Abiotic stress and particularly drought is worldwide one of the major causes 
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of yield loss and this will even worsen under the threat of global climate 
changing. Water scarcity and quality is currently being considered as one 
of the major future challenges for agriculture and food security worldwide. 
We need to search for varieties that can at least maintain an acceptable 
productivity under reduced water availability. Banana is a crop that needs 
vast amounts of water for an optimal production and yield is currently more 
and more affected because of increasing drought periods. What is the 
impact of water scarcity for banana? Yield loss increases dramatically as 
drought intensifies (Fig. 1). Depending on the prevailing climatic conditions, 
the commercial variety grows best in a warm (25-30°C), humid climate with 
about 25-35 mm precipitation per week and about 2000 mm rain evenly 
spread over the year. For comparison, the average yearly precipitation in 
Belgium is 800 mm. In addition, black leaf streak, economically the most 
important fungal disease that threatens commercial banana production, 
thrives in humid climates, whereas less humid areas are natural borders for 
the disease. Banana production becomes more interesting in those areas. 
Reliable identification of drought-tolerant varieties is thus highly needed.

Plant phenotyping
The word phenotype is used to describe the combination of an organism’s 
observable characteristics or traits (e.g. morphology, development,  
biochemical or physiological properties, behaviour). A phenotype results 
from the expression of an organism’s genes as well as the influence of 
environmental factors and the interactions between the two. To start the 

Fig. 1: Fruit Yield (T/ha) per mm water evaporated/transpired during one growing cycle 
under 4 different irrigation regimes. Figure reconstructed based on data from Hedge and 
Srinivas (1989).
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phenotyping on plant level, a large number of physiological variables are 
monitored over time on strategically selected varieties under control and 
stress conditions. Subsequently, multivariate analysis selects only those 
variables that efficiently characterize the stress response and explain 
the observed variability. One important variable to characterize the 
reaction to drought is leaf temperature. We monitor leaf temperature via 
an infrared (IR) camera (Fig. 2). In the near future, we will perform in the 
framework of a project granted by the ‘Herculesstichting’ high-throughput 
phenotyping in an automated greenhouse platform in collaboration with VIB 
(Dirk Inzé).

Cellular phenotyping: proteomics/metabolite analysis via  
mass spectrometry
A high-throughput screening of proteins (proteomics) to characterize the 
plant reactions at the cellular level is an efficient way of phenotyping.  
Proteins are the end product of genes and metabolites are the end  
product of proteins (enzymes). Proteomics is the endeavour to understand 
gene function and to characterize the molecular processes of the living 
cell through the large-scale study of proteins found in a specific biological/
physiological context. An array of approaches has been developed to  
address proteome analysis. The most widely used technique for plants 
is the two-dimensional gel electrophoresis (2DE) protocol that separates 
proteins according to two independent properties: isoelectric point (pI) and 
molecular weight (MW) and quantifies them via fluorometry. Mass  
spectrometry is subsequently used to identify the proteins. An alternative 
is liquid chromatography coupled to a mass spectrometer (LC-MS). LC-
MS separates, quantifies and identifies smaller parts of proteins (peptides) 
in an automated way. The proteins are reconstructed afterwards via  
bio-informatics and statistics. 

Fig 2: Top IR view from a banana 
plant. The midrib contains no stomata 
and is hotter than the leaf.
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Ultimately, the plant phenotype is driven by the operation of genes in cells 
to regulate growth in coordination with environmental limitations. As such, 
gene and cell function must always be considered in the context of the 
whole plant. We combine phenotyping at the cellular level to the plant level 
and responses at both scales are linked to understand plant stress. The 
combined phenotyping provides a framework to forecast plant growth and 
development in relation to the changing environment. As such any  
deviation of projected growth and development indicates stress which 
can be anticipated. 
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Thomas Hertog was born in Leuven on May 27, 1975. He received his  
undergraduate degree from the KU Leuven, Belgium, and his doctorate from 
the University of Cambridge. He joined the University of California in Santa 
Barbara as a postdoc fellow in 2002 and became a fellow at CERN, Geneva, 
in 2005. In 2007 he moved to the Laboratory for Astroparticle Physics and 
Cosmology in Paris as a CNRS research associate. He returned to Belgium 
and the KU Leuven in 2011 where he is currently associate professor at the 
Institute for Theoretical Physics (ITF).

Thomas Hertog is an internationally well-known cosmologist and a close 
collaborator of Stephen Hawking. At the KU Leuven he and his colleagues 
at the ITF investigate how string theory applies to the real universe and 
what it implies for the physical nature of the big bang. 

He has lectured at both a general and a technical level in more than 20 
countries, and his research has featured in distinguished media channels. 

He lives with his wife and their four children in Bousval, Belgium.
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The quantum universe

For thousands of years, human beings have contemplated the world and 
asked the great questions of existence. Where do we come from? Why is 
the universe the way it is? Modern cosmology aims to shed light on these 
questions by developing models of the origin and evolution of the universe 
which are mathematically consistent and observationally falsifiable.

Our current understanding of the large-scale universe rests on Einstein’s  
theory of General Relativity. Einstein suggested that the fabric of space and 
time can warp and curve, and that this is what gravity really is. According 
to General Relativity heavy bodies cause space (and time) in their vicinity to 
bend, creating a valley as it were in which other bodies can be trapped and 
thus be kept in orbit.

In the late 1920s and early 1930s George Lemaitre - a prominent former 
member of the Institute for Theoretical Physics in Leuven - applied  
Einstein’s theory of Relativity to the universe as a whole, and came up with 
the big bang model of cosmology. Lemaitre’s big bang cosmology gives 
a compelling account of the emergence of our complex universe from the 
expansion of a nearly uniform and hot state some 13.7 billion years ago. It 
brings together in one grand evolutionary scheme the entire cosmos and 
everything in it. By doing so, it establishes a profound connection between 
the universe’s present state and the physical conditions in the beginning. 

But this is not the end of the story. Lemaitre’s model does not explain how 
the universe actually began; it only predicts how the universe evolves once 
it got started. Mathematically this is because the big bang is a so-called 
`singularity’ in Einstein’s theory; a regime where gravity is so strong that 
our usual (classical) notions of space and time cease to be meaningful and 
Einstein’s Theory of Relativity fails.

Evidently this is not a satisfactory state-of-affairs, especially because the 
low energy laws of physics and chemistry that have emerged from the big 
bang appear to be very special; they are just right to bring forth a universe 
in which large-scale structures such as galaxies and complexity can arise. 

One example of this is the exceedingly small value of the dark energy term 
in the theory. Dark energy causes the expansion of the universe to accelerate. 
The observed amount of dark energy in our universe is smaller by no less 



11

than 120 orders of magnitude compared to what we expect on the basis 
of our current theoretical framework. If there had been slightly more dark 
energy, however, the rapid expansion of the universe would have prevented 
galaxies from forming in the first place! 

A different example concerns the masses of the elementary particles which 
are similarly found to be unnaturally small. This is crucial however to allow 
for complex chemistry.

To understand the origin of these features cosmologists ought to stretch 
their imagination further and face up to the physics of the big bang itself. 
Near the big bang the macroscopic world of gravity, space and time 
merges as it were with the microscopic world of particles and atoms. 
The latter is governed by quantum theory, the theory of the very small. 
Only a quantum theory of gravity, therefore, can set us on our way to a 
fully predictive model of cosmology and provide us with a deeper level of 
understanding of the universe. This is where string theory and my research 
come in.

String theory brings together general relativity and quantum theory into a 
single, overarching mathematical framework. As a physical theory it remains 
potentially valid under the extreme conditions inside black holes and in the 
early universe, where gravity is extremely strong. Indeed in recent years black 
hole physics and cosmology have emerged as fruitful areas of application of 
string theory, providing valuable guidance to its further development and – 
ultimately – its observational falsification.

In the context of string theory I have been involved in the development of 
physical models of the early universe in which the big bang singularity is  
resolved and thus describing the origin of space and time - a conditio sine 
qua non for the resulting cosmology to be truly predictive.

A curious feature of the universes emerging from the big bang in string  
theory is that they all have nine dimensions of space. Since we only see 
three space dimensions, the remaining six dimensions must be extremely 
small in our universe. It is envisioned they are curled up in a complicated 
manner. But the theory allows for many different topologies and geometries 
of this six dimensional `hidden’ space. The shape of the hidden dimensions  
determines the effective low-energy laws of physics (i.e. the particle 
content, interactions etc.) in the large dimensions that we do see. Hence 
string theory ends up predicting an ensemble of different possible worlds, 
each with its own low-energy laws of physics. Further, since string theory 
is a quantum theory these different universes co-exist in a sense and form 
a kind of landscape or multiverse.
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Only a small fraction of the universes predicted by string theory will be 
habitable worlds like ours. Evidently we must find ourselves in one of 
those. We cannot jump from one universe to another, but we should be 
able to infer the existence of a multiverse indirectly from the predictions 
of the theory for what our world should look like. This is because the 
calculation of those predictions makes use of the entire landscape. With 
my co-workers in Cambridge (UK) and in Santa Barbara (US) I have been 
involved in some of the very first computations of this kind.

A particularly promising observable in this context is the faint background of 
radiation in the microwave band that fills all of space. This is the afterglow of 
the hot big bang, cooled down to 2.73 Kelvin by the subsequent expansion 
of the universe. The microwave background provides us with a snapshot of 
the universe at a time when it became transparent to radiation, some 380.000 
years after the Big Bang.

The Van Gogh like pattern of different colors in the all sky picture of the 
microwave taken by NASA’s WMAP satellite in 2002 shows there are  
extremely small variations in the temperature of the radiation reaching us 
from different directions in space. The difference between blue and red on 
this map amounts to no more than one hundred thousandth of a degree. 
However these miniscule variations are just large enough to evolve under 
gravitational attraction into the largescale configuration of galaxies that is 
seen in the more recent universe. It is a central goal of theoretical cosmology 
to predict the details of this pattern of temperature fluctuations from a  
mathematically consistent theory of the universe’s origin.

Lemaitre’s original big bang model of an expanding universe was based 
on classical physics and in line with a Copernican worldview. The picture 
that is gradually emerging from our quantum approach to cosmology is 

All sky map of the temperatu-
re fluctuations in the Cosmic 
Microwave Background 
Radiation (9 year WMAP 
image, NASA).
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rather different. In a quantum cosmology the universe does not have a 
single, unique history. Rather there are many possible histories, and the 
universe lives them all.

Further we get to play a part in deciding the history of our universe, since 
our existence and observations select the habitable patches in the  
multiverse. Reality in a quantum world is thus much less Copernican than 
in the old big bang model. In a multiverse we are not merely chemical 
scum on a moderatelysized planet orbiting an average star in the outskirts 
of an ordinary galaxy. Instead the most significant fact about our universe 
may well be that life exists.
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Hans Janssen was born in Brecht on May 29, 1974. He is happily married 
to Ann Verscuren.

In the last year of his civil engineering education (1992-1997) at KU Leuven, 
Hans Janssen spent four months at the Norwegian University of Technology 
and Science in Trondheim. This Erasmus stay solely revolved around his 
master thesis activities, an experience which unveiled his fascination for 
research. This then led to a PhD (1997-2002) and a postdoc (2003-2006) 
project, both at the Building Physics Section of the Department of Civil 
Engineering of KU Leuven.

After that, he moved to Copenhagen, where he was appointed assistant (2006-
2008) and associate professor (2008-2011) at the Section of Building Physics 
and Services of the Technical University of Denmark. In October 2011 then, 
he returned to the Building Physics Section at KU Leuven, where he currently 
is an associate professor. He teaches on building physics and hygrothermal 
performances, and researches on moisture transfer in building materials.
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Moisture transfer in building materials

Introduction
Moisture transfer in building materials plays a critical role in the durability and 
sustainability of built structures, and in the health and comfort of building  
occupants. Two selected illustrations are the corrosion of rebars in concrete 
due to chloride ingress via the pore water, and the formation of mould on 
interior finishes owing to excessive humidity levels. Researchers from the  
United States estimate that 20% of their asthma cases can be attributed 
to the dampness in buildings and that 20% of their concrete bridges are 
structurally deficient as a result of corrosion damage. A reliable assessment 
of moisture storage and transport in building materials is hence essential, 
which in turn necessitates dependable physical models and efficient  
numerical tools, for respectively the proper description and the smooth  
simulation of moisture transfer in building materials.

These two themes hence form the hubs of my activities in the 15 years 
spanning my present research career. The following outline, merging 
results from personal research activities with outcomes from supervised 
research projects, concisely illustrates my former contributions on both 
themes. The concluding outlook introduces my visions on the way ahead 
within our field of moisture transfer in building materials. 

A look at the past
Physical description
During my PhD and postdoc projects, physical models for heat and 
moisture transfer in soils and in building materials were combined with 
complete descriptions of the atmospheric boundary conditions, to allow 
the hygrothermal analysis of building components. I investigated the  
influence of moisture transfer on the heat loss from buildings via the 
ground as this was often called upon to explain deviations between  
measured and simulated results. My study indicated that the moisture 
transfer impact is fairly limited, and that other phenomena must be  
causing the deviations, a conclusion that has often been cited since. I then 
examined the moisture response of brick walls and rendered facades, 
since these moisture content evolutions are a crucial factor in their  
durability. My study revealed wind-driven rain as the dominant moisture 
source for building components, and the impact of the convective surface 
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heat and moisture transfer coefficients in the drying process. That investigation 
has since then sprouted several other inquiries into wind-driven rain on 
buildings and convective surface transfer coefficients.

This careful application of physical models also revealed their inherent 
shortcomings, which I have tried to counter with new insights, to improve 
the understandings on moisture transfer in building materials. Illustrative 
examples are my work on dynamic effects and thermal diffusion: 

•	 the current paradigm for moisture transfer in porous materials is 
founded on a local equilibrium between the moisture potential and the 
moisture content. I experimentally established that this equilibrium is 
not always upheld, and that transient moisture transfer situations may 
be affected by dynamic effects. Numerical simulations suggest a  
potentially large impact, and further research on this topic is ongoing;

•	 literature revealed contradictory findings on thermal diffusion:  
proponents maintained that temperature gradients may yield vapour  
diffusion in porous materials; the opponents stated that this thermal 
transport is negligibly small. I showed that all proponent studies were 
flawed, in measurement or interpretation, and confirmed the opponent 
studies with a thermodynamic elaboration.

 

Numerical simulation
My PhD and postdoc projects were very much shaped by numerical  
challenges. My PhD necessitated the development of a simulation model for 
the two-dimensional transient heat and moisture transfer in soils under  

Fig. 1a: comparison between expected  
diffusion flows, quantified based on vapour 
pressure differences only, and corrected  
diffusion flows, measured under combined 
vapour pressure and temperature difference: 
the agreement nullifies the significance of 
thermal diffusion

Fig. 1b: comparison of a static moisture  
retention curve for calcium silicate board 
with dynamic moisture retention curves  
measured during drying: the deviation 
between both is the demonstration of 
dynamic effects
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atmospheric excitation. The topic of interest – heat loss from buildings via 
the ground – furthermore involved large spatial domains and long-time 
intervals. My postdoc project continued on the path of numerical simulation, 
aiming at a simulation tool for three-dimensional transient heat and moisture 
transfer in building components. As before, the spatial and temporal  
requirements were significant. A myriad of numerical efficiency measures 
were developed, which made both models pioneers with respect to  
simulation functionality and computation efficiency, at the time of their 
development.

Two examples are given here, one for the temporal domain, one for the 
spatial domain:
•	 an	energy and mass conservative iteration scheme avoids heat and 

moisture balance errors that are typical in non-linear simulations with 
large time steps: thermal and hygric capacities are calculated as overall 
values over a time step, and no longer at a certain point in that time 
step. This conservative iteration scheme has since then been  
implemented in several other hygrothermal simulation tools;

•	 adaptive integration reduces the integration errors that are characteristic 
for finite element simulations of strongly non-linear problems – like  
unsaturated moisture transfer in porous building materials – with  
considerable improvement in numerical efficiency at minor computational 
cost. Adaptive integration determines the required number of integration 
points in each finite element based on the local non-linearity.

The resulting hygrothermal simulation tool for building components, 
HAMFEM, is at present being used by a number of researchers; both in  
my own as in other (inter)national research groups.

Fig. 2a: distributions of yearly averaged 
temperatures (left) and saturations 
(right) in a soil domain around a heated 
insulated basement (red to blue = high 
to low): illustration resulting from  
application of the hygrothermal soil 
model

Fig. 2b: spatial configuration for the 
analysis of the spreading, absorption 
and evaporation of individual rain 
drops: application requiring the 
three-dimensional functionality of the 
hygrothermal building material model
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A vision for the future
Moisture transfer in building materials plays a critical role in the durability and 
sustainability of built structures, and in the health and comfort of building  
occupants. To correctly assess existing constructions or properly develop 
new constructions thus, the ability to reliably and practically analyse and 
design the hygric performance of building materials is essential. This in turn 
requires reliable and practical physical models for moisture transfer. 

The currently dominant paradigm hereto provides a macroscopic  
continuum theory combined with an empirical property characterisation, 
similar to various other disciplines working on fluid transfer in porous media. 
This macroscopic continuum theory suffers from core shortcomings however, 
in relation to dynamic effects, air entrapment and hysteresis. The theory 
is founded on local equilibrium between moisture potential and moisture 
content, which is not always valid. It moreover usually assumes the capillary 
moisture content as upper saturation limit, highly simplifying air entrapment 
in the pores. It furthermore frequently presumes a single retention curve, 
ignoring hysteresis of the moisture storage. 

The empirical property characterisation is similarly impaired by serious 
weaknesses. It merges adsorption and desorption, and static and dynamic 
methods, thus ignoring hysteresis, air entrapment and dynamic effects. It 
is moreover incomplete, as it does not cover the whole moisture content 
range. It furthermore necessitates months of measurements and of course 
requires to have the actual material at hand. This compound of flaws implies 
that hygric analysis of existing materials is feasible but cumbersome; it 
also entails that hygric design of new materials is virtually impossible, as is 
exemplified by the scarcity of actually moisture-engineered building materials 
in practice. 

Those deficiencies cannot be resolved within the current paradigm though. 
The macroscopic continuum theory can certainly be empirically adjusted to 
partially assimilate dynamic effects, air entrapment and hysteresis; it would 
however still not allow an in-depth investigation of their principal origins and 
potential impacts nor a generalisation of the current empirical knowledge on 
these topics. The empirical property characterisation can definitely be  
refined (to account for hysteresis, air entrapment and dynamic effects) and 
completed (to cover the complete range of saturation range); it would  
nevertheless not permit a direct prediction of the hygric properties of 
building materials from pore-structure information, which would resolve all 
mentioned characterisation limitations. The current physical model has thus 
reached its limits; instead a new paradigm is required to progress the state-
of-the-art in scientific research on and engineering application of moisture 
transfer in building materials.
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What if hence we were able to exploit the relations between the pore 
structure and the hygric behaviour of materials to analyse and design the 
moisture performances of building materials, building components and  
buildings? More particularly, what if we could calculate the moisture transfer 
in building materials at the pore-scale level, what if we could explicitly 
quantify this process as the moisture storage and transport in a network of 
pores?

Such ‘pore-network modelling’ of moisture transfer will yield a substantial 
progress in the fundamental understanding and in the practical application 
of moisture transfer in building materials. To us as engineers, pore-network 
modelling will allow predicting the hygric properties of building materials  
directly from information on their pore structure, strongly facilitating the 
hygric analysis and design of building materials. To us as scientists,  
pore-network modelling will moreover permit studying the origins and 
impacts of dynamic effects, air entrapment and hysteresis, leading to new 
insights on the physical model for moisture transfer in building materials. In 
the years to come hence, I will pursue the development and validation of 
pore-network models for unsaturated moisture transfer in porous  
building materials.



21



22



23

Hideaki Mizuno was born on February 1, 1967 in Kyoto (Japan).

He studied biochemistry at the University of Tokyo, where he got a PhD in  
Science in 1995. In 1995, he obtained a fellowship ‘RIKEN Special  
Postdoctoral Researchers Program’ and has been working at the Institute of 
Physical and Chemical Research (RIKEN) in Saitama (Japan) for three years. 
During this period, he studied about a Ca2+ channel on the intracellular Ca2+ 
store, which plays a crucial role for cell signalling. 

After that, he became a research scientist at the Brain Science Institute (BSI), 
RIKEN, where he worked on development and biological application of  
fluorescent proteins. In 2009, he decided to move to Johan Hofkens’s 
laboratory at KU Leuven as a postdoc to apply fluorescent proteins to super 
resolution microscopy. In 2011, he was appointed associate professor at the 
Department of Chemistry, KU Leuven and started his own laboratory.
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Exploring cell signalling by super resolution  
microscopy based on fluorescent proteins

Our laboratory is aiming to reveal the molecular mechanism of cell signalling 
by applying cutting edge microscopy. Most animals are composed of multiple 
cells, and the cells are communicating with each other to organize the 
‘society’. Extracellular signalling molecules, such as hormones and growth 
factors, are used as a communication tool of the cells. Some cells release 
the signalling molecules to give commands to other cells. The extracellular 
signals induce multiple biological phenomena including the proliferation 
and differentiation. Most of the signalling molecules are cell impermeable. 
Receptors on the cell surface receive the signals and transduce to the 
centre of the cell. Interestingly, multiple extracellular signals, which induce 
different biological phenomena, share the same intracellular messengers, 
and strict spatiotemporal regulation of the intracellular signals is critical for 
proper signalling. Improper regulation of the intracellular signals perturbs 
cell functions and induces diseases such as cancer. The intracellular signals 
rely on molecular interaction and enzymatic reactions, and so far a lot of 
signalling molecules are found, but the spatiotemporal regulation of those is 
still remain to be explored. We are addressing the spatiotemporal regulation 
of the cell signals by applying cutting-edge technologies based on fluorescent 
proteins and super resolution microscopy.

Green fluorescent protein (GFP) is a genetically encoded fluorescent  
molecule that emits fluorescence without any cofactors. The gene encoding 
GFP has been cloned from a jellyfish in 1992, and two years later, capability 
of fluorescent emission upon ectopic expression of the gene was shown in 
prokaryotic and eukaryotic cells. Meanwhile GFP-like proteins with various 
colour variations have been made by mutagenesis and by cloning from 
other sea organisms. Nowadays, fluorescent proteins become an  
indispensable tool in the field of life science to non-invasively label  
intracellular molecules by genetic engineering method. The research group 
has been working on the development of GFP-like fluorescent proteins and 
the biological application of these proteins.

The appearance of colour variation makes it possible to label different types 
of molecules at the same time. In addition, the colour variation gives us 
a new strategy to monitor the activity of cells based on a photo physical 
phenomenon so called Förester resonance energy transfer (FRET). The first 
example of the FRET-based indicator is a Ca2+ indicator, cameleon.  
Intracellular Ca2+ is a second messenger in cells; intracellular Ca2+  
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concentration is kept low (tens of nM) under the resting condition, and 
upon certain stimulation, Ca2+ is recruited from extracellular space or 
intracellular Ca2+ store via Ca2+ channels. Cameleon is a fluorescent 
protein-based indicator to monitor cytosolic Ca2+. Cameleon utilizes FRET 
between two GFP mutants, cyan fluorescent protein (CFP) and yellow 
fluorescent protein (YFP). CFP and YFP are connected each other with 
a Ca2+ binding protein, calmodulin (CaM), and its target peptide isolated 
from myosin light chain kinase, M13. Under the resting Ca2+ level, CFP 
emits fluorescence upon the excitation of CFP. At higher Ca2+ level, CaM 
binds to Ca2+ and grabs M13. Due to resulting compact conformation of 
CaM-M13, CFP and YFP get closer. Under such condition, the electronically 
excited state of CFP transfers its energy to YFP, and YFP emits fluorescence. 
So far variety of FRET-based indicators has been developed to monitor 
cellular activities such as protein phosphorylation, the activity of small  
G-proteins, and the activation of proteinases. 

On the way to develop a novel fluorescent protein, we sometimes  
encounter a fluorescent protein with a unique property. We developed two 
types of fluorescent proteins that can change the fluorescent properties  
upon light illumination (Fig. 1). One is a photo convertible fluorescent protein,  
which originally emits green fluorescence and the fluorescence irreversibly  
converted to red upon UV illumination. The other is a photochromic  
fluorescent protein, which emits green fluorescence, becomes non- 
fluorescence upon strong blue/green illumination, and regains fluorescence 

Fig. 1: Photoswitchable fluorescent proteins. Kaede shows irreversible green-to-
red photoconversion upon illumination at 405 nm (top left). Dronpa reversibly switches 
between green-emissive and non-emissive states upon illumination at 405 nm and 488 
nm, respectively (top right). Transgenic zebrafish expressing Kaede in neurons (bottom). 
Right panels are expansion of the region indicated with a white box on the left. In the  
bottom right, two commissure neurons are highlighted by the laser illumination at 405 nm.
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upon UV illumination. The photo switchable fluorescent proteins give rise 
to a new method to track molecules and to highlight molecules in living 
cells. In general, the highest achievable resolution of optical microscopy 
is determined by the diffraction limit of light. In the case of fluorescence 
microscopy, the best resolution is around 200 nm, which is not enough 
to analyse precise location and dynamics of the signalling molecules; the 
typical size of the molecules is a few nm. Recently, a new super resolution 
fluorescence microscopic modality, photo activated localization microscopy 
(PALM), has been developed, based on the photo switchable fluorescent 
proteins (fig. 2). PALM uses the stochastic activation of individual photo 
switchable fluorophores followed by the precise determination of their 
position by fitting to render images with a higher resolution. Repeating 
this process for multiple cycles enables the reconstruction of the image 
through the calculated position of each molecule. PALM gives a method to 
observe molecular positions and dynamics of molecules with the precision 
of around 10 nm, with which we can achieve one order of magnitude better 
resolution than conventional fluorescent microscopy. 

We are developing the cutting-edge technologies for fluorescence  
labelling and microscopy mentioned above. In addition, based on these 
technologies, we are now focusing on receptors on the cell membrane and 
downstream molecules that interact with the receptor directly or indirectly  
to transduce the signals, and working on the analyses of the precise  
localization and molecular dynamics of these molecules. Our research 
will give more insight of the cell signalling, especially the spatiotemporal 
regulation of the signals that is crucial for accurate cellular response to the 
intercellular communication.

Fig.2: Membrane microdomains visualized by PALM. Cultured Human cells (HeLa) are 
stained with a probe to visualize cholesterol-enriched domains on the membrane. The left 
and center panels were acquired by conventional fluorescence microscopy. The center is 
the expansion of the region shown with the white box on the left. The right is the PALM 
image of the same region as the center panel. Scale bars indicate 500 nm.
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from Princeton University. From 1998-2001, she worked for the company 
Therics, Inc., which sought to utilize three-dimensional printing techniques 
to create tissue engineering scaffolds. In 2007, she received a PhD in 
Bioengineering from the University of Washington, where she worked with 
Prof. Patrick Stayton on her dissertation entitled ‘Regenerative Matrices for 
Oriented Bone Growth in Craniofacial and Dental Repair’. Prior to coming to 
KU Leuven, she was a post-doctoral fellow at the Ecole Polytechnique  
Fédérale de Lausanne in Switzerland, where she worked with Prof. Jeffrey 
Hubbell to enhance molecularly engineered hydrogel systems as well as to 
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Since October 2011, she is a tenure-track assistant professor in the  
Department of Metallurgy and Materials Engineering (MTM). She is also a 
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Her research interests are in the areas of biomaterials, tissue engineering, 
and regenerative medicine, with a focus on the development of materials 
systems for the controlled spatial and temporal presentation of bioactive 
signals to stimulate tissue regeneration.
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(R)Evolutionary materials:  
advancing the future of medicine

The field of biomaterials is experiencing a paradigm shift – from ‘materials that 
heal’ (materials that simply replace damaged tissues or organs, perhaps 
fulfilling some their function) to ‘materials that will revolutionize the future 
of medicine’ (materials that restore or regenerate tissue function). Current 
standards of care for the repair of damaged tissues and organs are  
insufficient – from organ transplantation, which is hampered by a limited 
supply of donor tissue and requirements for life-long immunosuppression of 
the patient, to metallic implants such as titanium joint replacements, which 
remain in the body permanently (until they themselves fail and must be 
replaced). 

Advances in medicine are occurring at a rapid pace; from stem cell  
technologies to biologic-based drugs, these discoveries have great  
potential. And yet, on their own, they are poised to fail due to an inability 
to appropriately interact with the body. Within the research area of  
‘materials-biology interface science’, well-designed biomaterials can 
bridge this gap, by not only providing structural support but also helping 
to enhance the efficacy of the biologics delivered.

Our research group is interested in developing novel biomaterials,  
particularly what I like to call ‘evolutionary materials’, dynamic materials with 
spatially patterned display of bioactive factors, controlled release elements 
to create defined temporal profiles of biological molecules, and/or controlled 
degradation properties to allow eventual replacement of the implant with the 
regenerated tissue. These controlled delivery systems present bioactive  
molecules locally to the site of injury, potentially enhancing their effectiveness 
and decreasing side effects. The materials must also be biocompatible and 
biodegradable, leading to the ability to both respond to cells and provide 
appropriate cues to guide their behaviour. These types of materials have 
great potential to bring biologic-based treatments to clinical application, 
serving as cell-encapsulation matrices for tissue-engineered constructs or 
as controlled release systems for protein drugs, for example.

Further, ‘evolutionary materials’ would take one step closer to answering a 
big question in the design of cell-instructive matrices – what is the minimal 
complexity of signal presentation needed to lead to a robust functional  
response. Approaching the problem from an engineering perspective, one 
answer is to create the most simplified system possible that will still  
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guarantee the envisioned outcome. All signalling components present in the 
extracellular matrix (ECM) do not need to be present in this system, as long as 
there are sufficient and specific features that can initiate the correct biological 
response and guide it in the proper direction to a functional and sustainable 
outcome. In particular, the spatial distribution of biological signals is  
difficult to control within existing materials. Further, while many systems 
exist for the controlled release of bioactive factors, few approaches have 
been developed to allow the release of multiple molecules at different  
release rates. Thus, an overall objective of our research program is to  
develop ways to enhance the complexity of spatial and temporal patterning 
of bioactive molecules within engineered matrices, leading to a closer  
recapitulation of native tissue architecture and using a minimum number of 
cues in the most effective way.

To advance biomaterials research along the concept of developing  
‘evolutionary materials’, our approach is to use principles of biomimicry to  
engineer naturally derived and synthetic polymeric materials to improve the 
biological responses they can induce. Biomimetic materials have the  
advantage that they can be utilized in increasingly complex implementations: 
from homogeneous acellular matrices that would support cellular infiltration 
once implanted and materials that serve as simple cell carriers through  
patterned scaffolds containing gradients of bioactive molecules to  
completely in vitro engineered tissues. Overarching themes are the  
synthesis and characterization of appropriate materials as well as evaluation 
of the in vivo performance of the novel biomaterial or tissue-engineered 
constructs. As platform technologies, we utilize (i) synthetic, molecularly 
engineered poly(ethylene glycol) (PEG) hydrogels as a base matrix material, 
(ii) bioactive peptide mimetics to functionalize the matrix, and (iii) naturally 
derived polymers, such as hyaluronic acid, alginate, or gelatin, for  
complexation of biological molecules via charge interactions.

One particular application of these materials can be as tissue engineering  
scaffolds. Tissue engineering is a recently developing field, pioneered by 
Langer and Vacanti, with the idea to combine principles of biology with 
engineering-based approaches to develop functional biological substitutes 
that restore, maintain, or improve tissue function. The engineered tissue 
constructs that are formed by this approach consist of three critical  
components: cells, scaffolds, and bioactive factors. A core concept of  
tissue engineering is that the implanted materials must allow for remodelling 
or even complete resorption to lead to functional tissue regeneration and 
not simply replacement by a permanent implant. Therefore, we collaborate 
closely with other members of the KU Leuven research division Prometheus, 
which seeks to develop consistent and clinically relevant tissue engineering 
concepts for skeletal applications.
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As a specific example, my previous research at EPFL with Prof. Jeffrey  
Hubbell focused on the enhanced proteolytic degradation of molecularly  
engineered PEG hydrogels in response to matrix metalloproteinase (MMP)-
1, MMP-2, and plasmin. Bioactive hydrogels formed from the Michael-type 
addition reactions of end-functionalized PEG macromers with thiol-containing 
protease-sensitive peptide crosslinkers have previously been described as 
matrices for cell-induced enzymatic remodelling. In this study, we sought to 
develop materials formulations with different degradation profiles by evaluating 
an ‘educated library’ of peptides as potential substrates for plasmin, matrix 
metalloproteinase (MMP)-1, and MMP-2. Peptides in the ‘educated library’ 
were taken from published studies using peptide screening to discover novel 
substrates for various MMPs as well as from sequences surrounding known 
cleavage sites in the matricellular protein SPARC. 

Michaelis-Menten analysis showed that different peptides could provide a 
range of kcat values for each enzyme. In most cases, hydrogels formed with 
crosslinker peptides that had higher kcat values degraded faster when  
exposed to the appropriate enzyme(s), and fibroblasts showed increased 
cell proliferation and cell spreadin g when cultured in the faster degrading 
hydrogels. Further, greater cell invasion was observed from aortic ring 
segments embedded in the faster degrading hydrogels. The addition of the 
SPARC-derived peptides to the repertoire of protease-sensitive crosslinkers  
increases the potential application of these materials by providing enhanced 
susceptibility to plasmin. Further, the graded increases in kcat and the  
differential responses for plasmin, MMP-1, and MMP-2 can be used to  
engineer hydrogels with degradation properties tuned to the enzymes  
produced by particular cell types, allowing for broader in vivo application.
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Department of Computer Science at KU Leuven; from October 2012  
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His current research efforts on computational methods for multiscale 
problems span the range from the design and analysis of novel algorithms 
to their application for specific problems in, for instance, biology, materials 
science and chemistry. 
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Algorithms for the simulation of multiscale 
systems

The importance of computational science and engineering
Over the past decades, computational science and engineering have matured 
to a state where efficient algorithms and reliable simulation software are now 
readily available for a wide range of mathematical models. As a consequence, 
computer simulation now routinely complements theory and experiment in 
many scientific domains, and virtual experiments have become a practical, 
cost-effective and reliable alternative in situations in which physical 
experiments are, for instance, impossible, too costly, too dangerous or 
unethical. Examples are ubiquitous. One can, for instance, build a computer 
model of the Earth and study global warming. One can simulate crash tests 
for planes and cars without actually building a single prototype. One can 
limitlessly assess the effects of different treatment options for a virtual 
cancer patient. 

The challenge of multiscale computation
In practice, however, results from simulation are only as meaningful as the 
model that was used to describe the system. Many physical, chemical and 
biological problems have a multiscale nature, and cannot be modelled to 
sufficient accuracy at the coarse (macroscopic) scale of interest.  
As a consequence, a direct numerical simulation quickly becomes  
computationally intractable, even on the most powerful supercomputers 
that will exist in the foreseeable future, unless severe simplifying assumptions 
are made that are not always possible to justify. For instance, one cannot 
use a very detailed weather model (that is able to predict local weather 
evolution for a few days) to predict climate evolution of the entire planet 
over decades. In crash tests, one cannot directly use a detailed model 
that captures the material microstructure in the entire car body. In cancer 
modelling, one cannot simulate the intracellular processes in, and interactions 
between, all cells in an entire tumor. 

Generic computational multiscale methods
During the past decade, serious advances have been made in the  
development of generic computational multiscale methods, of which the 
underlying principles are not tied to a specific application. Such methods 
start from the assumption that a macroscopic (simplified) model exists in 
terms of some chosen macroscopic state variables (either a subset of the 
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microscopic state variables, or some collective variables). Then, one can 
perform macroscopic (system-level) simulation by supplementing an  
incomplete macroscopic description with appropriately initialized 
bursts of local microscopic simulation, bypassing the explicit derivation 
of an approximate macroscopic model. The idea is to use the microscopic 
model as a virtual experiment, in which a missing quantity at the  
macroscopic level itself is also estimated via computer simulation. The hope 
is that, by coupling these microscopic virtual experiments into a macro-
scopic simulation, the results at the macroscopic scale will be much more 
accurate than those obtained with an oversimplified macroscopic model, at 
a fraction of the computation time required for a full microscopic simulation. 

Bridging the gap between numerical analysis and computational science
Despite the significant progress, however, there still exists a large discrepancy 
between the knowledge on the convergence properties of such computational 
multiscale methods and the needs of applications. Specifically, numerical 
analysis has focused on proving convergence of novel multiscale methods in 
idealized settings. However, computational scientists require a software  
implementation of these methods that allows obtaining numerical solutions 
with a specified error tolerance at minimal computational cost. My research 
aims at bridging this gap by making the leap from convergence analysis to 
error control in an interdisciplinary context. The three main goals are to: 

1. significantly increase our understanding of computational multiscale  
methods by performing detailed numerical analysis;

2. significantly decrease required simulation times for complex multiscale 
problems by creating adaptive algorithms with automatic error control; 
and

3. significantly increase impact of these methods in computational science 
and engineering by developing a scientist-friendly software library.

Focus on interacting particle systems
The scope and applicability of the proposed methods is immensely wide. To 
ensure coherence, I currently focus on developing and analysing methods for 
coarse-graining systems of interacting particles. This allows to simultaneously

1. focus on precise questions of convergence and computational  
complexity in a solid mathematical setting; 

2. create a specific yet versatile software framework; and
3. retain enough flexibility to work in different application areas. 
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Impact and applications
When developing generic numerical methods that are aimed at accelerating 
simulation in specific applications, it is crucial to stay in touch with experts 
in those applications to ensure that the research efforts are well directed. 
This straightforwardly leads to interdisciplinary collaboration. Within KU 
Leuven (and also worldwide), many research teams in diverse scientific 
domains are working on problems that require multiscale simulation. With 
some of those teams, I already collaborate. I have worked/am working on 
biological tissue growth (with the Faculty of Bio-Engineering), metal  
deformation (with the Department of Metallurgy and Materials Engineering), 
polymer physics (with the Department of Chemistry), electromagnetism 
(with Physics, KU Leuven – Kulak), bacterial chemotaxis, cancer modelling, 
and even sociology. Of course, I am always open to explore new opportunities.

Outlook
These are exciting times. With powerful computers within everyone’s reach 
and massive amounts of available data, scientists feel a compelling desire to 
simulate physical, chemical and/or biological systems with ever-increasing levels 
of details. There are no limits in how we can imagine computer simulation to 
help advance science and engineering. However, to use computing power 
effectively, increasingly sophisticated simulation algorithms are required that 
can fully exploit the multiscale structure that is present both in the mathematical 
models and in the physical reality. Developing these algorithms, based on 
solid mathematical foundations and tailored to specific applications, is a very 
challenging research domain in itself. It is with great joy that I will continue my 
research in this fascinating domain.
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Structural design optimization

The aim of structural design optimization is to find structural shapes for 
which the highest possible price/performance ratio is achieved, or to  
design structures with adequate performance (all relevant safety  
requirements must be met) at minimal cost. ‘Cost’ can be interpreted in 
various ways: the designer may aim for minimal material use (which is a 
legitimate goal in a context where the pressure on natural resources is 
constantly growing), minimal financial cost (including only material cost, 
also construction cost, or even the entire life cycle cost), or minimal  
environmental cost (which corresponds to maximal sustainability). An  
important additional motivation to perform structural design optimization 
is that it usually leads to light and expressive structures that are  
perceived as aesthetically pleasing. 

The optimal design of structures is not a new research topic. Decades 
ago, architects and engineers like Antoni Gaudí and Frei Otto already 
searched for the optimal shape for structures as the Sagrada Família and 
the Cripta Colònia Güell in Barcelona, the Tanzbrunnen pavilion in Köln, 
and the buildings in the Olympiapark in München. They used physical 
models to determine the optimal shape: Gaudí used upside-down  
hanging models working only in tension. The real structure then only 
works in compression, bending is avoided, and a high material efficiency 
is achieved. Otto used soap film models for tent structures. A soap film 
assumes a form with minimal area and develops a uniform surface  
tension, such that a minimal amount of fabric is required for the real 
structure and the material is fully stressed – and therefore fully utilized – 
at every point and in every direction.

In the 1960s and 1970s, digital form-finding techniques such as the dynamic 
relaxation method and the force density method were developed. These 
techniques are based on the same principles as the physical models used 
by Gaudí and Otto. Both the physical models and their digital counterparts 
generally lead to efficient structural shapes. However, these methods leave 
room for improvement: (1) they only give an optimal shape for a single load 
case, (2) they do not take into account complex mechanical behaviour such 
as buckling, and (3) they only allow for the design of minimal weight structures, 
not for the minimization of more complex objective functions such as the 
environmental or financial cost.
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Numerical optimization methods provide us with means to tackle these  
restrictions: the design is parameterized, an objective function and a  
number of constraints are formulated (in terms of the optimization  
parameters, using finite element models), and an iterative optimization 
scheme is used to find the parameter values that minimize the objective 
function and simultaneously satisfy the constraints. 

A distinction is usually made between size, shape, and topology  
optimization. The difference between these optimization strategies is  
illustrated in Figure 1. Size optimization is the most basic and widely used 
approach: the layout of the structure is fixed by the designer and the 
member dimensions (beam sections, plate thicknesses) are determined by 
means of optimization. In shape optimization, the geometry is described 
through a number of parameters and the optimal parameter values are 
determined by optimization. Topology optimization does not require explicit 
parameterization: the designer specifies the design domain (in physical 
space), the loads and support conditions, and the amount of available  
material; the distribution of this material is determined by means of  
optimization. 

Small variations of the loading pattern and the support conditions as well 
as geometric and material imperfections may have a large impact on the 

Fig. 1a:  design domain, load, and support conditions
Fig. 1b:  size optimization of a structure with a fixed layout
Fig. 1c:  shape optimization of a shell structure
Fig. 1d:  topology optimization

S. Arnout. Optimization of shell and truss structures based on size and shape 
parameterization. PhD thesis, Department of Civil Engineering, KU Leuven, 2012.



44

performance of the optimized structure. Due to these uncertainties, the  
performance of the actual structure may be far from optimal. One of the most 
popular strategies to account for uncertainties is robust design optimization. 

The aim of robust design optimization is to maximize the design’s  
performance while simultaneously minimizing its sensitivity with respect to  
uncertainties. A robust design optimization problem can be formulated in 
various ways. A worst case approach is often followed, where the  
uncertain parameters are allowed to vary in a specified interval and the 
structure with the worst performance is considered in the optimization. 
Alternatively, a probabilistic approach can be followed, where the uncertain 
parameters are assigned a probability distribution and the objective function 
is defined as a weighted average of the mean value and the standard  
deviation of the structural performance. 

As an example, Figure 2 shows the design of a two-dimensional structure 
by means of topology optimization. The structure has to transfer a vertical 
load from the top to the bottom of the design domain. If we use standard 
topology optimization to find the stiffest possible structure, we obtain a 
straight column. However, if this column is slightly off plumb (due to geometric 
imperfections in the construction), a bending moment develops and the  
stiffness decreases considerably. 

Fig. 2a:  design domain, load, and  
 boundary conditions
Fig. 2b:  optimized design obtained  
 by means of standard  
 topology optimization
Fig. 2c:  optimized design obtained  
 by means of robust  
 topology optimization 

M. Jansen, G. Lombaert, M. Diehl, 
B.S. Lazarov, O. Sigmund, and M. 
Schevenels. Robust topology  
optimization accounting for  
misplacement of material. Structural 
and Multidisciplinary Optimization. 
Published online
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If we take the probability of the column being off plumb into account in the 
optimization, we obtain a structure that splits into two legs. This structure is 
much less sensitive to geometric imperfections; even if it is a bit off plumb, 
the stiffness will still be reasonably high.

Future research will focus on the optimal design of gridshells. Gridshells are 
shell structures composed of wood or steel bars. Typical examples are the 
roof structure of the British Museum in London and the Downland Gridshell 
in Singleton. Gridshells are very material efficient: they derive their structural 
capacity from the three-dimensional character of their form rather than the 
accumulation of a large amount of material. Our aim is to further improve 
the structural efficiency of gridshells by optimization of the shape of the 
shell and the topology of the lattice. Complex phenomena such as variable 
wind pressure, (non-)linear constitutive behaviour of bars and joints,  
geometric imperfections, and buckling will be considered. In order to ensure 
the buildability of the optimized design, the relevant technological  
constraints will be taken into account.
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An Steegen werd in Genk geboren op 2 juli 1974. Ze is getrouwd met Gert 
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gemeentes. In 1995 stapte ze over naar het onderwijs. Sindsdien werkt ze 
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de lerarenopleiding natuurwetenschappen – optie aardrijkskunde.
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Naar een modern aardrijkskunde-
onderwijs(onderzoek)!

Aardrijkskunde wordt vaak verkeerd gepercipieerd bij niet-geografen. Het 
beeld van de ‘oude’ aardrijkskunde die eerder een quizaardrijkskunde was 
met heel wat weetjes over landen, gebergtes en bevolkingsaantallen domineert 
nog bij heel wat mensen. Maar aardrijkskunde is veel meer dan dat! We 
proberen immers de interactie tussen de mens en het fysisch systeem te 
verklaren. Heel wat factoren komen daarbij kijken zodat het vak bij veel 
leerlingen als moeilijk wordt ervaren. Ook vaardigheden spelen een steeds 
belangrijkere rol. Daarenboven komt nog het feit dat aardrijkskunde in 
het secundair onderwijs in Vlaanderen maar één uur - in het beste geval 
twee uren - per week gevolgd moet worden. Een goede opleiding van de 
leerkrachten is dan ook essentieel.

De lerarenopleiding omvat 60 studiepunten. Naast de eerder traditionele 
werkvormen en leermiddelen komen ook heel wat nieuwe technieken aan 
bod. De technologie daagt ons in feite uit om steeds te vernieuwen in het 
secundair onderwijs zodat leerlingen kiezen voor een wetenschappelijke 
opleiding aan de universiteit en zelf op termijn nieuwe technologie  
zullen ontwikkelen. 

Onderzoek op dat vlak kan dan ook alle kanten uit! Een vereiste die in de 
keuze daarbij speelt is dat het onderzoek de brug moet slaan met het  
onderzoek dat aan de universiteit gebeurt. Daarnaast lijkt het me evident 
om te vertrekken vanuit de doelstellingen die je terugvindt in de eindtermen en 
de leerplannen. Ook beleidsopties die de overheid neemt over het onderwijs 
moeten ingebouwd worden in het onderwijsonderzoek. Tot slot dient ook de 
implementeerbaarheid van het geleverde onderzoek centraal te staan, zo 
niet zal de onderwijspraktijk niet veranderen. 

Een eerste beperkt onderzoek in dat verband hebben collega vakdidactiek 
fysica Mieke De Cock en ikzelf net opgestart. Er wordt binnen het thema 
‘atmosfeer’ in de lessen aardrijkskunde, en meer bepaald wat betreft 
wind- en wolkenvorming, onderzocht of leerlingen fysische concepten 
beter kunnen toepassen in lessen aardrijkskunde wanneer de concepten 
experimenteel worden aangebracht binnen de aardrijkskundeles. Deze 
experimenten zullen we zowel op de klassieke manier als op tablet-pc 
aanbieden. Na de eerste ervaringen in het voorjaar van 2013 kan erover 
gedacht worden om ook in andere contexten, en zelfs tijdens een excursie, 
een tablet-pc te gebruiken. Onderzoek daarnaar kan zeker nuttig zijn 
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gezien de recente discussies in de media waarin vaak zonder onderzoeks-
resultaten wordt gesteld dat een tablet-pc zondermeer handboeken en atlas 
kan vervangen. 

Daarnaast is het ook een uitdaging om GIS in het secundair onderwijs te  
integreren want zoals de Nederlandse vakdidacticus Joop Van der Schee in 
2007 al zei: ‘Het staat buiten kijf dat GIS hoort bij het aardrijkskundeonder-
wijs van de toekomst. De vraag is niet of GIS in het aardrijkskundeonderwijs 
gebruikt moet worden, maar hoe.’ In België en in onze buurlanden wordt er 
nog beperkt geëxperimenteerd met GIS in het onderwijs, terwijl onderzoek 
zonder GIS ondertussen ondenkbaar is aan de universiteit! Ook in andere 
sectoren van de economie staan duizenden banen open in de GIS-sector. 
Reden te meer om leerlingen er al mee kennis te laten maken in het 
secundair onderwijs. Maar beperkingen in het secundair onderwijs die 
daarbij een rol spelen zijn o.a. de kostprijs van de computeruitrusting en de 
software, de zoektocht naar geschikte kaartlagen, het feit dat GIS slechts 
zeer beperkt opgenomen is in de eindtermen en de beperkte training van de 
leerkracht. Maar we kunnen wel werken aan een bewustmaking van onze 
studenten in de lerarenopleiding zodat zij ook overtuigd zijn van de essentie 
van deze technieken in het onderwijs. En tijdens de stagebezoeken zien we 
toch regelmatig al eerste stappen in de goede richting. 

Naast de implementatie van deze nieuwe technologieën en technieken 
moetende lesinhouden steeds up-to-date gehouden worden in het secundair 
onderwijs. Het volgen van nascholingen is dan ook essentieel eens je 
effectief gekozen hebt voor een loopbaan als leerkracht. De universiteit, 
en zeker de tak geografie, heeft hier al een stevige traditie in. Deze zou ik 
graag verder willen zetten in mijn functie als vakdidacticus aardrijkskunde!
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Exploring the physics of nanostructured 
materials

Nanoscience has proven to be invaluable in addressing recent  
technological challenges and, without doubt, it will be the driving force  
for future technological progress. Materials with new functionalities are  
created by designing and implementing the proper nanoscale confinement 
for charges, spins and photons. Their applicability ranges from energy  
harvesting, healthcare and information technology to name just a few.  
Two interesting branches of physics, gaining a lot from this so-called  
nanorevolution, are spintronics and superconductivity. In both case the 
structuring of materials at the nanoscale resulted in new hybrid materials 
with intriguing new functionalities. 

For example, a magnetic field penetrates into a type-II superconductor 
in the form of quantized units of magnetic flux, called vortices. Besides 
a localized magnetic field they are characterized by a depletion of the 
superconducting condensate. The dissipation of these vortices due to 
an external driving force (i.e. an applied current), is a limiting factor for 
the application of many superconducting devices. To ensure successful 
superconductor-based technologies, materials with a superior performance 
can be developed by anchoring these vortices. Therefore a strong effort 
was put on the pinning of vortices using a variety of approaches. All of 
them rely on the modification of the superconducting condensate and/or 
magnetic field profile on length scales comparable to the characteristic 
length scales of a vortex (~10-100 nm). 

The repulsive nature of vortices in type-II superconductors results in a 
periodic arrangement of vortices in a so-called ‘Abrikosov’ vortex lattice. 
In order to reduce frustration between the introduced pinning sites and the 
vortex lattice, a strong line of the aforementioned research was focused on 
the use of periodic pinning sites. The Laboratory of Solid State Physics and 
Magnetism at KU Leuven played a key role in this field of research using a 
variety of approaches. A brief overview of these different types of pinning 
centres is shown in Figure 1. The first approach was to introduce holes in a 
superconductor to anchor the vortex (Fig. 1a). Strong pinning was achieved 
using this technique, but flexibility of the pinning potential is completely 
absent. In a next step nanoscale magnetic structures were used to create 
an inhomogeneous magnetic field (Fig. 1b). A vortex, which is a magnetic 
object, interacts with these stray fields and a variety of periodic pinning 
landscapes can be created. The tunability of these systems is given by the 
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different magnetic states in which the ferromagnetic system can be prepared. 
Another proposal tried to use nanoscale electromagnets (Fig. 1c). This type 
of hybrid structures would have a continuous range of magnetic states. 
Besides the ability to pin the present vortices, another interesting possibility 
is to investigate their motion and how it is influenced by the aforementioned 
nanostructuring. 

Controlled motion of nanoparticles has attracted a lot of attention in biology 
and physics. In biology, typical examples are ion channels in cell membranes, 
biological motors; in physics particle, charge and vortex ratchets and optical 
tweezers. In spite of a broad variety here, the underlying principles of these 
effects have many remarkable similarities. This makes it possible to use new 
findings, discovered for a given type of the devices, for controlling the motion 
of nanoparticles in other devices in general. Vortex matter in thin  
nanostructured superconducting films has proven to be a good candidate for 
the study of controlled motion of nanoparticles. Besides this interdisciplinary 
aspect, manipulation of single flux quanta in superconductors is of crucial 
importance for controlling the flux motion in flux qubits for quantum  
computing and for SQUIDS (Superconducting Quantum Interference Devices) 
and passive elements, such as superconducting filters for telecommunication. 
Practical realization of different fluxonics devices, such as flux diodes, lenses 
and routers would dramatically increase the sensitivity of SQUID sensors and 
improve the performance of active and passive superconducting devices. 

Fig. 1:  Different types of nanostructured superconductor hybrids. 
Fig. 1a:  Superconductor perforated with a periodic array of holes. 
Fig. 1b:  Flat superconductor with a magnetic template on top. 
 State 1 and State 2 show a magnetic force microscopy image of the  
 sample after magnetizing the sample in two different directions.  
 White and dark spots indicate positive and negative magnetic fields. 
Fig. 1c:  Flat superconductor with an array of small conducting loops on top to  
 induce a magnetic field.
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During the past years we proposed and implemented several new ideas to 
guide vortex motion and build magnetic flux rectifiers in nanostructured  
superconductors. A first part of our research is to continue exploring the 
dynamics of vortices in nanostructured superconductors making devices 
with new functionalities which combine flexibility and reliability.

Bearing in mind the concept of ‘seeing is believing’, scanning probe  
microscopy techniques played a crucial role in probing the static vortex 
distribution with nanometer resolution. In Figure 2 two different ways of 
visualizing a superconducting vortex are shown using scanning Hall probe 
microscopy (SHPM, Fig. 2a) and scanning tunnelling microscopy (STM, 
Fig. 2b). The former technique visualizes the magnetic field present at the 
vortex, while the latter technique is sensitive to the dip in the superconducting 
condensate at the centre of the vortex. Both techniques clearly show the 
Abrikosov vortex lattice in a thin superconducting film. 

When vortices are on the move, due to an external driving, these techniques 
are currently incapable to capture the moving vortices. Vortex motion is 
characterized by time dependence in both the localized magnetic field  
profile and the superconducting condensate (phase and strength). Due to 
the quantum mechanical nature of a vortex, this motion is accompanied by  
dissipation (Josephson relation). An important part of our research is to  
create and theoretically underpin both scanning probe techniques sensitive to 
these traces of vortex motion, so they allow us to map the vortex dynamics 
with high spatial resolution. Once operational, the power of these techniques 
will be used to check theoretical models, used to explain the average  

Fig. 2a: Magnetic image of a 
vortex in a Pb film taken with 
scanning Hall probe microscopy.

Fig. 2b: Visualization of the vortex 
core in NbSe2 using scanning 
tunneling microscopy.
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response of type-II superconductors and to propose and investigate  
nanostructured superconducting systems.

In addition, an essential part of our research plan is to expand our playground 
and explore other interesting solid state phenomena (e.g. spin transport). 
Even though the physics governing these systems will be conceptually  
different, the nanostructured building blocks are essentially the same.  
Moreover, we are confident that both the low temperature high resolution 
transport measurements and the different scanning probe techniques will be 
powerful tools to explore these intriguing systems. 

To conclude, the ultimate goal of the next years is to develop new solid state 
devices with a superior performance by manipulating the elementary building 
block through nanostructuring. In order to achieve this goal we will develop 
new tools to investigate the aforementioned devices and strengthen our  
possibilities to fabricate nanostructured devices. 
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Synthetic observations for improved MHD  
seismology of the solar atmosphere

Field of research
The Sun is surrounded by the hot 
but tenuous corona, the outermost 
layer of the solar atmosphere. Since 
the gas is ionised, it responds to  
electric currents and magnetic fields: 
it is a plasma. Except during total  
solar eclipses, the corona is invisible 
to the naked eye, because the 
emission from the Sun is dominated 
by the light from the much denser, 
but cooler photosphere (the solar 
‘surface’). However, in the extreme  
ultraviolet and X-ray wavelengths, the  
solar corona is observed as 
structured into active regions and  
coronal loops by the magnetic field. 
The emission in three different 
temperature bands (under a million 
to 2 million Kelvin) as observed by 
the Atmospheric Imaging Assembly  
onboard the Solar Dynamics  
Observatory (SDO) is shown in Fig. 1.

The physics of the solar corona is not yet fully understood. It is as yet  
unknown how such high temperatures are supported above the much  
cooler photosphere. A constant supply of energy is needed to avoid it  
cooling down in a matter of hours. The corona is also the source of flares 
(disruptive energy release events) and coronal mass ejections (CMEs are  
giant gas clouds in the interplanetary space expelled by the solar  
atmosphere). CMEs are known to affect and sometimes disrupt satellites 
and power grids one arth. During CMEs, increased amounts of harmful 
radiation reach passengers and crew of long haul flights.

A major problem in understanding the local conditions of the corona is that 
it is optically thin (i.e. almost transparent), on top of being very faint next to 
a bright object (the Sun). It is nigh impossible to determine the plasma  

Fig. 1: An image from the SDO satellite of 
the solar corona, taken with three different 
wavelength filters on 7/1/2013. The blue 
emission is ‘cool’ plasma at 600000K, 
the green emission shows the plasma at 
1.2MK, and the red colour is the emission 
from plasma at 2 million Kelvin.
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Fig. 2: Transverse oscillations in the corona as observed with the CoMP instrument. This is 
the Dopplersignal (red is motion away from, blue towards the instrument) along a coronal 
loop (vertical axis is coordinate along the loop) versus time (horizontal axis). Figure taken 
from Tomczyk & McIntosh (2009, ApJ).

properties locally, because the emission from the plasma in front and behind 
is observed simultaneously and interfering with the plasma diagnostics. 

My research is in the field of coronal seismology. The aim of this field is to 
measure local plasma properties by the study of coronal oscillations and 
waves. Any oscillation carries information on its exciter and the medium it 
propagates in. Carefully modelling the waves allows to infer some properties 
of the medium of propagation (think of seismology of the Earth with earthquake 
propagation), in my case the properties of the corona and coronal loops. 
Coronal seismology is complementary to the direct measurement of  
physical quantities in the solar corona.

In the last decade, seismology of the solar corona has made an enormous 
leap forward. With the use of the spaceborne telescopes SOHO and TRACE, 
a wealth of waves has been observed since the late 90s.

In 2007, revolutionary observations with CoMP (Coronal Multi-channel  
Polarimeter) showed that waves are observed everywhere in the corona,  
hugely extending the applicability of coronal seismology. A space-time-
diagram of the Doppler velocity along a coronal loop is shown in Figure 2, 
where slanted lines show many propagating transverse wave fronts.  
Currently, the SDO observations lead to a huge impact confirming that 
waves are omnipresent in the solar corona. With all these recent advances, 
coronal seismology has been able to measure the coronal magnetic field, 
vertical density stratification, radial structuring of loops and some transport 
coefficients. Most of these cannot be reliably measured with direct methods. 
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In coronal seismology, both the study of observations and the advancement 
of theoretical models are of utmost importance. Being in the Mathematics 
Department, I focus on the development of more accurate models. These 
models are mostly within the context of the magnetohydrodynamical (MHD) 
description of plasma. The oscillations are described with differential 
equations, and constitute eigenvalue problems, most often leading to 
Sturm-Liouville problems. These can be sometimes solved analytically, 
but often numerical tools are necessary. On the observational side, the 
mathematics is necessary in the statistics of observations and inference 
of relations in data. Furthermore, I use feature recognition in data  
processing and frequency measurement techniques. 

In my current Odysseus grant, I concentrate on the inverse problem. In 
coronal seismology, usually one starts from the observations and compares 
them to the available models to try and infer some physical quantities. In my 
current project, I start from the available models, and construct synthetic 
observations (called forward modelling in solar physics) for the considered 
models. This immediately takes into account the fact that the corona is  
optically thin, and better predicts what the expected observational features 
are for certain oscillation modes. The forward modelling is computationally 
very intensive and requires the efficient, parallel computation of many  
interpolations and numerical integration. 

The hope is that a direct comparison of the expected signatures of the  
oscillations with coronal observations will lead to better seismology in a 
few years.
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