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Research at the Institute for 
Computational Physics

Christian Holm, Rudolf Weeber, Slavko Kondrat, Alexander Schlaich (also at SimTech)

Institut für Computerphysik, Universität Stuttgart
Stuttgart, Germany



The Way Physics works today…
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The Way Physics works tomorrow…??
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Institut for Computational Physics (ICP)

C. Holm (Director)
Theory and Simulations of Soft 

charged and dipolar matter
Machine Learning for Soft Matter

A. Schlaich (SimTech JGL): 
Multiscale Materials Modelling

• Perform frontier research through high level publications
• Develop scientific computational tools and algorithms
• Education and teaching in theoretical and computational physics

R. Weeber (permanent staff) 
Magnetic Soft Matter, ESPResSo

Software Suite

S. Kondrat (part time):
Soft Matter Theory, 

Supercapacitor applications



We teach on a regular basis:

• Computergrundlagen (WS) 1. FS B.Sc
• Physik auf dem Computer (SS) 4. FS B.Sc.
• Simulationsmethoden 1 + 2 elective B.Sc. und M.Sc.(WS+SS)
• Advanced Simulation Methods (SS) elective M.Sc.
• ESResSo summer school (1. week in October before the

regular start of the WS semsester !) elective M.Sc.
Irregulary:
• Physics of Fluids 1+2 (elective Master)
• Soft and Biological Matter 1+2 (elective Master)
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See https://www2.icp.uni-stuttgart.de/~icp/Teaching/Overview



Soft Matter 
Physics

C. Holm

Institute for Computational Physics
Universität Stuttgart

….and why is it interesting?



What is Soft Matter? 



Chemistry

Biology

Physics

Soft Matter
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Definition of Soft Matter
Wikipedia: Soft matter is a sub-field of condensed matter comprising a variety of 
physical states that are easily deformed by thermal stresses or thermal fluctuations.



•Colloidal systems: milk, mayonnaise, paints,  cosmetics…

•“Simple” plastics: joghurt cups, many car parts, CDs, …

•Gummy bears, gels, rubber, low fat food, 

•Fibers (z.B. Goretex, Nylon)…

•Membranes: cell walls, artificial tissue, vesicles…

•Many parts of the cell, cytoskeleton, nucleus 

•Most biomolecules (RNA, DNA, proteins, amino-acids)

•Liquid crystals, magnetic gels and fluids (MSM)

•Many applications: smart materials (actuators, sensors, photonic crystals), 

biotechnology, biomedicine (hyperthermia, drug targeting, cell separation 

techniques), model systems for statistical physics

What is Soft Matter? 

R. Kanwar et al., Green Nanotechnology-Driven Drug Delivery
Assemblies, ACS Omega, 2019, doi:10.1021/acsomega.9b00304
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Length Scales of Soft Matter
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Coarse-graining

● A model consists of a number of degrees of 
freedom (e.g. atomic positions: translation) and 
the “interactions” between them.

● Coarse-graining:
• reduce the number of degrees of freedom by 

keeping only the “important” degrees of freedom,
• use “effective” interactions

● Classical first step: Atoms and Interactions (all-
atom or atomistic)

● Further coarse-graining is often needed and 
useful

● For Soft Matter we are often on the molecular 
and mesoscopic level

Quantum

All-atom

Molecular

Continuum

Mesoscopic 
Fluid Methods

ICP
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Current Research Fields (C. Holm)

Computational Methods and Algorithms
■ ESPResSo (parallel MD package)
■ Lattice-Boltzmann for coarse-grained hydrodynamics
■ Reaction-Diffusion systems (FEM) for Catalysis
■ ML strategies for developing better FF for MD
■ Fast long range solvers under various conditions

Biophysical Problems
■ Macromolecular complexes 
■ Nanopore sequencing and 

separation techniques
■ Targeted drug delivery
■ Properties of peptides and DNA

Soft Matter Problems
■ Better Batteries (Electrodes, Fluids)
■ Active Matter and SPPs 
■ Charged macromolecules
■ Hydrogels
■ Magnetic colloids and ferrogels
■ Transport properties of ions and 

charged macromolecules in porous 
media



ESPResSo
The#Extensible#Simulation#Package#for Research#on#Soft#matter

Christian#Holm
Florian#Weik,#Georg#Rempfer,#Rudolf#Weeber
Konrad#Breitsprecher
David#Sean
Michael#Kuron,#J.#DeGraaf
Jonas#Landsgesell
Kai#Szuttor
Patrick#Kreissl
Ingo#Tischler
R.#Kaufmann
Ashreya Jayaram
Miru Lee
Michael#Lahnert
Milena#Smiljanic
Robin#Bardakcioglu
Sebastian#Bindgen
Steffen#Hirschmann
And many more

http://www.espressomd.org

Talk#to#Flo#Weik:#
fweik@icp.

Talk to Rudolf Weeber
weeber@icp

or Jean-Noel Grad jgrad@icp
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Impressum (https://espressomd.org/wordpress/impressum/)
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#

(https://espressomd.org/wordpress/wp-
content/uploads/2013/03/logo_500x500.png)

The logo of ESPResSo has been made using
the software itself.

ESPRESSO is free, open-source software published under the GNU General Public License (GPL). It is
parallelized and can be employed on desktop machines, convenience clusters as well as on
supercomputers with hundreds of CPUs. The parallel code is controlled via the scripting language Tcl,
which gives the software its great flexibility and allows for many unconventional simulation protocols, as
are often required when studying coarse-grained models.

Used all over the world
ESPRESSO is used in scientific working groups all over the world both as a production platform as well as a
research platform for developing new algorithms and methods and designing new models for coarse-
grained simulations.  It is mainly developed and maintained at the Institute for Computational Physics
(http://www.icp.uni-stuttgart.de)  of the University of Stuttgart (http://uni-stuttgart.de) , but has
contributors from all over the world.

(https://github.com/espressomd/espresso/com
mit/58e1138d85067f1dd1584ec91bcd457a22dd
fdf1)  May 9, 2022
Modernize user guide (#4504)
(https://github.com/espressomd/espresso/com
mit/8ef82befba37ff749f3b10a5b697912c9bd564
33)  April 26, 2022
Merge branch 'python' into documentation
(https://github.com/espressomd/espresso/com
mit/2bf633fbf9a6049a4f0bfc6264da197a5d91b2
43)  April 26, 2022
doc: Apply suggestions from code review
(https://github.com/espressomd/espresso/com
mit/0b9d61d9062efd6946bedc34b04c278bd8e8
a780)  April 26, 2022
LB coupling for RegularDecomposition without
ghost shifts. (#4470)
(https://github.com/espressomd/espresso/com
mit/6f82ef2a6393851e489b397722fb63ec1caeaf
c4)  April 20, 2022
Merge branch 'python' into
lb_coupling_no_ghost_shifts
(https://github.com/espressomd/espresso/com
mit/8c0823dfdc5b10dffd96a0fc41925e153d9e65
ac)  April 20, 2022

Meta
Log in
(https://espressomd.org/wordpress/wp-
login.php)
Entries feed
(https://espressomd.org/wordpress/feed/)
Comments feed
(https://espressomd.org/wordpress/commen
ts/feed/)
WordPress.org (https://wordpress.org/)

  (https://espressomd.org/wordpress) (http://github.com/espressomd/espresso)

Description

(https://espressomd.org/wordpress/wp-
content/uploads/2012/01/cg.png)

The length and time scales where
ESPResSo works best.

Coarse-grained models
ESPRESSO is a highly versatile software package for performing and analyzing scientific Molecular
Dynamics many-particle simulations of “coarse-grained” bead-spring models as they are used in soft
matter research in physics, chemistry and molecular biology. It can be used to simulate systems such as
polymers, liquid crystals, colloids, ferrofluids and biological systems, for example DNA and lipid
membranes.

In “coarse-grained” models, a whole group of atoms or molecules are treated as a single bead. Although
many details are coarse-grained away in these models, they can often predict qualitative properties, such
as for example the scaling behavior of a system, and can give insight into theoretical models.  Due to the
drastic reduction of degrees of freedom, coarse-graining allows to investigate systems which would be
out of reach of the commonly used atom-based simulations, due to the large time- and length scales of
the studied processes.

(https://espressomd.org/wordpress/wp-
content/uploads/2012/01/lipid1.jpeg)

Coarse-grained model of
a lipid

Molecular Dynamics simulations
ESPRESSO is capable of doing classical Molecular dynamics simulations of many types of systems in
different statistical ensembles (NVE, NVT, NPT) and non-equilibrium situations, using standard potentials
such as the Lennard-Jones or Morse potential. It contains many advanced simulation algorithms, which
take into account hydrodynamic (lattice Boltzmann) and electrostatic interactions (P3M, ELC, MMMxD).
Rigid bodies can be modelled by virtual site interactions, and it can integrate rotationally non-invariant
particles.

Free and open-source

○ Return to About (https://espressomd.org/wordpress/about/)
In this section

Quick links
ESPResSo on Github
(https://github.com/espressomd/e
spresso)
Mailing Lists
(http://espressomd.org/wordpress
/community-and-support/mailing-
lists/)
Online Documentation
(https://espressomd.github.io/)

(https://github.com/espresso
md/espresso/commits/pytho
n.atom) Recent Commits to espresso:python

(https://github.com/espressomd/espresso/commits/p

ython)

Fix bond visualization; data handling. (#4502)
(https://github.com/espressomd/espresso/com
mit/a57107cc3bbf0181d8cdf2d32dfcfafd663703
4d)  May 9, 2022
Merge branch 'python' into
visualizer_opengl_bonds
(https://github.com/espressomd/espresso/com
mit/7a972ba806ff69df352a80c935f70ef8acd5f9
cb)  May 9, 2022
Store absolute paths in h5md files (#4508)
(https://github.com/espressomd/espresso/com
mit/afffde5c578cac47b2fc54cbd1a96105b92f8a
0c)  May 9, 2022
Fix bond visualization; data handling.
(https://github.com/espressomd/espresso/com
mit/e4e5d24b82f17db1229c32f0615b239d4c48
9d5e)  May 9, 2022
core: Store absolute paths in h5md files

About
(https://espressomd.org/wordpress/about/)

Features
(https://espressomd.org/wordpress/about/features/)

Requirements
(https://espressomd.org/wordpress/about/requirements/)

People
(https://espressomd.org/wordpress/about/people/)

Please Cite Us
(https://espressomd.org/wordpress/about/please-
cite-us/)

Publications
(https://espressomd.org/wordpress/about/publications/)

Description
(https://espressomd.org/wordpress/about/summary/)

Free and open-source
ESPResSo is free, open-source software published under the
GNU General Public License (GPL). It is parallelized and can
be employed on desktop machines, convenience clusters as
well as on supercomputers with hundreds of CPUs. The 
parallel code is controlled via the scripting language Tcl, 
which gives the software its great flexibility and allows for
many unconventional simulation protocols, as are often
required when studying coarse-grained models.



Members of Various Research Consortia
SFB 1313 "Interface-Driven Multi-Field 
Processes in Porous Media – Flow, 
Transport and Deformation"

SFB 1333 “Molecular Heterogeneous
Catalysis in Confined Geometries"

Video Introduction

Background and Goals
In view of dwindling resources and increasing environmental restrictions it is crucial
that chemical production processes, including catalytic ones, offer optimum results.
Facing this challenge, our CRC targets the rational development of heterogenized
molecular catalyst systems, which are conceptually derived from enzymatic
biocatalysts.

Biocatalysts use 3D conBned geometries of deBned size, polarity (gradients) and
tortuosity to accomplish the reaction of interest.

Goal is to…

analyze and quantify how speciBc pore properties inHuence e.g. reactivity and
diffusivity and which are the underlying mechanisms.

acquire the fundamental understanding of how conBnement can synergistically
support catalytic reactions within small mesopores

exploit the conBnement effects for the rational development of molecular,
heterogenized catalyst systems with improved reactivity and selectivity.

Approach

Follow @crc1333

Events

Recent News

Tweets from @crc1333

CRC1333
·@crc1333 8h

NFDI4Cat – Digital Chemist 
Award- submit your application 
until 30.9.2023

NFDI… @NFD… ·May 9

Show this thread

 Submit your 
application now!

NFDI4Cat – Digital 
Chemist Award…
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CRC1333
·@crc13… May 11

We are #hiring Two Scientific 
Coworkers (#Doctoralresearcher 

Collaborative Research Center 1333

Molecular Heterogeneous Catalysis in
Con8ned Geometries

Team Research Publications Research Data Diversity Events News Jobs

13.05.2023: Science Day 2023

16.05.2023: Cancelled: Science Speed
Geeking

15.06.2023: CRC 1333 Colloquium –
Prof. Brandi M. Cossairt

See events

Girls’ Day 2023 at the Institutes of
Chemistry

CRC1333: Molecular Heterogeneous Catalysis in Con6ned Geometries
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FOR 2811: Adaptive Polymer Gels 
with Model-Network Structure

[https://www.uni-mainz.de]

Research
[https://www.for2811.uni-
mainz.de/adaptive-
polymer-gels-with-model-
network-structure-
research/]

Team
[https://www.for2811.uni-
mainz.de/adaptive-
polymer-gels-with-model-
network-structure-team/]

Publications
[https://www.for2811.uni-
mainz.de/adaptive-
polymer-gels-with-model-
network-structure-
publications/]

Activities
[https://www.for2811.uni-
mainz.de/adaptive-
polymer-gels-with-model-
network-structure-
activities/]

Contact
[https://www.for2811.uni-
mainz.de/contact/]

Adaptive Polymer Gels with Model-
Network Structure
 

 

FOR

2811

FOR 2811 16. Mai 2019

FOR 2811
[https://www.for2811.uni-mainz.de/]

Inside SimTech

Twitter

Instagram

YouTube

LinkedIn

Facebook

Confluence

derstand important aspects of the systems de‐
scribed, predict system states under different
conditions, and derive decisions for controlling
them. Simulation technology has become an in‐
dispensable tool for research, development, and
operations in many different areas. Much of the
technological progess in our modern society de‐
pends on continual advances in the field of sim‐
ulation. Since 2019, the Cluster of Excellence
EXC 2075 "Data-Integrated Simulation Science"
which is embedded into the Stuttgart Center for
Simulation Science poses a multitude of novel
research challenges. It addresses the relevance
of insights and knowledge obtailable from the
abundance of data from sensors, digitized col‐
lections, experiments, and simulations.

Find out more about

Cluster of Excellence
EXC 2075

Stuttgart Center for
Simulation Science

Partner Networks

CECAM is a scientific network started in 1969 to promote fundamental research

on advanced computational methods.

It provides the scientific backbone to support the project with three showcase

areas for multiscale modelling:

helicopter design and certification

battery applications for sustainable energy

ultrasound for non-invasive diagnostics

EESSI is an HPC community effort to build a common stack of scientific

software installations for HPC systems.

It provides the technical backbone to the project, including CI/CD capabilities

and hardware support across EuroHPC resources.

EESSI aims to reduce the technical burden on developers and end-users of

scientific applications.

Media
Press Releases:

MultiXscale EuroHPC funded project launched to increase the productivity of software and workflows for scientists working in the field of multiscale

simulation

Contact Us

Welcome to MultiXscale!
MultiXscale is a EuroHPC JU Centre of Excellence in multiscale modelling. It is a

collaborative 4-year project between the CECAM network and EESSI that will allow

domain scientists to take advantage of the computational resources that will be

offered by EuroHPC.

You can download our poster here

HPC Centre of Excellence
Home About Partners Contact
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CECAM Node Soft Matter and 
Statistical Mechanics (SMSM)

nanodiag BWnanodiag BW
nanopore technology for the molecular diagnostics of the futurenanopore technology for the molecular diagnostics of the future

The Clusters4Future action "nanodiag BW" uses nanopore technologies to detect epigenetic factors influencing
diseases - and brings the resulting diagnostic and therapeutic solutions into application.

Clusters4FutureClusters4Future

Vision / MissionVision / Mission Open PositionsOpen Positions

ProjectsProjects Our networkOur network

News and EventsNews and Events About usAbout us

Learn more about the Clusters4Future
Initiative

< external Link - available in German only>

Apl. Prof. Dr.

Felix Felix von Stettenvon Stetten
Executive BoardExecutive Board
MemberMember

  +49 761 203 73243
  Contact

CompetencesCompetences

Hahn-Schickard Executive Board Member,
Freiburg
Lab-on-a-Chip
Microfluidic assay automation
Molecular and Point of Care Diagnostics
Biosensors

ContactContact

Prof. Dr.

Jan C. Jan C. BehrendsBehrends
  0761 203-5146
  Contact

CompetencesCompetences

nanodiag BW
Electrophysiology of cells and membranes
Biophysics
Nanotechnologies
Lipid measurements

ContactContact

ContactContact

nanterdiag
Nanopore technology for
the molecular diagnostics
of the future

EuroHPC Centre of Excellence
PƌeƐenƚed bǇ Alan O͛CaiƐ ;UniǀeƌƐiƚǇ Žf BaƌcelŽna), Thomas Röblitz* (University of Bergen)

This project has received funding from the 
European High Performance Computing 
Joint Undertaking under grant agreement 
No. 101093169

OBJECTIVES
• Scientific

• Increase performance, productivity and portability (“the Three PΖs”Ϳ across the 
entire spectrum of scientists active in the domain of multiscale simulation

• Pilot multiscale use cases of societal and industrial significance:
• Helicopter design and certification for civil transport,
• Battery applications to support the sustainable energy transition,
• Ultrasound for non-invasive diagnostics and biomedical applications.

• Technical
• Focus on performance, automation, testing, collaboration
• Application and system co-design for exascale technologies

• Reduce technical burden on domain scientists
• Provisioning of exascale-oriented libraries and services (such as CI/CD)
• Scalable workflows and portable technologies

OUTCOMES
• Project workflows running at scale on EuroHPC systems
• Dramatic growth in the number of applications supported by the shared software 

stack (EESSI – European Environment for Scientific Software Installations)
• Accelerated adoption of EuroHPC compute services among the community

• Increasing HPC sites explicitly supporting the shared software stack EESSI

• Cloud providers promoting the EESSI stack in cloud environments

• Large number of developers using our CI tools

• Training Portal with our training courses and additional training content 

• Adoption of MultiXscale software and workflows in the industrial community

ACHIEVEMENTS
• EESSI: A streamed, production-quality, multi-platform, optimised scientific software stack

• Working proof of concept (see https://eessi.github.io/docs/pilot)

• Ansible playbooks, scripts, docs at https://github.com/eessi

• CernVM-FS: Stratum 0 @ Univ. of Groningen + four Stratum 1 servers 

• Software (CPU-only): Bioconductor, GROMACS, OpenFOAM, R, TensorFlow, …

• Hardware targets:
• {aarch64,ppc64le,x86_64}/generic
• intel/{haswell, skylake_avx512}, amd/{zen2,zen3}, aarch64/{graviton2,graviton3), ppc64le/power9le

• Supported by Azure and AWS: sponsored credits to develop necessary infrastructure 

EESSI: Design User software contribution workflow to EESSI

Try
EESSI
for 
yourself!

Partners:

M12 M12 M18 M21 M24 M36 M42

Shared software 
stack with at 
least one 
accelerator

First portable test run 
on two systems with
different architectures

Pre-exascale workload 
executed on
EuroHPC architecture

Compiler toolchain for 
RISC-V deployed in
shared software stack

Applications developed by CoE available 
to users of EuroHPC JU systems via
automated deployment platform

First training event 
supported by the
Ambassador Program

Tests implemented in 
test suite for all key
applications

github.com/EESSI/eessi-demo

https://www.cecam.org/cecam-de-smsm


Magnetic Soft Matter
•Magnetic particles suspended in a carrier: 
• Ferrofluids: live in a liquid carrier
• Ferrogels: have a gel as carrier
• The investigated magnetic nanoparticles:

size ~ 10 nm
single ferromagnetic domain with a permanent dipole moment 

(superparamagnetic)
Applications: 
mechanical (sealing of rotating shafts);

thermal (cooling of loud speakers); 
medical (cancer treatment, hyper-
thermia, magnetic cell separation)

C. Alexiou (HNO- Klinikum Erlangen)



Ferrofluids can be influenced via magnetic fields



Supercaps
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What is a supercapacitor?
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Svyatoslav Kondrat

Optimazing nanoporous supercapacitors

What is a Supercapacitor
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What is a supercapacitor?
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Optimazing nanoporous supercapacitors
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What is a supercapacitor?
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Optimazing nanoporous supercapacitors

What is a Supercapacitor



Supercapacitors are used for mobile energy storage in Electric Double Layer 
Capacitors /  “Supercapacitors” with high specific capacitance. “Fast and Furious??”

High surface area electrode material (>1000 m2/g)

Curved graphene sheets Carbon nanotubes Activated carbon

• Aqueous (e.g. Water + KOH or H2SO4) 
• Organic solvent + Salt
• Ionic liquids

Electrolyte:
Liu et al., Nano Lett. (2010) https://en.wikipedia.org/wiki/Carbon_nanotube

https://en.wikipedia.org/wi
ki/Activated_carbon

Our Goal
Understand charging mechanisms and ion dynamics in narrow

charged pores for simple model systems

Application to Supercapacitors…..



Nanopore Sequencing



DNA Facts

24 http://en.wikipedia.org/wiki/DNA

dsDNA is a charged biopolymer, consisting of 
paired bases yielding the form of a double 
helix in water.

The sequence of either strand encodes our 
genetic information which we want to read 
out.

persistence length lp=50nm



Costs of DNA Sequencing

25



Electric Current

Nanopore Sequencing Approach

n conductivity measurements can reveal bp translocation of ssDNA
n Recognition of binding sites of proteins to DNA

n acts like a more refined Coulter counter for blood cells

slowest (∼20 µs/base), and polyU is intermediate (6 µs/
base). The fact that we can readily observe differences in
translocation velocities not only between a purine and a
pyrimidine homopolymer, but also between two pyrimi-
dine homopolymers, or between poly A and poly dA,8

provided early encouragement for the notion that a
nanopore could distinguish among different molecular
species.

Purine and Pyrimidine Polynucleotides Cause
Measurably Different Blockade Amplitudes
Akeson et al.8 investigated blockades of ionic current
caused by homopolymers of RNA. The blockade duration
and amplitude can be presented as a two-dimensional
event diagram in which each point represents a blockade
event caused by the passage of a single molecule of RNA
through the nanopore (Figure 3). On the right are shown
typical examples of the blockade events from which the
plots were produced. The pattern of blockades caused by
polyC was easily distinguished from the pattern for polyA,
whether the polymers were examined separately or in the
mixture illustrated in Figure 3. That is, the channel current
was reduced significantly more by polyC RNA (typically
95% blockades) than by polyA RNA (85% blockades), and
the polyC blockades were significantly shorter in duration
compared to polyA. The lower amplitude blockades
(∼55%) that were relatively common with polyA RNA are
due to molecules entering but not being translocated
through the pore.

The fact that polyA and polyC could be distinguished
by the nanopore suggested that a transition from polyA
to polyC segments within a single RNA molecule should
be detectable. We therefore synthesized an RNA with the
sequence A(30)C(70)Gp, which would be expected to produce
a bilevel blockade. Such blockades were commonly ob-
served (Figure 4) and interpreted to represent an initial
blockade by polyC RNA (current reduced to 5% of open-
channel value) followed by polyA RNA (current reduced
to 16% of open-channel value).

The evidence presented by Akeson et al.8 provided the
first demonstration that modulations of ionic current
during translocation of a macromolecule through a pore

can be used to discriminate between components along
its linear sequence. At first, the greater blockade amplitude
associated with polyC was puzzling, because adenine (a
purine) is a larger base than cytosine (a pyrimidine). If
the size of individual nucleotides within the RNA strands
alone dictated blockade amplitudes of ionic current, the
polyA might be expected to have had a greater effect.
However, earlier reports showed that polyC forms a single-
stranded helix with a 1.34 nm diameter,17 while polyA
forms a single-stranded helix with a diameter of 2.1 nm.18

It therefore seems likely that the smaller polyC helix can
readily translocate through the 1.5 nm limiting aperture
of the pore, while polyA penetrates the pore only when
the helical strand is partially unwound into an extended
configuration. The additional energy required to unwind
the purine bases is consistent with the significantly longer
blockade duration associated with polyA strands. An
extended polyA strand would also permit more ionic
current to pass during a blockade, which is consistent with
our observations. This interpretation also explains why the
oligoC portion of the A(30)C(70)Gp block copolymer typically
enters first (Figure 4). That is, the thinner oligoC helix
would be expected to act as a leader sequence, with the
oligoA segment following afterward.

FIGURE 3. Blockades caused by a mixture of polyA (175 nucleotide (nt) nominal length) and polyC (125 nt nominal length). Each point on the
event diagram on the left represents a single RNA molecule traversing the pore. The blockades of polyA (55% and 85%) are relatively long
and are readily distinguished from the shorter polyC blockades (91% and 95%). The 55% blockades of polyA reflect molecules that enter but
do not traverse the pore. The much shorter 35-50% blockades are probably due to RNA molecules colliding with the pore without entering
it.

FIGURE 4. Typical blockades caused by A(30)C(70)Gp RNA added to
the cis bath at 100 µg mL-1. Each event represents translocation of
a single RNA molecule through the pore. Most bilevel events had 5
pA residual current (95% current blockade) followed by a 19 pA
residual current (84% blockade). This signal corresponds to the polyC
segment at the 3ʹ end of the molecule entering the pore first.

Characterization of Nucleic Acids by Nanopore Analysis Deamer and Branton

VOL. 35, NO. 10, 2002 / ACCOUNTS OF CHEMICAL RESEARCH 819



Oxford Nanopore Technologies and others
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https://nanoporetech.com

Many efforts under way to reduce the fault rate

Sequencing devices on nanopore technology exists since 2016!

https://nanoporetech.com/


Example:
DNA within a nano pore 

atomistic

coarse-grained

Mesoscopical
(Finite-element)

Multi-Scale Modelling

Time scale

Length scale
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Force Field: AMBER03, Water: SPC/E
double-stranded DNA closed over PBC,consisting of 20 GC bps, P-Atoms fixed in space,  
generic pore atoms
Electric field 0.2 V/nm applied along pore

Investigations via AA Simulations
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Direct current always larger with DNA inside, no blockage!
Kesselheim, Müller, Holm, Phys. Rev. Lett. 112, 018101 (2014)

Results from AA Simulations



Ions and dsDNA in Pore- Iso-density Surfaces

Poly-CG-DNA Poly-AT-DNA
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n Use ML approaches to optimize the current readout to recognize protein 
sequences from real experimental data provided by collaborators from Freiburg 
using a different biological nanopore (Aerolysine)

n acts like a more refined Coulter counter for blood cells

stovey@icp.uni-stuttgart.de
holm@icp

ML Approaches for optimizing Nanopores

Oxford Nanopores https://nanoporetech.com

mailto:stovey@icp.uni-stuttgart.de








Machine learned interatomic potentials from ab-initio input (often DFT)



What do we expect from you?

• Be curious for new phenomena
• Be open to use the computer as your experimental platform
• Be ready to use your imagination and physical intuition
• Some familiarity with the computer expected:
• Very helpful: Python
• Helpful C++
• We also use ready to use software suits: ESPResSo, ZnTrack, MDSuite, 

MLSuite, MaiCos, COMSOL, GROMACS, CP2K, PyTorch, TensorFlow…



Medicinal Micro Robotics
• Implement RL training in real medical environments

• Simulation capillary blocking/clearing

• Run flow simulations using lattice-boltzmann

Samuel Tovey, samuel.tovey@icp.uni-stuttgart.de



Language Models 
and Reinforcement 
Learning

• Use Phi-2 language model to guide RL 
agents.

• Contribute to SwarmRL software.

• Deploy models on GPU infrastructure.

Samuel Tovey, samuel.tovey@icp.uni-stuttgart.de



Coarse-
Graining with 
Hypergraphs

• Implement new ML architecture.

• Train potentials from DFT to 
Coarse-grained.

• Run large-scale simulations.

Samuel Tovey, samuel.tovey@icp.uni-stuttgart.de



Finding Physics in 
Neural Networks

• Identify physics solutions in constrained 
neural networks (Occams razer).

• Investigate the role of local properties in 
potential fitting.

• Explore a vast range of neural network 
architectures.

Samuel Tovey, samuel.tovey@icp.uni-stuttgart.de



Signal Classification 
with Transformers

Samuel Tovey, samuel.tovey@icp.uni-stuttgart.de

• On-line protein prediction for cancer diagnosis

• Utilize state-of-the-art time series transformers

• Deploy on data-sets in the millions



How do Neural Networks Learn ?

Your job is
• Analytically investigate learning behavior 

of linear models.
• Numerically compare linear vs. non-

linear neural networks

→ Study Learning with
Collective Variables

Your will learn

• Use SOTA machine learning software

• Google coding standards

• Clusters and supercomputers

Analytical               20

Numerical 80

Requirements:    Interest

knikolaou@icp.uni-stuttgart.de



Machine Learned Potentials

• Simulate large systems with ab initio 
accuracy.
• Investigate state-of-the-art learning 

on the fly training approaches.
• Study the benefits of transfer and Δ-

learning.
• Develop packages for the Machine 

Learned Potential workflow.

ML

• Room temperature Ionic Liquids
• Water
• System of your choice?

Fabian Zills fzills@icp.uni-stuttgart.de



Bachelor Project: Inverse Renormalization Group using Machine Learning

⌅ Renormalization group (RG): powerful
tool to study 2nd order PT and critical
phenomena

⌅ Recent theoretical work (Bachtis et al.,
PRL 2022): ML can be used to invert
RG flow and extract critical exponents
from small-lattice simulations

⌅ Goal of this project: investigate the
asymptotic behaviour of iRG

Contact:
Konstantin Nikolaou (knikolaou@icp.uni-stuttgart.de)
David Beyer (dbeyer@icp.uni-stuttgart.de)

1



Understanding the complexation of  dendromicelles 
with RNA and peptides molecules

• The development of nano-carriers with 
programmed features is crucial when 
designing next-generation drug therapies.

• Dendritic micelles are promising candidates 
when engineering delivery carriers for RNA- 
and peptide-based therapeutics.

• Bachelor/Master Project:

• Model complexation of linear polymeric 
chains with dendritic micelles via coarse-
grained MD simulations.

• Explore the effect of branching in the 
complexation.

Contact: Mariano Brito (mariano.brito@icp.uni-stuttgart.de)

Chen et al., Acc. Mater. Res. 2022, 3, 484

Cell

Dendromicelle-RNA complex

RNA release





Electrostatic extension based on ICC* for 
constant-potential simulations

Your Job
• Get familiar with existing electrostatic solvers
• Adapt interfaces to compute potentials
• Implement your model
• Validation and comparison with other solvers
• Apply to complex porous electrode system

Alexander Reinauer (alexander.reinauer@icp.uni-stuttgart.de)

You will learn
• Molecular Dynamics and electrostatic solvers
• Python and C++
• How to write and document your own 

contribution to ESPResSo 

Develop a novel electrostatic method based on ICC* to 
simulate fixed-potentials on arbitrary surfaces and 
implement it in ESPResSo

Carbon electrode, DOI: 10.1039/C9NA00374F
Modeling an infinite plate capacitor with Molecular Dynamics

Energy storage: real capacitors are porous



Coupling of flexible polyelectrolytes to 
continuum solvent

Your Job
• Improve existing electrostatic coupling 
• Verify against Molecular Dynamics simulations
• Implement more advanced couplings if needed

Alexander Reinauer (alexander.reinauer@icp.uni-stuttgart.de)
Rudolf Weeber (rudolf.weeber@icp.uni-stuttgart.de)

Method: Lattice Boltzmann + Lattice Electrokinetics

You will learn
• Mesoscale lattice-based solver for 

hydrodynamics/Nernst-Planck equation
• Molecular Dynamics and electrostatic solvers
• Python and C++

How to couple particle method for charged polymers 
to continuum method for ions and fluid



Simulation of imbibition experiments in 
model-porous media

Your Job
• Validate multi-phase flow model (Color-Gradient) 

for imbibition systems
• Study imbibition in sample porous media
• Comparison to experiments
• Introduce implicit salt and study surface effects Alexander Reinauer (alexander.reinauer@icp.uni-stuttgart.de)

Method: Lattice Boltzmann + Lattice Electrokinetics

You will learn
• Mesoscale lattice-based solver for hydrodynamics 

and the Nernst-Planck equation
• Python and C++/CUDA
• How to use pystencils to compute on GPUs

Simulate imbibition of (model) porous media using 
multi-phase flow model with and without implicit salt



Charging dynamics in charged nanopores

Your Job
• Implement steric extensions to continuum model
• Validate system against MD data
• Apply to more complex porous electrodes

Alexander Reinauer (alexander.reinauer@icp.uni-stuttgart.de)

Method: Lattice Boltzmann + Lattice Electrokinetics

You will learn
• Mesoscale lattice-based solver for hydrodynamics 

and the Nernst-Planck equation
• Python and C++/CUDA
• How to use pystencils to compute on GPUs

Extend existing continuum 
model and investigate 
similarity to MD simulation

Carbon electrode, DOI: 10.1039/C9NA00374F



Your Job
• Implement dielectric ELC into 

ESPResSo
• Validate code for 2D slab systems
• Apply for constant potential and 

constant charge simulations

You will learn
• Molecular Dynamics
• How to use ESPResSo
• Python and C++
• How to structure code and 

how to document it

Alexander Reinauer (alexander.reinauer@icp.uni-stuttgart.de)
Rudolf Weeber (rudolf.weeber@icp.uni-stuttgart.de)

Implementation of dielectric ELC in ESPResSo



Simulating inhomogeneous systems using load-balancing

I In polymer networks, and many other systems like salt precipitation, soot aggregation
and systems in confinement, the material is not homogeneously distributed in space

I The goal of this thesis is to simulate such systems e�ciently on parallel computers
I Load-balancing: technique to distribute the work evenly among the CPU cores
I This thesis requires some experience in C++

Contact: J-N. Grad, R. Weeber

(Ide et Fukuda 1999: microgel formation during polymerization)



Substrate channeling in enzyme-catalysed reactions

● Channeling intermediates (I) between two 
sequential enzymes (E1 and E2) can 
enhance the overall reaction rate

● We will use Brownian dynamics 
simulations to investigate such channeling 
effects

● In particular, how does intracellular 
crowding affects substrate channeling?

Kuzmak et al, Scientific Reports 9, 455 (2019);
Kondrat, Kraus, von Lieres, Current Research in Chemical Biology 2, 100031 (2022)

Svyatoslav Kondrat <svyatoslav.kondrat@gmail.com>



Confined Ionic liquids for energy-related applications

● Confined ionic liquids play the key role in 
many energy-related applications

● We will use molecular simulations and 
theory to study nanopore charging

● Topic 1: Confined ionic liquid mixtures for
supercapacitor applications

● Topic 2: Charging mechanisms and 
performance optimisation of nanoporous
supercapacitors

Breitsprecher, Holm, Kondrat, ACS Nano 12, 9733 (2018)
Breitsprecher, et al, Nature communications 11, 6085 (2020)

Svyatoslav Kondrat <svyatoslav.kondrat@gmail.com>



Coarse-graining and machine-learned
potentials

Creating a coarse-grained model for thermo-reversible polymers
* Some polymers change their properties drastically with temperature
* For example, PNIPAM collapses when driven over the lower critical 
solution temperature
* This can be modelled using atomistic simulations, but they are costly
* In the thesis, using machine learning, an approximate coarse-grained 
model should be generated which allows simulating much bigger systems

Polynipam, a polymer commonly used for hydrogels and polymer suspensions

Contact:
Rudolf Weeber
weeber@icp.uni-stuttgart.de



Active particles in viscoelastic fluids

* Active particles are particles which have a propulsion mechanisms, 
e.g., by coating part of the particle surface with a catalyst
* Experiments have shown that these particles show quite unusual 
behaviour in viscoelastic fluids
* Goal of the thesis is to model this using a combination of molecular 
dynamics and the lattice-Boltzmann method

Contact:
Rudolf Weeber
weeber@icp.uni-stuttgart.de



Magnetic gels

* hydrogels are polymer networks swollen by a carrier fluid
* magnetic gels additionally contain magnetic nanoparticles
* using an external magnetic field, the shape and elasticity can be controlled



Application: Drug release

500 µm 500 nm
One can store drug molecules in the porous matrix

Release can be triggered with a magnetic fieldPossible thesis topics
* Model the loading and release of drugs form magnetic 
gels
* Understanding the influence of inhomogeneities in 
the network on experimentally observable properties

Contact:
Rudolf Weeber
weeber@icp.uni-stuttgart.de



Measuring chemical potentials from static
structure factors – Enabling rapid sampling of
the grand canonical ensemble

You will learn
• Thermodynamics
• Molecular Dynamics
• Python and software

development

What will you do?
• Implement the S0 Method in Python
• Perform Molecular Dynamics simulations
• Adapt the methods for other

ensembles/geometries

Static structure factors can be used to calculate the chemical potential 
in a molecular dynamics simulation.

Less finite size effects and
better sampling

Bachelor 
thesis

Contact
Henrik Stoß (henrik.stooss@simtech.uni-stuttgart.de
Alexander Schlaich (alexander.schlaich@simtech.uni-stuttgart.de)

Background: Simulating in the Grand potential is challenging for 
typical systems due to sampling issues

Goal: Employ new methods that are emerging which open new ways
to use statistical physics to investigate molecular systems.



Density matrix extrapolation on the Grassmann 
manifold for BOMD using charge dependent descriptors

Contact
Henrik Stoß (henrik.stooss@simtech.uni-stuttgart.de
Alexander Schlaich (alexander.schlaich@simtech.uni-stuttgart.de)

Master 
thesis

Master 
Thesis

Grassmann manifold allows 
for linear superposition of 
density matrix states

Backtransformation for use 
as initial guess

New scheme based on Grassmann extrapolation of
density matrices for an accurate calculation of initial 
guesses in Born-Oppenheimer Molecular Dynamics 
simulations.
The Coulomb matrix is used as a molecular descriptor
for the atomic positions.

Can this scheme be applied to fluctuating
charges in BOMD?

What you will do?
• Perform Ab-Initio Molecular Dynamics simulations
• Use Python for software development
• Simulate Solid-Liquid interfaces at constant

potential



Multicanonical molecular dynamics simulations
using the Wang-Landau algorithm

Contact
Philipp Stärk (philipp.staerk@simtech.uni-stuttgart.de)
Alexander Schlaich (alexander.schlaich@simtech.uni-stuttgart.de)

Master 
thesisBackground: Nano-porous systems are nowadays commonly applied for energy storage. 

Water-in-salt solutions are a promising candidate for environmentally friendly high-
efficiency charge carriers. However, compositional changes upon 
charge/discharge are so far poorly understood. 

Goal: Implement and apply a Wang-Landau scheme for binary, 
ternary, … solutions.

What will you do?
• Implement the Wang-Landau approach
• Benchmarks and tests
• Study the composition of complex solutions in confinement
• Apply machine-learning approaches to predict the composition
You will learn
• Cutting-edge energy storage problems, high performance

computing, extending simulation packages



• Christoph Lohrman clohrmann@icp.uni-stuttgart.de.      Bacteria in Porous Media, Active Matter
• Mariano Brito mariano.brito@icp.uni-stuttgart.de Hydrogels and Mean-field Theory
• Samuel Tovey stovey@icp.uni-stuttgart.de ML for Physics, Signal analysis,, swarm computing
• Fabian Zills fzills@icp.uni-stuttgart.de Machine learned potentials
• Konstantin Nikolaou knikolaou@icp.uni-stuttgart.de ML for Physics
• Alexander Reinauer areinauer@icp.uni-stuttgart.de 2-Phase LB, Electrokinetic algorithms
• Keerthi Radhakrishnan keerthirk@icp.uni-stuttgart.de weack Polyelectrolyes
• Michel Mom mmom@icp.uni-stuttgart.de Nanopore aa atom simulations
• David Beyer dbeyer@icp.uni-stuttgart.de Weak polyeletrolytes, Path integral MD, 
• Adyant Agrawal aagrawal@icp.uni-stuttgart.de AA salt crystalization in porous media
• dfink dfink@icp.uni-stuttgart.de Quantum Computing algorithms, QML
• Svyatoslav Kondrat svyatoslav.kondrat@gmail.com Supercapcitors
• jgrad jgrad@icp.uni-stuttgart.de ESPResSo, Lattice-Boltzmann
• Rudolf Weeber weeber@icp.uni-stuttgart.de ESPResSo, Magnetic Soft Matter, Polymer Rheology
• Alexander Schlaich alexander.schlaich@simtech.uni-stuttgart.de JGL SimTech, Multiscale Materials Modelling
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Bachelor, Masters or PhD topics

For more informations visit the ICP website 
www.icp.uni-stuttgart.de

For general contact:
Christian Holm:  holm@icp.uni-stuttgart.de

Rudolf Weeber: weeber@icp.uni-stuttgart.de
Alexander Schlaich:  schlaich@icp.uni-stuttgart.de

Svyatoslav Kondrat: svyatoslav.kondrat@icp.uni-stuttgart.de

For Teaching overview: See https://www2.icp.uni-stuttgart.de/~icp/Teaching/Overview

http://www.icp.uni-stuttgart.de/
mailto:holm@icp.uni-stuttgart.de
mailto:weeber@icp.uni-stuttgart.de
mailto:schlaich@icp.uni-stuttgart.de
mailto:svyatoslav.kondrat@icp.uni-stuttgart.de


Research topic - Nanopore Sequencing

Institute for Computational Physics

• Protein functionality is encoded in the amino
acid sequence

• Mutations in the sequence can lead to
malfunction and diseases (e.g. cancer)

) Early detection of such mutations can save lifes

Chem. Soc. Rev. 47, 8512-8524 (2018)

https://theory.labster.com/protein-structure/

• Nanopore sequencing: Protein
translocates through a biological
nanopore

) Amplitude, duration and frequency of
blockade current reveal information about
the protein structure
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What will you do?

Institute for Computational Physics

You will learn how to ...
• perform all-atom simulations using NAMD
• extract physics from simulation data
• investigate the mechanism behind protein sequencing
• collaborate with the experimentalist group from Freiburg

For more information, please contact michel.mom@icp.uni-stuttgart.de
and visit https://www.icp.uni-stuttgart.de/research/nanopore-sequencing/
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